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PREFACE TO THE SLCOND EDRITION

For the past century we have ncccpu‘d the teaching of Claude Bernard
that, in spite of the ever ch eny of the organism as 2
whole, the tissue cells are always sutrounded by a fluid of constant

. Together with the blood plasma this medium forms the
fluid ; and, although we can readily determine the com-
pnsmon of the circulating plasma, no one has yct succeeded in collecting
and analysing the fluid which forms the immediate ensironment of the
cells 1n a normal animal.

It 13 a little less than a century ago since Ludwig and his pupils first
collected lymph from lymphatc vessels in different parts of the body.
Lymph is tissue fluid which arises from the blood by passing through the
endothelium of the blood capillary, undergoes varying degrees of modi-
fication 1n the tissues, then traverses the endothelium of the lymphatic
capitfary. There has been muth controversy about the precise relation-
ship between lymph, and the interstitial fluid from which it anses; we
believe now that there are only minor differences between these fluids.
But be that as 1t may, the formation of lymph must be related to the
movement of fluid across capillary membranes, and 1 its study we have
therefore learned much about the intricacics of capillary structure and
the meaning of capillary permeability,

The functions of lymph and of the lymphatic system have been of
interest ever since Asellws in 1627 first discovered the lacteals, but more
so since Ludwig showed that lymph could be collected and analysed
We believe that the mam purpose of the lymphatics is to return to the
blood stream the large protemn molecules which slowly, but continuously
leak through the pores of the capillaries The réle of the proteins in
mamtzmmg the volume of th: airculating plasma, and the function of the

ymphatic vessels mn lar protemn to the blood stream,
form the thesis which 1 peatedly recurs through this

Closely associated with the I)mph and blood streams we find, most
charactenisucally in mammals, the tissues which we designate as * lym-
phoid ”, These are composed of several different kinds of cells which
are mtermingled 1n varying proportions, and in which the most numerous
elements are lymphocytes. For many years the lymphoid tissues have
been of interest marnly because of the changes they undergo 1n pathological
conditions.

‘Though we have by no means disregarded pathological changes, to
the understanding of which many interesting contributions have been

m
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made in recent years, we have devoted our attention for the most part
to the problems of lymphoid tissue in health. In such tissue there is a
dynamic equilibrium maintained, by means as yet unknowsn, between the
component cell types. It is the combinatton of these cells in varying
proportions which gne the different lymphoid tissues their disnnctive
characters  We do not as yet understand how these cellular equilibria
are preserved, and for the most part we can merely record disturbances
as they occur,

The function which 1s most clearly established for normal lymphoid
wssue 1s the continuous production of lymphocytes, and we have
endeavoured as far as possible to approach this from a quantitative pornt
of view. We have tried also to use the same kind of approach i the case
of the bone marrow, 1n an effort to elucidate the relationship between the
WO major comp of the t potetic system

The first edition of this book appeared 1n 1940,  Since that time there
have been numerous adsances 1n our hnowledge of the lymphatic system,
and a second edition has long been overdue, Many of the advances
which have been made owe their mspiration, directly or indirectly, to
the now classical work of Dr. C. K Drinker and his collaborators It s
therefore with profound regret that we learned, shortly before this volume
appeared, of Dr. Drninker’s untimely death

There 1s by now little need to eulogize the many fund | con-
tributions which have been made by Dr. Drinker to our knowledge of the
lymphatic system  Onc of us, however (J M. Y.), would like to place
on record his great sense of personal indebtedness to the late Dr Drinker
for the opportumty of working with him for two years at Harvard, as a
Fellow of the Rochefeller Foundation, immediately before the second
world war

We would also Iike to express our appreciation of the great generosity,
both of the late Dr. Drinker and of the Harvard University Press, n
permutung us to draw freely and without reservation on the subject-
matter of the first ediion e need hardly add, however, that for the
views and statements appearing in the present volume we alone are
responsible.  We are also grateful to the Editor of the Cambndge
Thological Reviews for permussion to quote freely from a review published
by one of us (J. M. Y} in 1930,

In the present edition Dr. Drinker’s place has been taken by Courtice,
who has been responsible for Chapters I1, 111, 1V and VIII, while Yoffey
has been responsible for Chapters V, VI and VII.  Chapter 1, as before,
has been written jomtly.

As with all monographs of this nature, the besetting problem is that
of P and cond within ble bounds, ‘The present
cdition is some 20 per cent larger than the first, It could readily have
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been expanded 1o twice its size, but to do so would have defeated one of
1ts main ohjects, namely to mahe it sufficiently readable to arouse interest
among many whose field of work was not too highly specialized. We have
deliberately condensed a number of sections which could with advantage
have undergone considerable expansion.  In our endeavour to smake the
book shorter and more readable, we have inevitably refrained from men-
toning many papers which were undoubtedly worthy of ncl and
we have therefore tried to refer in many instances to review papers and
monographs which would gie access to a fuller ibliography. We
trust that those of our colleagues who find themselves confronted with
similar problems will sympathize with us and forgne our many sins of
omission,

It gives us great pleasure to place on record our indebtedness to
Misa L. Lloyd and Miss M. ] Poole, for their mvaluable assistance 1n
the preparation of the manuscript 3 to Miss J. A, Ashby and Mr A E S,
Roberts for their indefaugable tibliographic efforts on our behalf, to
Mr, Graham I'rankcom who has redrawn a number of figures for this
edition, and Mr. R. Money and Mr M. H. G Maggs who have prepared
many of the photographs,

We should also Iike to acknowledge our gratitude to the following fur
their hind permussion to reproduce figures . Professor Sir Wilfnd Le Gros
Clark, T.R.S., and the Oxford Unnersity Press (The Tissues of the
Body); Dr. Robert B. Rowan, Managing Editor of the W B Saunders
Company , Dr. Willlam Bloom (A Text-Hook of Hustology by Maximow
and Bloom): Dr W . Arey (Detelopmental Anatomy), Professor J C.
Brash and the Odord Unnersity Press (Cunmingham’s Text-Book of
Anatomy), Professor V. Menhin and the MacMillan Company (9 namics
of Inflammation); The Hanard Cenersity Press (Pulmonary Qedema
and Inflammationy; Charles C. Thomas (The Lung); Gustav Fischer
{Das Lymphgefasssystemi) ;. The T.dutors of Adtances in Internal Mediaine,
Amertcan Journal of Anatomy, American Journal of Physiology, American
Scientist, Anatomcal Record, Annals of Surgery, Annals of the Royal College
of Surgeons, Archies of Diseases wn Childhood, Australan Journal of
Expertmental Buology and Medical Science, Biological Retiews, British
Journal of Experymental Pathology, Johns Hopkins Hospital Reports, Journal
of Anatomy, Journal of Cellular and Comparatire Physiology, Journal of
Chnical Intestigation, Journal of Experimental Mediine, Journal of
Pathology and Bactessology, Journal of Physwingy, Physological Reviercs,
Quarterly Journal of Evxperimental Physiology, Surgery and the Haruey
Lectures, and 1o the several authors of the figures used from these journals ,
'.n.prr\fnqqn— YU N Dambacde Soato oo LRt 83 . to My Bede

I354; toDr. WL ],
N , 1L 1L, IV and
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CHAFTER 1

GENERAL ARRANGEMENT AND ORGANIZATION OF
THE LYMPHATIC SYSTEM

InTRODUCTION

This monograph is an effort to sct forth some of the salient features
of the organization and function of the lymphatic apparatus in mammals
and to indicate where possible the elinical significance of the data thus
presented. The lymphatic system, as we view 1ts gradual desclopment
from fish to mammals, shows a steady increase in complexity and erganiza-
tion, an ncrease which is an expression of the fundamental importance
to Is of the lymph Yetin spite of the great advance
1n medical science made dunng recent years, there are stfl very senous
gaps 1 our hnowledge of the ultimate functions of lymphatics, lympho-
cytes and the organized collections of lymphocytes which we term lym-
phod tissue.  We know that 1f lymphocytes and Iymphoid tssue suffer
extensive destruction, death occurs ; and that if lymphatics are blocked,
disastrous changes appear 1n the regions involved ; but the real reasons
behind either of these gross results still elude us.  To solve such puzzles,
it is essental, first of all, to approach the lymphatic apparatus from what
may be termed the standpoint of anatomical phystology , to describe the
claborate system of lymphatic vessels, the lymphocytes and the collections
of these cells, both unorganized and organized ; and to assign to these
vanous ¢lements in our problem the physiological and medical values
known to us today.

Historreal Observations

The thin-walled lymphatic vessels, collapsed after death, escaped
attention for many centuries after the blood vessels had first been
described  Even now that their existence 1s clearly recognized, it 1s
doubtful whether more than a very small number of those who are con-
cerned with the lymphauc system ever actually see for themselves either
lymph vessels or lymph. Though Iymphancs had been scen by members
of the Al d school (Herop 300 BC ; Lrasistratus, 310—
250 B.c), the modern study of the lymphatics dates from 1622, when

Gasparo Asells, professor of anatomy and surgery n Pavia, 2 aity near
Milan, described the app e of lymph

vessels 1n the mesentery
of a well-fed dog. Aselli not only observed distended lacteals in the

mesentery, but on pricking one of them saw “2 white iquid milk or
L.—B 'y
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fymphatic system has become comparatively isolated from the blood
vascular system,

In such creatures as jellyfish there is no blood circulation in the sense
with which we are concerned. ‘The internal environment of their cells
is sea water—identical with the external emvironment.  As we progress
upward 1n the phylogenetic scale and the need for greater activity deelops,
tubular systems carrying a pigment capable of transporting oxygen
appear. A heart, of increasing complexity, becomes important and the
circulating medium begins to contain increasing amounts of protein.

With such arrangements—arrangements which provide a different
emironment for the cells of the body from that which surrounds 1t on
the outside—it apparently becomes necessary to prorvide a mechanism
other than the blood vascular system for clearing the tissue of substances
not readily absorbed by the blood. Thus, in certain fish one sces vessels
—venous lymphatics—which contain blood and Iymph in varying pro-
portions; and with these vessels, Iymph hearts appear, When lymph
hearts are present, the lymph is propelled back to the circulation 1n an
active manner, and does not depend for forward movement upon accidents
of motion, massage, etc., as 1n the mammal. No valves are present in
the lymphatics of fish, amphibia and reptiles ; these creatures have func-
tional lymph hearts which effect a sluggish but direct flow of lymph to
the blood.

In most birds the lymph hearts disappear after embryonic life and
the lymph vessels contain valves, just as do those of mammals. Lymph
nodes 2re present 1n but few species of birds and are of comparatively
sample character. The lymphatic apparatus—vessels, nodes, etc.—
reaches its highest complexity of structure and function in mammals.

Lysmpiaric VESsELs

Function of Lymphatic Vessels

The lymphatic vessels in the mammal form a fine network of thin-
walled captllaries which dramn into larger and thicker-walled collecting
trunks and ultimately join with the great veins at the base of the neck.
At the penphery, intercommunication between the smaller vessels is so
free as to make 1t extremely difficult to destroy all lymph movement in 2
given region  The lymph which these vessels contain onginates from
the blood stream by filtration through the capillary membrane and 1s on
its way back to the blood. Thus there is formed within the extra-
ceflular phase of the body a circulation which is slow compared with
the intravascular, but nevertheless an essential process 1n the normal hfe
of the ceils. There scems no doubt that the lymphatic system has
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cream forthwith gush out”. As a true disciple of Galen, he believed
that these vessels went to the liver, where their contents were * con-
cocted ” into blood. However, in 1651 Jean Pecquet in France described
the receptaculum chyli and the thoracic duct, through which the  liquor
of the Milkie Veins " finally * throws itself headlong into the IWhiripool
of the Heart”. The term '‘lymphatics ” was first used by Thomas
Bartholin (1653).

By the time of William Hunter (1718-1783) much was known about
the gross anatomy of the lymphatic system in man and other mammals,
and Hunter believed that *the lymphatic vessels are the absorbing
vessels, all over the body . Though this generalization is not too wide
of the mark, the evidence for it could not be obtamed until a good deal
more was known about the structure and properties of the blood capillary,
first described by Malpight in 1661. Wilham Hewson, a pupil whom
William Hunter *“ bred to anatomy ", made extensive dssections of the
lymphatic system in fishes, birds and mammals, He noted that lymph
glands were absent 1n fishes (also in the turtle), few in number in birds
and well developed only in mammals, He also noted the presence of
Iymphocytes in lymph and thought they came from the lymph glands to
enter the blood via the lymph channels.

A new chapter 1n the study of the lymphatic system may be sard to
have commenced with Karl Ludwig (1816-18g5), whe developed tech-
nigues for the collection of lymph from lymphatic vessels in different
parts of the body Ludwig thought that lymph was a filtrate derived
from blood and, after one of the classical controverstes of physiology, this
concept was finally established on a firm foundation by Ernest Starling
(1866-1927), who was the first to point out the fundamental relationship
between the hydrostatic pressure of the blood 1n the capillaries and the
collord osmotic pressure of the plasma proteins.

We cannot do better here than quote the assessment of Starling’s
work given by Drinker (1942) “ Those who have re-worked the field,
though able to describe many things which would have been immensely
interesting and gratifying to Starling, have added comparatively little to
the fundamental princtples which he formulated of lymph formation and
of the movement of flud from and into blood capillaries. Starling’s
evidence, though often technically crude, was, nevertheless, the product
of an mtelligence which had a habit of being nght in the great

essentials.”
Erolution
To attempt to describe the evolution of the circulation of the blood as

we see it in mammals would require far more than the scope of this book.
It will, however, be worth while to trace briefly the steps by which the
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grow the ilio-lumbar ple<us, the femoral plexus and the plexus surround-
ing the umbilical artery. 'The cisterna chyli and the lower part of the
thoracic duct arise in common with the iliac sacs from the mesonephritic
weins. The thoracic duct is formed by the union of a duct which grows
downward from the left jugular sac and a plexus arising from the cisterna
chyli. ‘The retroperitoneal sac gives rise to the lymphatics of the abdo-
minal viscera (Heuer, 1909).  All of the abdominal sacs, the retropen-
toneal ventral to the aorta, the two lateral sliac sacs and the cisterna chylt
dorsal to the aorta connect with each other,

Superhicial fymphatics
Jugular tymph sac
Subclavian lymph sac
tymph node

Deep lymphatics

Thoracic duct

Retropertoneal
lymph sac

Cisterna chyli

Posterior lymph sac
tymph node
Supericial lymphatics
FiG 1 —Reconstruction of the pnmitne lymphatic system showing the primary lymph
s in & human embryo of two months, after Sabin
(From Arey, Textbook of Detelopmrniol Anatomy, W I Saunders Co  Philadelphia)

‘The primary lymph sacs do not persist as such. In mammals they
ultimately become primary lymph nodes, while the secondary nodes
deselop along the course of the lymph ducts, In other specics, however,

el e T T

#ha ne s eoa b gann mnes = mm '

while 1n amphibra they reach their highest development. The pnm:lr;'
Iymph sacs which are destined to become lymph hearts bud off from
segmental veins and rest on the myotomes from which they derve muscle
fibres. The anterior lymph sac in birds and all the lymph sacs in mam-
mals, on the other hand, anse from other verns and are not converted to
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developed by physiologtcal necessity to remove from the tissue fluid
substances which cannot readily gamn entry to the blood capillaries.
Under normal circumstances these substances are mainly the plasma
proteins.

The more complex and active the organtsm, the greater the need of
the tissues for oxygen and nutritive substances in solution. This neces-
sttates a rise 1n blood pressure, and with 1t an increase in the size and
functional intricacy of the heart. A rise 1n blood pressure per se would
greatly increase the escape of fluid from the capillaries, but this is pre-
vented by a corresponding increase i the plasma proteins, whose osmotic
action opposes the capillary blood pressure. Although these large pro-
temn molecules do not readily pass through the capillary membrane, in
the course of a day something like 50 per cent or more of the total circu-
lating protein escapes from the blood vessels. This extravascular protein
cannot be directly reabsorbed into the blood capillaries, but readily enters
the lymphatic vessels and 1s returned to the blood indirectly.

The function of the lymphatic vessels is, therefore, one of absorption
from the interstttial spaces, and this function is of fundamental import-
ance, not only 1n the normal maintenance of fluid balance by restoring
lost protein to the circulation, but also in the response of the organism
to infection and in the spread of disease from one part of the body to
another. Before considering 1n more detad the physiological sigmficance
of the lymphatic vessels, a brief outline of the development and of the
anatomy of these vessels seems necessary for a clearer understanding of
function.

Ongin and Development of Lymphatic Vessels

Although there has been much controversy concerning the origin of
the lymphatic vessels, it now seems fanrly certain that 1n the embryo the
primary lymph sacs bud off from the vemns (Sabin, 190z, 1904, 1911,
1916; Lewis, 1906, Huntington and McClure, 1go8; Huntington,
1915). In the mammal two sets of pared sacs, jugular and iliac, and
two unpaired sacs, retropentoneal and cisterna chyli, are formed (Fig. 1).
The jugular sacs bud off from the anterior cardinal veins and form large
sacs 1n the neck. All the other Iymphatic sacs bud off from the meso-
nephritic vein and the veins in the dorsomedial edge of the Wolffian
bodies.

From these primary lymphatic sacs which are in communication
with the vens, the peripheral lymphatic system grows by a process of
endothelial sprouting.  The jugular lymph sacs give nise to the lymphatics
of the head and neck, forelegs, thorax, heart and lungs. The iliac sacs
are two long symmetrical sacs extending from the hilus of the Wolffian
bodies to the level of the bifurcation of the aorta; from the caudal end
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of study, viz. (1) the injection method (2) the direct observation of grow-
ing lymphatics cither in the tail of the frog larva, or in mammalian tissue
in the transparent rabbit-ear chamber developed by Sandison (1924).
Using the injection method in the pig embryo, Sabin (1994) showed that,
starting from the region of cach of the primitise sacs, there is in the skin

@
Fic 2 —The growth of the lymphatic scssels of the embrvo of the pig depicted by the
wnjection method of Sabin (1904)

(a} 18 a0 embryo 4 3 cm, bong
8) & wn embeyo § 8 am ook
shorbe orn and centrfugat growth of the peripherat fymphatics from the pman Tymph ases sre clearly

duall
a

g zone of njectable lymph which 1ly
covers the whole body {Fig. 2). "This injection method did not show up
any 1solated Iymphatics, which suggests that growth 1s towards the peri-
phery by the sprouting of pre-existing endothehum,

Obsenations 1n living tissues have shown that this view is no longer
in doubt. Many early workers used the tail of the frog larva to study
the growth of the lymphatics (cf. Koelliker, 1846 ; Remak, 1850 ; Langer,



6 THE LYMPHATIC SYSTEM

lymph hearts but to primary lymph glands, The lymph hearts act as
contractile reservowrs, receiving the centripetal flow of lymph from the
general systemic and peripheral lymphatics. By virtue of their muscular
contractility they are able to empty the lymphatic fluid accumulated 1n
their cavity mto the venous system, and as a secondary function it is pos-
stble that they promote the centripetal flow of Iymph from the periphery
by a pumping or suction action (Huntington, 1908).

The lymph hearts of the amphibia must not be confused with the
subcutaneous and deep lymph sacs which have been used by physiologists
to obtain samples of lymph and for the injection of drugs. These lymph
sacs are not primary, but secondary, being transformed lymphatic ducts
(Knower, 1908)

We see therefore that the primary Iymph sacs, which bud off from
the vemns 1n the embryo, become lymph hearts in amphibia, lymph heart
and lymph gland in birds, and lymph glands in mammals. The peri-
pheral vessels grow out from these primary sacs to form lymph ducts
and lymph capillaries. In amphibia the lymph ducts form large secon-
dary lymph sacs, whereas in the mammal secondary lymph glands develop
along the course of the ducts,

Growth of Lymphatic Vessels

In the onginal development of the lymphatic system and in any sub-
sequent growth of lymphatic vessels, the endothelium 1s the essential
tssue, Lymphatic endothelium arses in the first instance from the
venous endothellum, but 1t then grows as a specific tissue.

Although it 1s now generally agreed that the primary lymph sacs
anse by budding of the venous endothehum, there has been much contra-
dictory experimental evidence concerning the formation of the peripheral
iymphatics. Huntington and McClure (1go6) and Huntington (1911),
among others, maintained that lymph spaces were first formed n the
tissues ; these acquired an endothelum by the differentiation of mesen-
chyme cells, and by centripetal growth ultimately joined with the primary
sacs. This view depends largely upon the results of studies of serial
secttons with graphic wax-plate reconstructions and has recently been
supported by Balankura (1951). Clark (1g11) doubts, however, whether
any study of the growing lymphatic in serial sections is perfectly reftable,
because all the lymphatic endothelium present at any period of develop-
ment cannot be seen in stained cross-section, nor can the lymphatics
always be differentiated from blood vessels, perineural spaces and shrink-
age spaces.

The evidence for the view now generally held, that the lymphatc
endothelium 1s specific and that growth of the lymphatic vessels is by
endothelial sprouting in a centrifugal direction, 15 based on two methods
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they observed that the Iymphatic capillary wall was of deficate endo-
thelium in which the nuclear thickenings stood out distinctly as clear
lens-shaped structures, or as large rounded swellings which bulge into
the Jumen. When the same lymphatic capilary was watched for some
time, a short, solid protoplasmic thread was observed to extend from the
vessel, In the course of hours this incrcased in length and a lumen
extended into a new sprout. As this sprout advanced, nuclear areas
moved along the endothehal wall and new nuclei were formed by mitotic

Fic. ¢ —Yhoromxcrwnph shomung ch Iymphati plexus i earchamber preparation

nbbit.
Bl vesnels first invaded the table area sy am aftet operation and snsstomosed scros the centre 8
Ceriy o a7y | Lphats Brat Yeried F9 Erom 11 81 Tareuren da7s an The sendime bur of hew Bphanc
T Comionied 105 reveral muntha  The beaded stmesrnce of hmphatcs i el thown | (n the UPRer

Part of the photomicrograph developeng fat 3 seen
(From Clark and Clark, 1931

dnision. The growth of the mammalan lymphatic thus appears to
resemble that of the vessels 1n the tadpole’s tail.

‘These growth processes can also apparently be reversed.  Many of
the newly formed capillaries may retract or disappear, in some instances
by a process which 1s the opposite of sprouting, in others by what appears
to be a dissolution of the endothelium,

In both the mammal and the amphibian the growth of the lymphatics
is always secondary to that of the blood capiflaries. In the rabbit’s ear,
for example, in onc group of experiments the blood vessels invaded the
observation area 1n an average time of seven days, whereas the lymphatic
vessels hiad not grown into the same area until runeteen days  In their
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1868 ; Rouget, 1873} Clark (1909), returning to this method of investi-
gation, observed that from the walls of the lymphatics fine pointed pro-
Jections extend at various ntervals and of varying lengths, while the tip
ends 1n one or more pomted processes. This living tip 1s always changing
and the nuclear thickenings in the wall of the capillary are perpetually
altering shape and position (Fig 3) One of the processes may increase

May 16th IISO:m May|6!hl130pm M:ylhh(lcOam

Iym 12 I_y

Mayl!:hiﬂﬂ;;m May 19th 11 00a m Mayl9lhll°0pm

4 s

\/"‘N )
n

by

Tym

Fic 3 —Suaccessve stages in the growth of a lymphatic vessel 1 the frog lacva
bt =blood vessel, lyw = lymphatic, n = nuclear thickening
(From Clatk, 1909)

in size and the lumen will then follow. Further nuclear thickenings
arise by dwvision of pre-exising ones and they move on into the length-
ening wall  When several of the growing tips from neighbouring capil-
laries anastomose, a lymphatic plexus is formed.

In the mammal Clark and Clark (1932, 1933, 1937, 1938) have used
the ear chamber technique in the rabbit to observe the lymphatic vessels
growing into the observation area (Fig. 4). Using high magnification
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a muscular coat and sn outer adventitial coat. Tt often it would per-
haps be better to segard the lymph ducts as composed of 5 confintous
endothehal layer, covered by a diffise conneetive tissue sheath in which
elastic and muscular elements are irregularly scattered. In those tym-
phatic vessels which cantain ameath muscle w their walls, amyehinated

nerves can be traced to the muscle fibres, suggesting thae 82w o
mator in {unctiao.

Apeortee o8 2Lt e .
(Fig. # e, . o S
appear = . - e - . - iy
of graphite. Ir~ « © sor ez ymphatic sessels che

Fia 6 ~fhotararceographe of fully faroed valves, one sectioned tranmensely, A, and
snather longutudinally, #  The flaps of the valsex are i continuty with #ach other
4t the buttrrss, p

(From Rampmeier, 1954

prmary or superficial plexus of the skin covering the hody containg no
valves (Sabin, 1904) and the whole lymphauc network can castly be
injected  The most active generation of valves occurs hetween the end of
the second and the beguning of the fifth manth of foetal Ife i man
{Rampmeier, w9a7-1628). At the end of the second month seme valves
are forming at the poumts at which lymph channels are confluent wath the
jugular lymph sac. In the three-month embryo, ruduments of valies
4ppear in the thoracic duct and in the lymphatics of the leg.  In the next
month they appear throughout the thoracic duct and throughout the
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growth lymphatic capillaries sometimes lie adjacent to venules or blood
capillaries with nothing between the walls of the two vessels, but they
never join with blood capillaries (Clark and Clark, 1937). Even when
lymphatic capillartes become isolated by injury, they may ultimately
reach and with other lymphatic vessels, but never with blood
capillaries. It seems improbable, therefore, that there are ever any
communications between the small lymphatic and blood vessels.

Structure of Lymphatic Vessels

von Recklinghausen (1862) first showed by stamning with silver nitrate
that the lymphatic capillaries are hned by a definite thin layer of flat
polygonal endothelal cells whose margins stain black with silver (Fig.
5), but he also concluded that the Iymphatic capillaries communicated
by means of canaliculi with the tissue spaces By using the injection
technique, however, Ranvier (1897), MacCallum (rgo3), Sabin (1904)
and later Clark (xgog), Clark and Clark (1932, 1937) and Pfuhl (1939,

Fic 5 —Small lymphatic vessels stained with silver mitrate to show the outline of the
endothelial cells
(From Bartels, 1909)

1940) concluded that the lymphatic capillaries formed a closed system
and were not 1n direct i with the itial spaces. These
lymphatic capillaries consist solely of endothelium, which also forms 2
continuous himing throughout the system. With the spread of the
Iymphatic vessels some of these capillaries enlarge and acquire an adven-
titial layer to become collecting ducts. The thicker-walled collecting
ducts are usually situated more deeply than the capillary plexuses. In
the mesentery, Carleton and Florey (1927) showed that medium-sized
vessels, 100-200 g 1n diameter, contain muscle fibres, but in vessels
smaller than this no muscle was obserned. ‘The walls of the large lym-
phatic trunks are described as consisting of three layers, the endothelium,
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the Iner, the ultimate functional unit, the lobule, is not supplied with
lymphatic capillaries. The fluid leaving the I er sinusoids passes through
capillary endothelium, and in the lobule lies between this endothelium
and the liver cells. At the periphery of the lobule fymphatic capillaries
are found and these carry the highly proteinized liver lymph to collecting
trunks which join the thoracic and right lymph ducts. In the spleen, too,
Iymphatics are observed only in the capsule and the thickest trabeculae.
Fluid which filters through the walls of the capillaries and sinuses must
permeate the stroma before reaching the lymphatic vessels. On the
other hand tissues near the surface of the body are nichly supplied with
Iymphatic vessels, Such tissues are the skin and the mucous membranes
of the g i 1 and respi y tracts,

General Anatomical Arrangement of the Man
Collecting Trunks

The lymphatic trunks join the subclavian or jugular veins near theiwr
junction, where the jugular lymph sacs were onginally formed 1n the
embryo (Fig. 7). On the left side the deep cervical duct draning the
head and neck, the subclavian duct draiming the arm or foreleg, and the
thoracic duct draining the abdominal viscera and lower extremities enter
the venous system in close association with one another ; but the precise
details of their arrangement are subject to considerable vanation.  Some-
times they all empty into a sinus or dilatatton which then enters the ven,
at other times they may form a network before entering the vem,
or they may all enter the vein close together but independently of one
another. On the right side, the deep cervical duct, the subclavian duct
and the night lymph duct enter the veins, and here again the arrangement
may be very vanable. ‘This variabihity in the arrangement of the right
Jymph duct makes 1t often difficult or impossible to cannulate.  Some-
times 1t crosses over to the left side, and at others 1t consists of many
small ducts into which a cannula cannot be inserted

To the phystologist 1t 13 often important to collectall the lymph from the
thoracic or right lymph duct, or to exclude all the lymph from the circula-
tion,  The ewustence of anastomoses between the main lymphatic trunks,
or of additional entrances 1nto the veins, must obviously have an important
bearing on the possibility of such experi 1 proced Lee (1922)
ligated the thoranic duct of the cat and found that 1n some cases a col-
lateral lymph circulation was established with the right lymph duct. In
other Iympt c i were found to eust
between thoracic duct and azygos vein. Freeman (1942) made a careful
study of the thoracic duct 1n 25 dogs to elucidate 1ts mode of entrance
into the veins. He found no branches in 3 dogs, divided left ducts in g,
branches to nght side 1n 8, branches to azygos vein in 5, and branches
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entire length of the leg in large numbers. ‘Thus, in the embryo, the first
valves appear in the developing net in the territory of the jugular lymph
sacs and 1n the upper segment of the thoracic duct; this is followed by
the development of valves in the plexuses of the extremities, and lastly
throughout the entire thoracic duct itself.

Kampmeter described three distinct types of valve formation, The
first type occurs when one lymph vessel joins another 1n the formation
of a lymphatic plexus, the second type develops at the mouths of anasto-
moses already formed, while the third appears in the course of the prin-
cipal lymphatic duct long after its continuity has been established. These
lymphatic valves are usually unicuspid or bicuspid, not tricuspid. Their
significance ltes in the determmnation of the direction of lymph flow when
the vessels are compressed by muscular contraction.

Dustribution of Lymphatic Vessels

Although the lymphatic capillaries spread into a tissue after the blood
vessels, the density of the lymphatic plexus does not always run parallel
with the richness of blood supply. In the central nervous system there
1s no invasion by lymphatics, so that in the adult organism there are no
lymphatic vessels 1n this tissue (cf. Sabin, 1916), No one has described
lymphatics 1n bone marrow. Drnker, Drinker and Lund (1922)
attempted to analyse the phystological possibilities of a circulation en-
closed in a bony case, such as that of the marrow, in which the circulating
blood may vary in volume. In the marrow, water and dissolved sub-
stances must reach the tissues very freely. Indeed, the one point settled
by the paper cited 1s the fact that the marrow capillaries do not com-
municate directly with the marrow stroma, but are extraordinarily delicate
membranous structures—so much so that ther walls escape observation
if not outhined by an injection mass. There seems no doubt that water
and solutes leave the marrow capillaries and enter the marrow pulp. The
arteries of the bone marrow are plentifully supplied with vasoconstrictor
nerves (Drinker and Drinker, 1916) It seems reasonable to suppose
therefore that 1f, over a period of time, the marrow were rendered turgid
by leakage from capillanies subjected to vigorous blood flow, an ensuing
slowing of capillary flow and fall 1n pressure would result 1n restoration
of fluid and solutes to the blood stream.

Voluntary muscle, which forms the bulk of the mammalian tissue and
which is richly supplied with blood vessels, contains lymphatics only in
the fascial planes. Muscular contraction 1s thought to squeeze interstitial
fluid into these lymphatics. It is generally believed that lymphatic
caplllarlcs do not actually reach the pulmonary alseoli, but that their

ibution ceases at the begi of the respi y portion of the ulti-

mate lung structure, the atrnum leading into the alveolus. Similarly, in
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the blood stream, and these authors interpreted this as indicating the
existence of accessory lymphatico-venous connexions, Drnnher and his
colleagues have also described communications between the thoracic and
right lymph ducts of dogs (cf. Drinker, 1945).

1t has been our experience that, in the majority of instances, the lymph
from the nght Iymph duct of cats and of dogs is perfectly clear. In
some cases, however, one or more branches of the thoracic duct have
been obserned to cross to the right side, and then the lymph collected
from the right lymph duct is milky through admixture with chyle. We
have also observed that while the lymph from the right lymph duct may
be clear dunng quiet breathing, it L quite milky when
the breathing 13 stimulated with 5 per cent carbon diovide (Courtice and
Stemnbeck, 1930). These findings suggest that between the nght lymph
ductand the thoracic duct there may be intercommunications which func-
tion only when the flow or pressure of lymph are substantially increased
Carlsten and Olin (1952), on the other hand, failed to find any indication
of such on Neray exami after the injection of radio-
opaque substances into & mesentenic lymphatic of cats

The evidence therefore suggests that 1n most cats and dogs 1n which
lymph 1s flowing freely, the thoracic duct empties the greater part of its
contents inte the great vewns at the base of the neck on the left side.  In
some instances, however, there are quite considerable anastomoses with
the right lymph duct. In addition to these major channels, there may be
smaller accessory communications, either with the right lymph duct or
with other veins, along which there normally passes only little or no
lymph, but which become enlarged when the main channels are ob-
structed or the lymph flow and pressure are greatly increased

In other ammals these accessory communications may be more smpor-
tant, Job (1918) concludes that in the common rat, there are additional
communications either with the posterior part of the inferior vena cava
or with the renal or portal ven region in 40 per cent of cases, while
Silvester (1911-1912) has shown that in New World monkeys the main
openings of the mesenteric and lower limb lymphatics are into the inferior
vena cava near the renal veins.

Cannulation of Lymphatic Vessels

‘The physialogist 1s also often interested in collecting lymph from an
organ or region m order to determine its rate of flow and composition.
The larger collecting ducts 1n several parts of the body can be cannulated
with a glass cannula or by polyethylene or some such plastic tubing
(Fig 8) When a glass cannula is used, the lymph will soon clot and
block the tip unless special precautions are tahen  Usually dry hepann
on a loop of fine wire 13 periodically inserted into the cannula so that the
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to night side and to azygos vein in 4. In 2 further group of 12 dogs
killed at pertods up to 225 days after tying the thoracic duct at the base
of the neck, all showed various types of lymphatico-venous communica-
tions which were probably enlargements of pathways normally present.
Blalock ez al. (1937) also found evidence of the enlargement of accessory
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FIic 7 —Diagraminatic representation of the mamn collecting channels.

entrances into veins, or of anastomotic channels with the right lymph duct
in the majonty of, but not all, animals after ligature of the thoracic duct,
It is improbable that fresh entrances into vewns will develop de noro in
these circumstances It 1s more likely that there 1s enlargement of pre-
existing subsidiary channels which Iy carry little or no lymph.
Glenn et al. (1949) cannulated the thoracic duct and injected the dye
T1824 centrally 1n a leg lymphatic. Some of the dye always entered
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the blood stream, and these authors interpreted this as indicating the
existence of accessory lymphatico-venous connevions. Drinker and his
1l have also described ications between the thoracic and
nght lymph ducts of dogs (cf. Drinker, 1943).
1t has been our experience that, in the majority of instances, the lymph
from the right lymph duct of cats and of dogs is perfectly clear. In
some cases, however, one or more branches of the thoracic duct have
been observed to cross ta the right side, and then the lymph collected
from the right lymph duct is milky through admixture with chyle. We
have also observed that while the lymph from the right lymph duct may
et e e g arioas bemmceae s fom e T
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duct and the thoracic duct there may be intercommunications which func-
tion only when the flow or pressure of {ymph are substantially increased.
Carlsten and Olin (1952), on the other hand, failed to find any tdication
of such on X-ray i after the 1nj of radio-
opaque substances 1nto 2 mesenteric lymphatc of cats.

The evidence therefore suggests that 1n most cats and dogs 1n which
lymph 1s flowing freely, the theracic duct empties the greater part of its
contents into the great veins at the base of the neck on the left side.  In
some 1nstances, however, there are quite considerable anastomoses with
the nght lymph duct. In addition to these major channels, there may be
smaller accessory communications, either with the right lymph duct or
with other veins, along which there normally passes only httle or no
lymph, but which become enlarged when the main channels are ob-
structed or the lymph flow and pressure are greatly increased

In other animals these accessory communications may be more impor-
tant.  Job (1918) concludes that in the common rat, there are additional
communicattons erther with the posterior part of the mferior vena cava
or with the renal or portal vein region 1n 4o per cent of cases, while
Silvester (1911-1912) has shoun that in New World monheys the man
openings of the mesentenc and lower limb lymphatics are 1nto the infenor
vena cava near the renal veins.

Cannulation of Lymphatic Vessels

The physiologist 1s also often interested in collecung lymph from an
organ or region in order to determine its rate of flow and composition.
The larger collecting ducts in scveral parts of the body can be cannulated
with a glass cannula or by polyethylene or some such plastic tubing
(Fig. 8). When a glass cannula is used, the lymph will soon clot and
block the tip unless special precautions are taken. Usually dry heparin
on a loop of fine wire 15 periodically inserted into the cannula so that the



Fic 8 —{a) The thoracic duct of a cat (head at Jower end of photograph) cannulated
with a polyethylene tube and the left cervical duct cannulated with a glass cannyls
(3) A close-up of the cannulac in place

Note the milly Ismph comung from the thoracic duct and the clear lymph in the cannula in th

duct *{n the Klats caniuta 1t & wire with & loop On the end, by rocans of which powdered heparon o Tooal

e to me Tntroduced to prevens clowmg (y courtesy of Mr Bede Morris)
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heparin slowly dissolsca near the tip.  Until recent years it was not pos-
sible to produce in animals a lymphatic fistula which would continue to
flow for days. When polycthylenc or transflex tubing is used, however,
clotting does not accur so readily and lymph may be collected continu-
ously over a period of several days in unanacsthetized amimals (Bollman,
Cain and Grindlay, 1948; Grindlay et al., 1930 ; Brown and Harden-
bergh, 19515 Tasker, 1951). Though these tubes do sometimes become
bloched they may often be unbloched by the usc of a very fine wire to
catch and withdraw the clot.

Often, one of the main difficulties in cannulating lymphatic ducts is
to find them. If they cannot readily be identified, 1t is best to inject a
vital dye such as T1824 into the organ or region drained by the lymphatic
which is to be cannulated. The dye should rapudly pass into the lym-
phatics and show up the collecting trunks.  Having found the lymphauc
vessel, the portion 1nto which the cannula 18 to be inserted has to be
cleaned of connectire tissue sufficiently to enable the vessel to be incised
and a cannula inserted.  1f the vessel is cleaned too thoroughly, however,
1t is likely to contract down te a fine thread which makes it impossible
to cannulate, Only experience will guide the operator in assessing the
degree of isolation from the supportng tissues and the amount of mech-
anical handling that a lymphatic vessel will tolerate without contracting
too much.

Tt is alnays easier to cannulate 2 lymphatic vessel which has a good
flow. In general these lymphatics will be found in young and not fully
developed animals rather than in large, old animals in which the tissues
may be either very fatty, or clse fibrous and tough. In these latter cases
the lymphatics may be more difficult to find and dissect, and the flow
may be small with thread-like vessels.  Again it does not follow that the
larger the animal, the bigger the Iymphatics and the easter to cannulate,
Another obstacle to ease of cannulation may be the closely arranged
valves.  Once the cannula 1s tied in place a valve blocking the flow may
be broken down by passing a fine wire down the cannula into the vessel,

Lymph flow will be dealt with in Chapter 4, but it should be empha-
sized here that with certain exceptions, once a lymph trunk is cannulated
Iymph will flow spontancously only if there is passive or active movement
of the part, or 1f the tissue tension is greatly increased abose normal as
in an acute inflammatory reaction. In the quiescent limb of an anaes-
thetized animal there will be no spontaneous lymph flow, but lymph
may be collected in the cannula by passive movement, or by massage of
the b from the persphery towards the cannula along the line of the
duct. The flow from the nght lymph duct and from the thoracic duct
on the other hand will be spontaneous, influenced in varying degrees by
tespiratory movement,

L—C
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Regenerative Powers of Lymphatic Vessels

In mechanical injury where the lymphatic vessels have been severed,
and m inflammation due to vanous causes, the lymphatic vessels have a
remarkable power of regeneration, Clark (1922-1923) made a cut in one
of the tail fins of the frog larva and observed in the following days that
the cut lymphatics ultimately joined up by sending out threads of proto-
plasm, as do normally growing capillaries, When lymphatic capillartes
are 1solated experimentally they retamn their specificity and their power
of growth for periods up to 3 weeks or more and may eventually re-
establish continuity with the lymphatic system. In mammalan tissues,
Rechert (1926) observed the regeneration of the lymphatic vessels in
the dog after complete transection of all the tissues of the thigh (with the
exception of the femur, femoral artery and vein) and subsequent approxi-
mation of the edges. The superficial set of Iymphatics in the skin was
on occasion observed to show some regeneration as early as 4 days after
the operation, while the deep set of lymphatics began to regenerate from
8 days after severance. This bridging of the wound by regenerating
lymphatics occurred at sites where there was least reactton and scarring.
Where there was appreciable scarring or where healing had been inter-
rupted by a foreign body or infection, the growth of lymphatics was
delayed for weeks or months. In time the main lymphatic trunks also
reumted. On the other hand Meyer (1906) found na regeneration after
ligating and resecting 3 to 5 mm of the large lymphatic trunks in the leg
of the dog.

NMcMaster and Hudack (1934) found that mjection of dye showed up
many small channels, within 4 to 10 days, in and about incisions made
mn the skin of the mouse’s ear. They also observed proliferation of the
lymphatic vessels around the site of a thermal burn, while Pullinger and
Florey (1937) observed intense proliferation of lymphatic capillaries in
the ear of the mouse following mflammatory reactions due to tar and
silica (Fig. 9). In any traumatic or other inflammatory reaction, the
regeneration and proliferation of the lymphatic vessels is just as important
as that of the blood vessels. When the reaction resolves, the lymphatic
vessels retrogress

The purpose of this proliferation 15 no doubt to absorb the excess of
protemns and other particles which may be present in the interstitial spaces
as a result of the inflammation. Regeneration of the lymphatic capil-
laries 1s greatly retarded, however, by excessive fibrous tissue formation
which slows down or completely hinders the growing vessels (Clark and
Clark, 1932, 1937 ; Reichert, 1926 ; Eloesser, 1923). The regeneration
of lymphatics in the healing of wounds will be further considered in
Chapter 8.
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Fic 9 —{a) Lymphatics of & normal mouse's ear, injected with hydrokollag _(5) Greatly
prohferated lymphatic capdlanes 1 a mouse's car shown up by hydrokollag tnyection
7 weeks after the end of 4 months’ tar painting

(From Pullinger and Florey, 1937)

Contractility of Lymphatic Vessels
Everyone who has had experi in lating lymph will be
familiar with the contraction of the walls of the large lymphatic ducts if
they are not handled with care. Sometimes a large dilated duct will
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Regenerative Powers of Lymphatic Vessels

In mechamcal mjury where the lymphatic vessels have been severed,
and 1n inflammation due to various causes, the lymphatic vessels have a
remarkable power of regeneration. Clark (1922-1923) made 2 cut in one
of the tail fins of the frog larva and observed n the following days that
the cut lymphatics ultimately joined up by sending out threads of proto-
plasm, as do normally growing capillaries. When lymphatic capillaries
are 1solated experimentally they retain their specificity and their power
of growth for periods up to 3 weeks or more and may eventually re-
establish conunuity with the lymphatic system. In mammalian tissues,
Reichert (1926) observed the regeneration of the lymphatic vessels in
the dog after complete transection of all the tissues of the thigh (with the
exception of the femur, femoral artery and vein) and subsequent approxi-
mation of the edges. The superficial set of lymphatics 1n the skin was
on occaston observed to show some regeneration as early as 4 days after
the operation, while the deep set of Iymphatics began to regenerate from
8 days after severance. This bridging of the wound by regenerating
lymphatics occurred at sites where there was least reaction and scarring.
Where there was appreciable scarring or where healing had been inter-
rupted by a foreign body or infection, the growth of lymphatics was
delayed for wecks or months  In time the maim lymphatic trunks also
reunited.  On the other hand Meyer (1906) found no regeneration after
ligating and resecting 3 to 5 mm. of the large lymphatic trunks in the leg
of the dog.

McMaster and Hudack (1934) found that injection of dye showed up
many small channels, within 7 to 10 days, in and about ncisions made
i the skin of the mouse’s ear.  They also observed proliferation of the
lymphatic vessels around the site of a thermal burn, while Pullinger and
Florey (1937) observed intense prc]xfemnon of lymphatic capillaries in
the ear of the mouse foll l Y i due to tar and
sihca (Fig. 9). In any traum.-mc or other mﬂammatory reaction, the

ton and proliferation of the lympk vessels 1s just as important
as that of the blood vessels. Vhen the reaction resolves, the lymphatic
vessels retrogress

The purpose of this proliferation is no doubt to absorb the excess of
proteins and other particles which may be present 1n the interstitial spaces
as a result of the infk 10n of the lympt capil-
laries 15 greatly retarded, however, by excessive fibrous tissue formation
which slows down or completely hinders the growing vessels (Clark and
Clark, 1932, 1937 Reichert, 1926 ; Eloesser, 1923). The regeneration
of lymphatics in the healing of wounds will be further considered in
Chapter 8.
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contract to a mere thread and render cannulation impossible. Apart
from response to mechanical stimulation, these large lymphatic ducts
may undergo spontaneous contraction and relaxation, As long ago as
1869, Heller described rhythmical contractions of lymphatic vessels.
These observations have been confirmed and extended by Florey (19272
and 6) who showed that the lacteals (mesenteric lymph vessels) in the rat
and guinea-pig were rhythmcally contractile. These vessels contained
smooth muscle fibres 1n abundance. On the other hand, no rhythmic
contractions were observed in the lacteals of several other animals, viz.
cat, dog, rabbit, squirrel, hedgehog, mouse, pig and man, although these
vessels contracted when stimulated mechanically. They also contracted
on stimulation of the sympathetic nerves or after the injection of adrena-
hin  Florey (1927¢) observed that the lymphatic trunks of the p]cuml
surface of the diaphragm were rhythmically contractile in the guinea-pig
but not in the rat and rabbit. Pullinger and Florey (1935) noted rhythmi-
cal contractions in the thoracic duct of the guinea-pig after a fat meal
and of the lymphatic trunk draining the patellar tendon and testis in
the rat and gumnea-pig. Smith (1949) observed that in rats, mice and
guinea-pigs the penipheral lymphatic vessels showed a spontaneous inter-
muttent contractility which in rate was proportional to the rate of forma-
tion of lymph. Contractions could be imtiated by an increase in the
intraluminal pressure, and Smith postulated that the intermittent con-
tractility was an important intrinsic mechanism contributing to the
transport of lymph mn these animals, In rabbits and dogs, however,
thes spontaneous contractility was not observed although, as is well known,
the vessels contract when mechanically writated In all these ammals
adrenalin and prtuitnin produced an increased contractile rate or lym-
phatic spasm, while novocaine caused the cessation of movement together
with dilatation,

In contradistinction to the larger Iymph vessels the lymphatic capil-
lartes are mactive. Pullmger and Florey (1935) injected with hydro-
kollag (a colloidal ) the lymphatic capillaries on the
surface of the testis and in the dlaphragmatxc pleura of the cat, and in
the ear of the mouse. They found that these capillaries did not respond
to mechanical stimuli, adrenalin or pituitrin. The lymphatics could,
hownever, be passively distended by increasing the injection pressure, and
on release of the pressure there was an immediate elastic recoil of the
walls. While observing the small lymph vessels of the shin of the ear of
the mouse outlined with India ink or hydrokollag over prolonged periods
up to 5 hours, Hudack and McMaster (1932) never saw any contractions
of the wall.

The cause of the dilatation of the lymphatic capillaries in oedema has
given rise to much speculation, Whenever *“ free ” fluid is present in
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Lymenomn Tisser

In Lotwer Vertebrates

Lymphoid tissue occurs throughout the vertebrate series. In fishes,
amphitia and reptiles it is closely aseociated with tissues giving rise to
myelocytes and granulocytes, and, together with these cells, 1t constitutes
the so-called l\mphnm\dmd organs.

Drzewina in 1905 made an extensive survey of I)mphmd tissue in
fish and in amphibia, and found that in these creatures it consists essen-
tially of a cellular reticulum with both granular and non-granular leuko-
cytes in its interstices. Lymphomyeloid masses may be found m one
or more of a whole series of organs—kidney, liver, heart, genital glands,
spleen, shull and alimentary canal. The assocnation of lymphoid tissue
with the alimentary canal is observed almost at the commencement of
ertebrate evolution, and has persisted ever since. It 13 well marked
in cyclostomes—e . lamprey—in which the spleen has not yet evolved,
being situated immediately under the mucous membrane, where 1t
forms the so-called spiral \al\c. the main blood-forming organ in these
animals It §s an i lation that the p of sub-
stances stimulating crythrocyte fonmlmn—obser\':d in recent years
in the stomach (Sturgis and Isaacs, 192¢), duodenum {Meulengrache,
1936) and small intesine (Uotila, 1938)—may perhaps be traced back
to this primitive association of blood-forming tissue and intestine (cf.

Hoft-] and Landboe-Chri: 1953 ; Landboc-Chr
Berk and Caxtle. 19)2)
In fish ly—apart from the cycl new lymphoid organ

W

appears, the spleen, and this organ persists throughout all the subsequent
phases of vertebrate evolution, though its functions undergo some modi-
fication. The bone marrow ﬁrst mahes its appearance in amphibia,
d m reptiles are y the same as in amphubu except ! that

m the crocodile there may be a ad Yy
tissue in the mesentery, It is not, however, until we rench buds and
Is that the lymphomyeloid tissues begin to show 2 really marked
D o their 1

In Birds

In gallinaceous birds and pigeons there are no lymph nodes In
swimming birds they are present only in certain situations  Fiirther
(1913), confirming the work of previous observers, found lymph nodes
present 1n water, marsh and shore birds, but occurring without relation
to any systematic classificatton. Two pawrs of nodes were found, the
larger pair—the cervicothoracic nodes—lying at the thoracic inlet. These
were elongated structures surrounding the terminal part of the cervical
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the interstitial tissues the lymphatic vessels are dilated, although the
capillary blood pressure is greater than the tissue pressure, and the tissue
pressure is 1n turn greater than the lymphatic pressure. The observa-
tions of Clark on growing lymphatic capillaries, and of McMaster (1947)
and Pullinger and Florey (1935) on the lymphatics of the ear of the mouse
suggest that as the connective tissue fills with oedema fluid and swells,
the tension of the fibres attached to the lymphatic capillaries causes their
walls to be drawn apart (Fig. 10). The alteration in cahbre of the
lymphatic capillary 1s, therefore, passive.

Phagocytic Properties of Lymphatic Vessels

Under normal eircumstances the endothelial cells making up the walls
of lymph capillaries 1n adult animals are not phagocytic.  Clark and Clark
(1938) in their observations on the lymphatic vessels in the transparent
chambers in the ears of rabbits never saw any evidence of phagocytosis
by the lymphatic endothelum. In contrast to the behaviour of the
lymphatic endothelium in the adult, Wislocki (1916-1917) found that
tadpoles kept 1n trypan blue for a week showed pronounced staining of
the lymphatic endothelium. Clark and Clark (1918-1919) also showed
phagocytosis of carbon and carmine particles by lymphatics in tadpoles ;
and later (1926-1927) descnbed a growth process of Iymphatic endo-
thelium by which red cells were surrounded and eventually inside the
capillary, MacCallum (1903) observed particles in the endothelsal cells
of the diaphragmatic lymphaucs after introducing India ink into the
pentoneal cavity, and Karsner and Swanbeck (19z0-1921) made similar
observations 1 the pleural lymph after the introduction of Jamp-
black into the pleural cavity, These findings indicate that visible particles
are phagocytosed occasionally by lymphatic endothelium in very young
ammals and under clrcumstances of chronic irntation, but there is no

d of the par of endothelial cells in the normal
movement of material thmugh the walls of the lymphatics,

Lymphatic Vessels and Lymph Nodes
Lymph nodes appear after the [ymph vascufar system has become
fairly well organized, and their formation continues after birth, possibly
even late 1n Iife. What 1s to become a node is at first a twisting mesh-
work of lymph capillaries, Blood vessels enter this net and later lympho.
cytes, the entire structure becoming 2 setthing chamber and filter in the
line of lymph flow, as well as a source of lymphocytes.
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In Loter Vertebrates

Ly id tissue occurs the vertebrate series.  In fishes,
amphibia and reptiles it s closely associated with tissues guing rise to
myclocytes and granulocytes, and, together with these cells, it constitutes
the so-called lymphomyeloid organs.

Drzewina in 1905 made an extensive survey of lymphoid tissue in
fish and in amphibia, and found that in these creatures it consists essen-
tially of a cellular reticulum with both granular and non-granular leuko-
cytes in its interstices. Lymphomyeloid masses may be found in one
or more of a whole series of organs—kidney, hver, heart, genital glands,
spleen, shull and alimentary canal  ‘The association of lymphoid tissue
with the alimentary canal is observed almost at the commencement of
vertcbrate evolution, and has persisted ever since. It is well marhed
in cyclostomes—e.g. lamprey—in which the spleen has not yet evolved,
being situated immedntely under the mucous membrane, where it
forms the so-called spiral valve, the main blood-forming organ in these
ammals. It is an interesting speculation that the presence of sub-
stances fating erythrocyte for red 1n recent years
in the stomach (Sturgis and Isaaes, 192g), duodenum (Meulengracht,
1936) 2nd small intestine {Uotila, 1938)—may perhaps be traced back
to this primitive association of blood-forming tissue and ntesune (cf.

1 1 1

Hoff-Jorgensen and Landboe-Chril 1953 ; Landboe-Ch
Berk and Castle, 1952)
In fish lly—apart from the eycl a new lymphoid ergan

appears, the spleen, and this organ pessists throughout all the subsequent
phases of vertebrate evolution, though its functions undergo some modi-
ficaion  The bone marrow first makes 1ts appearance in amphibia,
Conditions in reptiles are essentially the same as 1n amphibia, except that
in the crocodile there may be a rudimentary accumulation of lymphord
tissue 1 the mesentery. It is not, however, until we reach birds and
1s that the lymph loid tissues begin to show a really marked

P into their 1

In Burds

In gallinaceous birds and pigeons there are no lymph nodes. In
swimming birds they are present only in certain situations Fiirther
(1913), confirming the work of previous observers, found lymph nodes
Ppresent 1n water, marsh and shore birds, but occurring without relation
to any systemanc classification, Two pairs of nodes were found, the
larger p: the cervicott nodes—lying at the thoracicinlet. These
were clongated structures surrounding the terminal part of the cervical
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tymph duct. The sccond, or lumbar, pair was in the abdomen, just above
the gental glands, on either side of the abdominal aorta.

As pared with the 1 lymph node, the avian node is a
more primitive structure.  Afferent lymph in birds drains into a central
channel, which 1s really a direct continuation of the afferent tymphatic
vessel, and 1s surrounded by lymphoid tissue, Such channels have no
reticulum,  With the growth of the lymphoid tissue, the central spaces
may become narrowed and trregular, germ centres may appear, though
more often there are merely focal accumulations of Iymphocytes. The
capsule 1s only a thin layer of connective tissue and there is no trabecular
formation ; the cortical sinus is absent or rudimentary. The node is
obviously grafted on to a lymphatic vessel and offers little obstruction
to the flow of lymph.

However, the absence of lymph nodes in birds need not imply a
deficiency of lymphoid tissue, which may 1n fact be found in situations
where it does not normally occur in mammals. Thus Kondo (19374,
b and ¢) has shown accumulations of lymphord tissue to be present in 3
number of birds, 1n association with the walls of Iymph vessels. Biggs
(1955) has confirmed that this holds good for the domestic fowl on a
considerable scale, and has also shown that these accumulations of lym-
phoid tissue 1n the walls of lymph vessels may contain what appear to be
germinal centres,

In Mammals

Clam'ﬁmhan Wherever it is found in mammals, lymphoid tissue
conslsls essentially of a mass of free cells—the vast majority of which are

phocytes of various si gether with a supporting framew ork con-
sisting of reticulum cells, and of fibrous, elastic and somcumcs muscu]ﬂf
elements.  Ehrich (19294), foll g Aschoff’s l ion

&

three groups of lymphoid tissue :

1. Lymphatic tissue 1n the lymph nodes. This type of lymphatic

tissue has afferent and efferent lymphatic vessels and is sstuated

in the lymph stream

Lymphatic tissue in mucous membranes. Lymphatic tissue in

the mucous membrane has only efferent lymph vessels and is

situated 1n the fluid streams going from the mucous membrane

into the interior of the organism.

. Lymphatic tissue in the spleen. This type of lymphatic tissue has
nesther afferent nor efferent lymph vessels and is situated in the
blood stream.

»

w

To these a fourth group may be added, the lymphoid tissue in bone
marrow, considered in detail 1n Chapters 6 and 7. The problem of the
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relationship between the thymus and the lymphoid tissues also calls for
special consideration,

Separation from Myeloid Tissues and Association
with Iymphatic Vessels

Tn mammals the segregation of the lymphoid from the myeloid tissues
reaches its most advanced development with the widespread formation
of the typical mammalian lymph node, intimatcly ascociated with lym-
phatic vessels. In lower vertebrates there are present lymphatic vessels,
but not lymph nodes. The two become connected later on in vertebrate
evolution. This must mean that the primaty function of the lymphoid
tissues, whatever it may have been, was originally independent of the
Iymph stream,

1t must be clearly understood, however, that though the separation
of lymphoid from myeloid tissue is more marked 1n mammals than in
other vertebrates, it is still not complete.  Lymphoid nodules occasionally,
and scattered lymphocytes always, are to be found in mammalian bone
marrow. At times also myeloid cells may be found in lymphoid tissue,
constituting the so-called myeloid metaplasia (see Lang, 1938). The
problem of the lymphocyte 1n bone marrow is discussed in detal in
Chapter 7. As to mycloid metaplasia, our chief interest in the condition
is for the possible light which it may throw on the abihity of lymphocytes
to become transformed 1nto other cells, A review of the literature shows
that the subject is still the battleground of conflicting h logical
theories. The mere fact, however, that lymphoid and myeloid cells can
flourssh side by side 13 sigrficant, since 1t perhaps disproves the view
that there is an essential biological antagonism between the two cell groups.

The Lymphoid Organ

When we consider the total amount of lymphoid tissue present in the
organism—the lymph nodes of the limbs, the intestinal and mesentenc
lymphoid tissue, the spleen, the thymus, the nasopharyngeal aggregates,
and the cervical and thoracic nodes—it is clear that if all this lymphoid
tissue could be collected into 2 single compact mass it would form an
organ of no inconsiderable size. Bone marrow, which 1s also charac-
terized by the diffuseness of its distribution, presents a situation similar
to that of lymphoid tissue. Estimations of the total volume of bone
marraw have been made for the most pant by 2 method depending po-
manly upon the resistant nature of the bones within which the marrow
is contained, and after obtaining an estimate of total marrow volume,
further corrections may then be apphed to give the figure for red bone
marrow, swhich has been variously estimated to be 2:6 per cent of the
body weight (Téppich, 1914, human infants) ; 1 7-2 ¢ per cent (Mechanik,
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1926, human adult) ; 1-7 per cent (Nye, 19311932, rabbit) ; 3 o2 per cent
(Fairman and Corner, rg34, total marrow, albine rat); and z oo per cent
(Hudson and Yoffey, 1954, guinea-pig). Dietz (1944) made use of a
somewhat novel method for the determnation of marrow volume, and
his results are of the same order as those obtained by other worhers.
The only method, however, available to deterrmne the total 2mount
of lymphoid tissue has been the careful dissection and weighing of all
the scattered Iymphoid masses, Hellman (1914} and Sjovall (1936) have
done this for rabbits, and Andreasen (1943) for rats. Hellman’s figures
for lymphoid tissue average approximately o 5 per cent of the weights of
his animals, while Sjovall’s figure is o-14 per cent. Both are under-
estimates They do not include the thymus, since its position as a
Iymphoid organ was regarded as open to doubt, But even apart from
the thymus, there are numerous small and scattered outlying nedules of
Iymphoid tissue which gross dissection methods would fail to detect.
An excellent example of this 1s afforded by the lymphoid follicles n the
human large itestine  Dukes and Bussey (1926) found in the large
intestine many tiny lymph follicles, 1-2 mm. in dimeter. On the
average there were 35 follicles per 5q. em. of mucous membrane, with a
count for the entire large intestine of 2,351 follicles in one subject, 4,618
mn another These results were only obtaned by a specral technique
of staimng and clearing the intestine 1 foto. If all such scattered lym-
phoid masses could be taken into account, together with the lymphocytes
dispersed throughout the connective tissues and bone marrow (see
Chapter 7) 1t 1s quite posstble that the total lymphoid tissues would be
of the order of 1 per cent of the body weight
Andreasen (1943) gives extensne data for rats of various ages. In
the young adult rat the total lymphotd tissue, including the thymus, he
estimates to be somewhere between 0 5~1 0 per cent of the body-weight.
Andreasen emphasizes, however, that the weight of the lymphoid organ
“ affords only an tnadequate measure for 1ts content of the specific tissue ™
(1e. lymphocytes), and he makes use of the nuclerc acid phosphorus con-
tent as a more reliable guide to the lymphocyte concentration The
pomnt is worth emphasizing, since throughout the literature one repeatediy
finds the weight of lymphoid tissue bemng regarded as directly propor-
tional to 1ts lymphocyte content, whereas 1t is in fact by no means certain
that such s mvariably the case,
The view that the various scattered lymphoid masses may be regarded
2s a single functioning organ is based on the assumption that there are
s . - S e e e
Jwever
* tpheral
Iymph nodes of rabbuts contained monocytes, whereas the mesenterje
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nodes did not. Differences between mesenteric and other nodes have
also been noted in connexion with fat absorption (sce Chapter 6);
and Job (1922-1923) has expressed the opinion that the lymph sinuses
are better developed in abdominal and thoracic nodes than in nodes
clsewhere.  Kindred (1938) in the rat found that plasma cells were much
tmore numerous in the medullary cords of the sub tfary nodes than
¢lsewhere, while the inguinal nodes were distinguished by the occurrence
of nests of differentiati inophili tes. It may well be

liealopn mmmnn B Py J
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main the waste products of tissue activity, The mesenteric nodes occupy,
with respect to the Iymph stream, much the same position as the liver
does with respect to the blood. In either case the structure has, as it
were, first choice of the products of digestion (sec Dabelow, 1930-1931 ;
Hansen, 1944), and the suggestion has been made by Sanders and
Tlorey (1940) and others that the mesentenic nodes are the main source
of the thoracie duct lymphocytes entenng the blood  (See Chapter 6.
Vide also Nordmann, 1928).

Changes due to age.  Lymphoid tissue 1s present in mammals through.
out life, but its amount scems to undergo changes with age.  According
to Harris and his associates (1930) lymphotd tissue in man reaches its
maximum development about the twelfth year, and then undergots
shrinkage—at first marked and then more gradual—until finally 2 more
or less stable condition 1s reached. ** More or less ™ may be a somewhat
inadeguate description, but we do not possess sufficiently accurate quanu-
LT ST T At e mee TR P
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the Malpighian follicles in general behaves more or less like the lymphatic
tissue clsewhere in the body at different ages ™. (See also reviews hy
Krumbhaar, 1939; Denz, 1947; and Andrew, 1932.)

Sex differences. The endoctine control of the lymphod tissues will
be discussed more fully 1n Chapter 6, but st should here be noted that
duiff between the lymphoid tissues in male and female have been
described. ‘Thus according to Andreasen, Engberg and Ottesen (1945),
and Andreasen (1946), the total amount of lymph node and splenic tissue
in the guinea-pig 13 greater in the female than 1n the male. On the other
hand Reinhardt (1946), working with rats, found a tendency for the
lymphod tissue to be heavier in the male than in the female. The effect
of castration upon the thymus and iymph nodes is ta cause considerable
post-puberal enlargement 1n the male (cf. Chiody, 1938, Ross and
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Korenchevsky, 1941, Baker, Ingle and Li, 1951) but not in the
female

Thymus

The position of the thymus in relation to the lymphoid tissues has
long been a matter of controversy. Certain points of difference are
immediately apparent. Thus the thymus contains epithelial, non-
lymphoid elements. On the other hand it does not normally contain
plasma cells and hence it is not surprising that extracts of thymus are
devoid of antibody (Bjorneboe, Gormsen and Lundquist, 1947; Harris,
Rhoads and Stokes, 1948). Difficulty arises n connexion with the
small thymocytes, which are present in the thymus in such large numbers,
and which, though considered by many to be of epithelial origin, are mor-
phologically indistinguishable from the small lymphocytes (Hammar, 1905,
1921 and 1936 ; Pappenheimer, 1913 ; Whitney, 1928; Bargmann, 1943 ;
Baillif, 1945). It is true that slight differences have been noted, but they
are not decisive. Thus Downey (1948) pointed out that * the smallest
lymphocytes with very dark nuclei with coarse chromatin blocks and little
or no cytoplasm are more numerous in thymus than in node ”. Dustin
and Gregoire (1932) and Gregoire (1932a) have attributed the small size
of the thymocyte to repeated rapid mitoses. Smith and Thomas (1950}
observed that in new-born mice about 40 per cent of the thymocytes
contain glycogen granules, but the number of these cells drops abruptly
between 14-18 days, and by the 2gth day only an occastonal glycogen-
containing cell can be seen. It would appear that the presence of glyco-
gen granules 1s merely a transient phenomenon in an otherwise unchanged
cell type.

According to Kindred (1938) the small Iymphocytes 1n the thymus
have a low but definite mitotic rate, whereas in other lymphoid tissues
mutosis of small lymphocytes occurs rarely if at all. It 1s to be noted that
1n tissue cultures thymocytes show the same distinctive type of move-
ment as do lymphocytes (Murray, 1947). Furthermore, as judged by
the response to thymo-toxic serum, the thymocyte and the small lympho-
cyte are also identical (Pappenheimer, 1917).

Dafferential response of thymus and other lymphod tissues
However, an element of uncertainty has ansen about thymocytes and
lymphocytes being identical since the thymus often appears to react
differently from Iymphoid tissues elsewhere. Refe to earlier .\\'ork
on the differential response of thymus and other lymphoid tissue will be
found 1n the papers of Margolis (1930), Wiseman (19314) and von Alber-
tini, Gasser and Wuhrmann (1935-1936). Thus during inanition both
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thymus and other lymphoid tissues undergo considerable diminution,
the former more markedly and rapidly than the latter (Jolly, 1914, and
many others; for bibliography sce Andreasen, 1943). On the resump-
tion of feeding all these tissues return to normal, but the thymus lags
quite appreciably behind the others.  Warren, McMillan and Dixon
(1950) teported that 1n mice which had been given small doses of Pt
there was a secondary hyperplasia of thymus, spleen and bone marrow
but not of lymph nodes. Tullis (1g51) noted that after irradiation there
was less damage to lymphocytes in thymus than in lymph nodes.

“T'he extensive work of Selye and his collaborators on the response of
the thymo-lymphatic system to stress (summarized by Selye, 1950)
indicates that the carliest and most marked changes oceur in the thymus.
Baker, Ingle and Li (1951) showed that in male rats, which were given
ACTH 8 times per day for periods up to 21 days, changes appeared
m the thymolymphatic system similar to those eliated by stress, but
*“ whereas thymocytes were removed almost completely from the thymus
by a 1 mg. daily dose, 3 or 6 mg. admi d by injecti
was required to deplete the splenic corpuscles of their Iymphocytes. . . .
In the Iymph nodes of rats similarly treated, cortical nodules were still
present and contained lymphocytes of practically normal nuclear strue-
ture.” The great sensitivity of the thymus to ACTH has been used for
the assay of that substance {Bruce, Parkes and Perry, 1952).

However, in the case of stress or the administration of ACTH the
difference is one of degree and not of kind. That 1s to say, the thymus
responds in the same manner as the other lymphord tissues, but differs
from them 1n responding more raprdly and completely to smaller doses
of ACTH or to lesser degrees of stress.  This 13 in marked contrast with
a number of instances 1n which the thymic response appears to be dia-
metrically opposed to that of the lymphoid tissue.  Thus Money, Fager,
Lucas and Rawson (1952) reported that in rats compound L depressed
the weight of the thymus, but increased that of the mesentenic lymph
node. Simlarly Money, Fager and Rawson (1952) found that testo-
sterone also dimimished the weight of the thymus but increased that of
the fymph node. Marder (1949) noted that in intact mice treated with
thyroxine the weight of the lymph node increased while that of the
thymus decreased, whereas in adrenalectomized mice symilarly treated
both lymph nodes and thymus gained 1n weight. Savard and Hom-
burger (1949) found that after transplanting sarcoma 180 into mice the
thymus underwent atrophy, the lymph nodes hypertrophy. Shrewsbury
and Remnhardt (1955) observed that castration 1n male rats causes increase
in weight of the thymus but not of the cervical or mesentenc lymph nodes,
whereas if the adrenals are first removed there 18 a marked weight increase
i both, In view of what we have previously said about the sigmificance
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of weight changes in lymphoid tissue, it is clear that all these experiments
must be interpreted with a certain amount of reserve.

Osogoe and Hitachi (1950) intravenously injected into rabbits saline
suspensions of thymocytes from other rabbits, and found thatthey accumu-
lated in the liver and spleen of the recipient in the same way as did
suspensions of lymphocytes derived from lymph nodes. Further dis-
cussion of these lymphocyte transfusion experiments will be found in
Chapter 6. From the fact that thymocytes accumulated in the inter-
lobular connective tissue of the liver and in the perifollicular regions of
the spleen, in the same way as lymphocytes, they inferred that the bio-
logical properties of thymocyte and lymphocyte were identical.

Status Lymphaticus

The occurrence of status thymicolymphaticus (Paltauf, 188g), with
simultaneous hypertrophy of lymphoid tissue and of thymus, was for-
merly regarded as evidence of identity between lymphocyte and thymo-
cyte.  So much doubt, however, has been cast on the existence of this
condition as a clinical or morphological entity (see for example Hellman,
1943) that it seems unwise to base any such conclusions upon it. It
must however be regarded as significant that subtotal thymectomy in
newborn guinca-pigs 1s followed by a generalized hyperplasia of lymph
nodes all over the body, and also of Peyer's patches—though not of the
spleen. Although this hypertrophy is transitory, it is quite definite
(Gyllensten, 1953), and it seems difficult to explain on any other basis
than that one 15 dealing with the compensatory hypertrophy of a similar
tissue  Gyllensten and Ringertz (1954), using the P32 uptake as a more
sensitive indicator of lymphoid tissue activity, found that they could
detect increased lymph node actwvity within four hours after subtotal
thymectomy, a finding which they behieve ** partly supports the view that
the lymph node hyperplasia was due to an ncreased lymphocyte produc-
tion mside the lymph node ussue investigated *.

Lymph Nodes

General arrangement. Although all mammals possess lymph nodes,
the number and the grouping of the nodes show marked species varia-
tions. In any given species, however, the nodes appear to be more
constant than is generally realized. As compared with other mammals,
the lymph nodes 1n the menkey and 1n man seem to be smaller but more
numerous than in lower animals, In animals such as the dog, cat and
rabbit, for example, the mesenteric lymphoid tissue tends to form one
large node, the pancreas of Aselli. In the rabbit this node weighs three
to four times as much as all the other lymph nodes in the body (Hellman,
1914). In the rhesus monkey and in man, on the other hand, there is
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no pancreas of Aselli, but instead a large number of small mesenteric
nodes,  One gets the impression of 2 definite evolutionary trend towards
the splitting up of a gnen amount of lymphoid tissue into many small
nodes instead of the continuing occursence, as in the fower forms, of a few
large ones.

The principle invohed is best illustrated if one resiews the deep
cenvical lymphatic pathway ia the cat, dag, rabbit, mankey 20d man.
The pathway is well defined, commencing m the mucous membrane of
the nose and pharynt. lts numerous trabutary lymphatics join to form
2 single duct, which runs dosn the side of the neck on the outer side of
the carotid artery. At varying fevels in the nech~m the dog, just below
the angle of the jaw, 1n the cat and monkey lower down—the deep cervical
Iymph duct receives the superficial lymphatics,  As far as the deep path-
way is concerned, there 1s always at feast one lymph node along its course,
and through this nede 2l the nasopharyngeal lymph passes.  In numerous
dissections we have never secn a lymphatic vessel by-passtng the node
without traversing it {Yoffey and Dninker, 1938). This 1s in agreement
with the findings of Drinker, Field and Ward (1934) for lymph from the
leg~namely, that lymph never reaches the blood without passing at least
one node,

In the dog, oot and rabbit, there is usually only a single node along
the course of the deep cervical duct, whereas in the monkey there are
fise or six, and in man even more. The pathway 18 completely nter-
rupted by each of these nodes. The pathway of lymph through 2 chamn

==
Fio 11 —Diagram jltustrating the srchutecture of a fymph node
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of nodes, instead of a single node, must undoubtedly make for greater
filtering efficiency, though we are unable to say that this is the sole or the
main purpose of such passage.  But whatever the reason for the difference,
it 15 very striking from a morphological point of view to find a chain of
many small nodes taking the place of a single large one.

F16 12 —1 and 2, low-power photomicrographs of mnjected poplieal hmph nodes
(x 6}, 3. the distribution of the injection mass i the cartical and 1n the beginnings
of the intermediary sinuses (X 26}, 4, intermediary sinuses i the medulla of an
ingected node (X 128).

{From Dnnker Wislocks and Field, 1933)
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Structure.  Tigure 11 1epresents diagrammatically the general plan
of lymph node structure, and the relation to the node of its afferent and
efferent lymphatic vessels. “I'he course of lymph flow through a node
is well brought out by perfusion with Indmx ink (Iig. 12) Ink flons
first into the cortical sinus, and from there through the medullary sinuses
into the hilum and afferent vessels, Bath cortical and medullary siuses
are trasersed by a reticulum, consisting of ccHs which not enly hold up the
carbon particles mechanically but also are actively phagocytic, The cells
lining the sinus walls, though resembling flattened endothelial cells else-
where, are also phagocytic (Fig. 13 and 13).  In the medullary sinuses the
walls are thin but complete and ink flowing through the sinuses runs be-
tueen quite definite borders, heyond which it does not escape.  Ia regions
of active fymphacytic growth the watls of the sinuses become incomplete,
and ink in the sinuses then passes for varying distances into the adjacent
Iymphecytic collections. This state of affairs is found most frequently
in the cortical sinuses,

But though Fig 11 may be taken as a useful guide to the structure of
a lymph node, and suffices for 2 consideration of certain aspects of nodal
function, it is to be regarded as only a first approcimauon. Fuller
information about the great range of vanation in fymph node structure
may be obtained from the review by Hellman (1g43). In many spectes,
including man, neither the Iymph sinuses nor the trabeculae are as con~
spicuous as in the dog, the animal on which schematic diagrams such as
Tig. 11 are usually based. Furthermore it has been claimed (Job, 1922~
1923 ; Turuta, 1g47) that not infrequently an afferent lymph vessel may
by-pass 2 node, and cantinue into an efferent chanael without traversing
a sinus.  Though we ourstlves, as already noted, have never actually
seen this happ her 1n a uninodal or 2 mulunodal pathway—it 1s
obviously difficult to establish a universal negative. 1t can, however, be
stated with a fair degree of confidence that the by-passing of a node is a
most infrequent occurrence,

As far a3 human nodes are concerned, Denz {1947), after examining
over 300 lymph nodes from autapsies, as well as a small number of biopsy

P that the y of the ginal sinus is inter~
rupted at various points by the lymphoid ussue coming close to the capsule.
urth e, he d the view of Heudorfer (1921} that the cortical

Iymphord tissue 1s 2 continuous mass which 1s only pierced by the Iymph
sinuses, but ot interrupted and divided 1nto segments as Fig. 11 would
supgest. Denz also emphasizes, 2s indeed do many other workers, that
there is no sharp boundary between cortex and meduMla, and that the
distinction between these two zones becomes especally difficult 1 the
more deeply situated nodes, where the cortex reaches urregularly 1nto
the interior of the gland,
L~p
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Fic 13 —7op—Camera lucida drawing of an intermeduate swus 10y
dilute India ink solution  Note the by the X
1n the sinus and in the wall, and slso the flattened cells which line the sinus wat
completeness (% 390), Bottom—Camera lucida drawing of the rectangle marked
i the upper figure, showing details of reticulo-endotheltal cells hning the simus

(x 1000}
(From Drnker, Wislocks and Field, 1933)

34



LYMPI NODES 35

The ¢ell population of lymph nodes. "The most numerous of the cells
found in Iymph nodes—and in most other lymphatic tissues—are fympho-
cytes. The small lymphocytes, with linle cytoplasm and pachychro-
matic nuclei, stain darkly with the customary stains, while the medium
and larger lymphocytes stain less deeply (Fig. 15).  Hesides the lympho-

. - temnh node of & wabbit which had receised
.. - . im carmne  Note the non-phagocytic
. . " s wneayure stain < 930 4, large Jympho.
. . 1 d, macrophage bining sinus ;
L L+« w o+ 4 crophage contaming erythros

(From Maximow and wuans s an sun _ Heolopy,
6ih Fdimon, 1953, W B Saunders Co, Phuladelrhia)

Ccytes, the main cell groups to be found are the phagocytic cells, and the
primutive reticular cells,  Plasma cells may on occasion be quite numerous,
especully in the medullary cord, while granulocytes are normally present
m only small numbers.

Phagocytic cells are found both in the sinuses, where they are either
fixed or free, and alsa d th h the lymphoid tissue,  In the
sinuses they oceur (1) as a network of cells, with branching processes, the




(X 1000}

(From Dunker, Wislocks and Field, 1933)
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ning in lymphoid tissue may be small, medium or large (Fig. 14). There
are no very definite measurements for these groups (p. 409); all three
cell types are also met with in peripheral blood, though the large lympho-
cyte may be sometimes difficult to find. Lymphocytes in lymphatic

Tic 16 d

1 of lymph from primitine rencular cells 1n
s hwnan lymph node  Harmatoxylin comn-azure 11« 750 a, small lymphos
cytes, b, medium lymphocytes, ¢, large lymphocyte, d, primitine reticular cells,
¢, mitosis 1 medium-sized lymphacyte . £, dniding primitie reucular cells

(From Maximow nd oom 4 Tostbook of Hutolopy th edution, 1052
W B Seunders Co, Flulsdelphun)

tissue may occur either evenly diffused, or else in charactenistic accumula-
tions, the lymphoid nodules (Ehrich, 1929, Gyllensten, 1950) These
nodules may be present in all the lymphoid tissues, though their occur-
rence in the thymusssrare  Inthe intesune they occur under the mucous
membrane, more especially of the distal portion of the small intestine,
cither as solitaty nodules, or as aggregated nodules (Peyer’s patches).
They also occur in lymph nodes and in the spleen. A simple type of
nodule, which may pethaps be termed the primary nodule (the ** solid
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sinus reticulum (2) as the endothehum lining the walls of the sinuses,
where they are known as littoral cells, or (3) as rounded macrophages
floating freely 1n the lymph (Figs. 13 and 14). In the lymphoid masses
they stand out readily as large lightly staining cells among the smaller,
more deeply staning and closely packed Iymphocytes, especially in the
germinal centres where they give nise to the appearance sometimes des-
cribed as “ pittng ' These cells frequently contain small darhly staining
masses in their cytoplasm which appear to be the nuclei of ingested dead
cells, probably lymphocytes, for
the most part, and are referred
to by Flemming (1885) as “tin-
gible Korper ™.

‘The reticular cells are found
scattered irregularly among the
lymphocytes in diffuse lymphoid
tissue. In the germinal centres,
they tend to be more numerous
and may either form a true reti-
culum or become detached and
free (Fig. 16) Their nucler are
poer inchromatin ; their cytoplasm
13 not abundant, stainng but
moderately as a rule with cyto-
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Fic 15 —Lymphocytes from 2 section of &
human lymph node  As compared with
smear preparations, much of the fine
nuclear detail 15 lost

a large, b, ¢, medwm-nzed and d, e, small
limlp;;:tyin Haematoxyln  cosin - szure  stasn

plasmic stains and containing few
or no inclusions, These cells are
not phagocytic but may readily
become so.

The reticular cells are now

(From Maumow and Bloom, 4 Textbook of
Hustology. Sih editon 1952, W'D Saunders' o,
phia)

enerally regarded as primitive
Phulade 8 y Teg: P

undifferentiated cells, capable of
transforming nto other cells, such
as macrophages, plasma cells, or lymphocytes, though under normal
arcumstances they give rise mamnly to lymphocytes The heteroplastic
formation of lymphocytes from reticular cells was first established by
Downey and Weidenreich (1912), and subsequently in 2 number of
publications by Downey and his pupils (see for example Sundberg and
Downey, 1942)  Considerable numbers of reticular cells may be seen
at times in the germinal centres, as in Figs 15, 16, though they also
occur 1 diffuse lymphoid tissue. Bemng primtive and undifferentiated,
the reticular cells are believed to be multipotential and capable of trans-
forming not only into the cells already mentioned, but also less
frequently into cells of the myeloid or erythroid series.

Lymphord nodules, 'We have already noted that the lymphocytes accur-



LYMPi! NODES 39

even be the case that the absence of such stimuli was responsible for the
poor condition of the animals in the experi of Gl dt d d
fater. ‘The early experiments of Ehrich (19295) scem to fit in with such
an interpretation.  Lhrich gave rabbits intravenous injections of killed
staphylococei, and observed that *“ the lughest devclopment first attained
of Flemming’s secondary nodules in the spleen coincided with the highest
point of the lymphocytosis . But since the sccondary nodules then
continued to develop though the lymphocytosis subsided, he concluded
that the nodules could not be responsible for lymphocyte formation.
However, the rate of production of lymphocytes is not the only factor
determining their level in the blood, and the later studies of Ehrich and
his group (Ehrich and Harris, 1942 Harris, ef al,, 1945; Ehrich,
Drabhin and Forman, 1949) forcibly bring out this point through observa-
tions on the lymphocyte content of lymph draining enlarged nodes, with
hypertrophy of the germinal centres,

Ringertz and Adamson (1930) made a detailed study of the histo.
logical changes in regional and non-regional nodes, as also of the spleen,
following the sub injection in guinea-pigs of bacterial antigens.
Their experiments showed a biphasic response of the lymphoid tissue.
In the first phase, beginning on the first or second day, they found a
diffuse hyperplasia of cortical lymphod tissue, At times ranging from
the 1oth to 16th day the second phase supervened, marked by the new
formation of many large germinal centres, which remained active until
the end of the injection period and only began to regress a week after the
cessation of the injections.  They noted that broth alone could evoke the
response, thus recalling the earlier experiments of Grégoire (19328) with
horse serum, which suggested that the lymph node reaction might pri-
marily be due to the presence of a foreign protein. They concluded by
agreeing with Conway (1937) about the occurrence of cychic changes 1n
the Iymphatic nodules {1g. 17), and by accepting the 1y !
and proliferative nature of the centres.

‘The work of Lhrich and his collaborators has served to emphasize
one very fundamental point, namely that whether multipheation of
Iymphocytes oceurs mamly 1 the germunal centres, or n the diffuse
lymphoid tissues, the lymph nodes as a whole are active Iymphocyto-
poetic organs, This aspect of lymph node function is further discussed
n Chapter 6

The appearance 1n the germinal centres of dead lymphocytes, ingested
by macrophages, might seem at first to be strongly in favour of the reac-
tion hypothesis  But as De Bruyn (1948) comments, these degenerative
processes are to be seen in germinal centres which show signs of great
mitotic activity. Furthermore, the association of cell death with pro-
Uiferative pracesses is by no means limited to the gernunal centres of
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nodule of Ehrich, 1929) consists of a focal accumulation of small or medtum
lymphocytes. This type of nodule occurs frequently in new-born
guinea-pigs (Gyllensten, 1950). Nodules with more than one cellular
zone are best described as *“ secondary ' nodules. For a full discussion
of the confused terminology of the various lymphoid nodules, reference
should be made to Ehrich (1929a) and Gyllensten (1950).

Germinal centres and reaction centres, Cyclic changes. Of the various
lymphord nodules, the one which s most frequently found and which is
most characteristic consists of a clear central portion surrounded by a
dense nim of small lymphocytes. The clear central portion was described
by Flemming 1n 1883, and was called by hum the germinal centre because
of the numerous mitoses which it contained. The daughter cells after
diviston would be pushed out to form the peripheral layer of small
lymphocytes, which subsequently entered the Iymph sinuses, and once
in the lymph stream would be catried in it to the bloed. It has been a
source of confusion that the term * secondary " nodule has been applied
bath to the clear germinal centre and to the centre with its surrounding
layer of small lymphocytes Ehrich (19294) also described a * pseudo-
secondary nodule ”, consisting of a central collection of small lympho-
cytes, surrounded by a paler zone of large cells.

Flemming’s view of the significance of the germinal centre raises a
number of problems. Germinal centres are not essential for Jymphocyte
formation, since active multiplication of these cells occurs before birth
at a time when centres are not present. Germinal centres appear in
early post-natal life (Gyllensten, 1950, 1954) and even when they have
appeared they are subject to cychc changes (Con\vny, 1937) Funhcr-
more, even wn the adult ! active multipli
may still take place n diffuse Iymphord tissue complctely devold of
germinal centres. For these and other reasons, Flemming’s original
interpretation of the secondary nodules as germinal centres has been
disputed by many workers, notably Hellman (1939, 1943), who maintains
that they are centres of reaction to nosious substances

The position becomes still further complicated by the fact that, as
noted by Rohlich (1928) in the cat, Taliaferro and Cannon (1936) in the
monkey, and Kmdred (1938) in the rat, the germinal centre frequently
consists of two distinct zones, namely an mner active portion, with many
medium lymphocytes, and an outer inactive portion, near the capsule.
It is the outer portion which is usually capped by a closely packed zone
of small lymphocytes

It is difficult to assess the precise significance of bacteria or bactersal
toxins in relation to lymphord tissue (see Chapter 5), and Gyllensten
(1954) suggests that within himits bacteria and their products may actually
function as normal morphogenetic stimul: (cf. Grégoire, 1945). It might
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While there is no doubt that the germinal centres are readily damaged
s0 as to show abnormal degenerative changes, it seems to us that on the
whole the normal germinal centee is best regarded in terms of Flemming's
original conception, with the modifications suggested by Conway (1937),
Rohlich (1928) and Kindred (1938). As Conway observes, apart from
instances of overwhelming damage to the germinal centre, the appearance
so typical of the reaction centre is only seen after a period of intense
tymphocytopoictic activity. 1f this view is correct, the centre thus named
is at times not so much onc of reaction as of exhaustion, albeit only
temporary, since another focus of lymphocytic prolferation may sub.
sequently deselop within it,

In the case of the thymus, the problem of the germinal centre does
not arise, though that of the heteroplastic formation of lymphocytes calls
for consideration. The problem has recently been reviewed by Bargmann
(1943) and Bailiff (1949) in an experimental study of degeneratne and
repencrative changes 1n the thymus of the rat following the injection
of acid colloidal dyes. The part played by the endothelium of the blood
capillaries is not at all clear.  In the opinion of many workers (e.g. Maxi-
mow, 192355) the vascular endothelium 1s relatively anert, capable of giving
rise only to fibroblasts, On the other hand 2 number of mvestigators
(¢ g. Gillman and Gillman, 1949) have concluded that the endothelum
of the blood vessels, more especially the venules, “ can hypertrophy,
round off, and become discrete entities . These mobilized endothelial
cells are regarded by the authors just quoted as the main stem cells for
the lymphocytes in the normal node, though under pathological condstions
they may become transformed into other cells. Furthermore, stem cells
are thought to be capable of ansing from capsular fibroblasts, and also
from *“lymphocytes, fibrocytes, histiocytes and polyblasts* (Gillman
and Gillman, loc. cif)

Cellular equilibrium wn Iympk nodes. In the normal lymph node—an
entity which is somewhat difficult to define, but which we all think we
can recognize-—there 13 some sort of equilibrium between the different
cell groups. This equilibrium alters with age, diet and hormonal influ-
ences, though the precise nature of the changes may nat be altogether
clear. Bailiff (1951) examined the effect on rats of repeated injections
of Biebrich’s scarlet, chlorazol black E and colloidal mercuric sulphide.
These sub ppeaced to stimulate the develop of phagocy
cells in the lymph nodes, after a period of several days—the “ activation
penod "—during which the lymphocytes diminished through depression

of mitosis, accompamed by the usual removal of lymphocytes via the
Iymph stream.  Lymphocytopoiesis did not cease completely, but con-
tinued at a lower rate, and if the substances were administered 1n sub-
toxic doses, ““1t is possible to secure some degree of equilibrium in the
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lymphord tissue, but occurs in a number of other situations. It is of
mterest that Ringertz and Adamson (19350) also, in the experiments just
quoted, found that sipns of cell death were conspicuous in germinal
centres at the peak of their lymphocytopoietic activity.
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Iymphocytopoietic activity. I this view is correct, the centre thus named
is at times not so much onc of reaction as of exhaustion, albeit only
temporary, since another focus of Iymphocytic prolfiferation may sub-
sequently develop within 1.

In the case of the thymus, the problem cf the germinal centre does
ot arise, though that of the heteroplastic formation of lymphocytes calls
for consideration. The problem has recently been reviewed by Bargmann
(1943) and Bailiff (1949) in an experimental study of degenerative and
regenerative changes in the thymus of the rat following the injection
of acid colloidal dyes. ‘The part played by the endothelium of the blood
capillaries is not at all clear.  In the opinion of many workers (e.g. Maxi-
mow, 19235) the vascular endotheltum 1s relatively inert, capable of giving
rise only to fibroblasts. On the other hand a number of investizators
(¢ 8- Gillman and Gillman, 1949) have concluded that the endothehum
of the blood vessels, more especially the venules, “can hypertrophy,
round off, and become discrete entities . These mobilized endothelial
cells are regarded by the authors just quoted 2s the main stem cells for
the Iymphocytes in the normal node, though under pathologicat conditions
they may become transformed into other cells. Furthermore, stem cells
are thought 10 be capable of ansing from capsular fibroblasts, and also
from “ Iymphocytes, fibrocytes, histiocytes and polyblasts (Gillman
and Gillman, Le. df).

Cellular equalibrium in lymph nodes. In the normal lymph node—an
entity which is somewhat difficult to define, but which we all think we
€an recognize—there is some sort of equilibrium between the different
cell groups. This equilibrium alters with age, diet and hormonal influ-
ences, though the precise nature of the changes may not be altogether
clear. Baihff (1951) examined the effect on rats of repeated injections
of Brebrich’s scarlet, chlorazol black E and colloidal mercuric sulphide.
These substances PP d to stimulate the develop of phagocytic
Ct“'s in the lymph nodes, after a period of several days—the ** activation
Pperiod "—during which the Iymphocytes diminished through dep
of mitosis, accompamied by the usual removal of lymphocytes via the
tymph siream, Lymphocytopoicsis did not cease completely, but con-
tinued 2t 2 lower rate, and if the substances were administered in sub-
toxic doses, * it is possible to secure some degree of equilibnum in the
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Iymphoid tissue, but eccurs in a number of other situations. It is of
interest that Ringertz and Adamson (1930) also, in the expenments just
quoted, found that signs of cell death were conspicuous in germinal
centres at the peak of their lymphocytopoietic activity.
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oceur in response to altered nutrition and to other stimuli, such as the
parenteral administration of foreign protein (see Chapter 6). In such
cases we are dealing with increase in size of lymphoid tissue already
present.  The question arises whether, in the adult, there can be a com-
pletely new formation of lymphoid tissue, more parucularly of lymph
nodes. The problem has been investi d in ditions of pathological
irritation, and in the normal animal following the experimental extirpa-
tion of Jymph nodes.

Observation of lymph nodes in pathological d has sug; d
very strongly that new formation of nodes may occur. Bayer (1885)
pointed out that, in carcinoma of the breast with axllary metastases the
number of discased nodes in the atlla appeared to be far greater than the
number of healthy nodes present in the normal axilla; while in addition,
surrounding the diseased nodes, there were many normal ones, small and

apparently newly formed. DBayer perfc d extirpation exp mn
four dogs from which he removed the axillary nodes. At varying inter-
vals afterwards he examined the area of of and found 1

of cells, which he interpreted as developing lymph nodes. These cell
masses, however, did not possess a typical lymph node structure, nor
can one be certain from Bayer’s description and ilustrations that they
were essentially lymphocytic in nature. Bayer was of the opinion that
these so-called nodes were deseloped largely through the transformation
of fat cells.

We know that nodular accumulations of lymphocytes can appear in
the connective tissue in various conditions, but lymphocyte masses are
not lymph nodes. New formation of lymph nodes could oceur if such
masses secondarily acquired a with nei g lymph
vessels, Conversely, new nodes could concewvably desvelop 1f lymphaid
tissue were formed in the neighbourhood of lymphatic networks.

Following Bayer's first observations numerous workers attempted to
solve the problem by experimental means. Though nodes in various
parts of the body have been chosen for investigation, most worhers appear
to have selected the popliteal node for extirpation expeniments. This 1s
because there is usually only a single node, and the possibility is thus
excluded that enlargement of another node or nodes, not noticed at the
time of op , might be mistaken for of the one removed.
The earliest experiments (c.g. Baciallt, 1886 ; Rubbert, 1889) dealt with
the results of partial extirpation of nodes. There was agreement that
regeneration could occur from the part left behind, but disagreement con-
cerning the actual source of the re-formed tissue, Fat, lymphatic endo-
thelium, fixed tissue cells, were suggested as possible elements from which
new lymphoid tissue developed. It would perhaps appear simplest to
explain the results of partial node resection as due to hypertrophy of the
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node between phagocytosis and phagocytogenesis on the one hand, and
lymphocytogenesis on the other 7. However, this equilibrium cannot be
maintained indefinttely, and after a while lymphocytogenesis is restored
to its normal level of activity, while macrophage formation dimmushes.
Duning this peniod ** the depressing effects of the collord are no longes
effective in suppressing lymphocyte mitoses . These experiments then
reveal a disturbance of the normal cell balance by a shift, albeit temporary,
towards macrophage production.

Gillman and Gillman (1949), after giving rats 16 fortnightly injections
of 1 ml of 1 per cent trypan blue, found the lymph nodes enlarged to the
pomnt where they almost become converted into tumours, in which they
found that *“ the general organization and the cell population of the normal
node can be radically changed. The lymphocytes are replaced in part
or completely by polyblasts, plasma cells, histiocytes, paramonocytes,
mobilized endothelial cells, or by a variable combination of these different
cells”. When one compares these experiments with those of Baillif
(1951), the ' activation period * for some reason had ¢vidently continued
without any intermussion. Furthermore it 1s abundantly clear, from
experiments of this nature, that we are as yet ignorant of the basic mech-
amism for controlling the cellular equilibrium of the normal lymph node.

Contractihty  Numerous observers have described the presence of
smooth muscle, 1 varying amounts, wn the capsule and trabeculae of
lymph nodes (His, 1862; Hellman, 1943); and the question arnses
whether contraction of this muscle plays a sigmficant part in the pro-
pulsion of lymph, or expelling lymphocytes from the node. We have
repeatedly perfused the pophteal lymph node of a dog with physiological
salt solution, to which after a while adrenalin was added, but have never
observed evidence of contraction

Ths finding conflicts with the observations of Flotey (1927a) and of
Martin (1932) on cat and dog isolated mesenteric nodes suspended in
Ringer solution Florey and Martin both noted that the addinon of
adrenalin usually resulted in contraction The possibility that this con-
traction mght have been due to the contamed blood vessels was considered
by Florey, who found that isolated pancreas and other organs which also
contained blood vessels did not contract after adding adrenaln. Con-
traction of smooth muscle in lymph nodes would no doubt assist both
the flow of lymph and the mevement of lymphocytes (cf. Florey, 1927a),
but 1t does not appear to be essential for either of these processes. Com-
parison with the spleen at once suggests itself; but there 15 no real
analogy, for though the spleen contains lympho:d tissue, its well developed

lature seems to be d with the rapid changes in size neces-
sary for the discharge of its reservorr function.

Regenerative powers. Vamation in the amount of lymphoid tissue can
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residual nodal tssue, which was indeed the explanation put forward by
Rouviere and Valette (1933), who attributed the hypertrophy to 2 regu-
latory wfluence of the lymph flow.,

With regard to the results of total extirpation, there was a lesser
measure of agreement. Some observers (e.g. Meyer, 1906 ; Vecchi, 19115
Rouviere and Valette, 1937) mai d that no reg; ion occurred
after complete removal of nodes, while others (e.g. De Groot, 1912;
Auché, 1930) concluded that regeneration was the rule rather than the
exception.

In recent years, Furuta (147} has re-mnvestigated the problem. Like
many previous workers, and for the same reasons, he selected the pop-
Iiteal node  This was removed surgically 1 152 rabbits, ranging in age
from 3 days to 3} years. In many cases 1t was removed bilaterally, so
that the observations were finally based on a total of 270 specimens.

Furuta found that tn 2dult animals, from 8-15 months old, regenera-
tion of an excised node practically never occurred It did however occur
in about 50 per cent of young and nearly adult ammals ~ The best results,
both in regard to frequency of regeneration and to the degree of structural
differentiation 1n the newly formed node, were obtained in animals from
45 to 6o days old. The first change was the re-establishment of con-
tinuity in the lymphatic vessels, in the vicinity of which there subsequently
appeared small 1slands of mesenchymal cells, which Furuta called lympho-
reticular tissue  From this tissue mass there then grewalymphaticnodule,
which after a further 3-4 weeks became converted into a true node.
Furuta however emphasized that in one fund: 1 respect the reger
ated nodes departed from the normal. They possess **a lymphatic by-
pass or shunt ”, 2 feature which was found to be specific for them.
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CHAPTER 2
THI TORMATION OF LYMPH

In the last century, when it was thought that the lymphatic vessels
communicated directly with the tissue spaces, the terms * tissue flud *
and “lymph ** were used synonymously. It is now generally accepted,
!m\\e\:r, that by “lymph”™ we mean only that fluid whach is present
in the lymphatic vessels and which may be collected by inserting a
cannula into a lymphatic duct. From most regions of the body the
Iymph o collected is clear; but that from the intestines is generally
opalescent or milky, depending on the amount of fat being absorbed at
the time.  The lymph forms part of the extracellufar fluid, which is the
immediate envitonment of the cells of the organism.  For an understand-
ing of the formation and of the physiological significance of lymph,
therefore, it seems lagical to consider first the basic structure of the
extracellular phase of the body-fluids and the material exchanges that
occur within it,

Tne DisrriutioN oF FLuips 1N Tue Bopy

More than half the mammalian organism 1s water, about go to 70
per cent of the body-weight in man (Soberman ef al., 1949; Pinson
and Anderson, 1950 ; Steele ¢t al, 1950, McCance and Widdowson,
19515 Widdowson, McCance and Spray, 1951, Edelman et al, 1952),
and approimately the ssme proportion in other mammals (Harrison,
Darrow and Yannet, 1936 ; Pace and Rathbun, 1945). In the newborn
the figure is higher, but the proportion of water 1n the body-tssues
thereafter decreases with age (Moulton, 1923 ; Barcroft, 1946, Friis-
Hansen ot al, 1951) The farly wide vanation observed 1n adult man
and animals is due largely to the varable quantity of fat in the body.
When allowance is made for body-fat which contains relatively httle
Wwater, the body-water expressed as a percentage of the weight is remark-
ably constant, usually within the range of 7075 per cent of the lean
weight,

Extracellular and intracellular phases
K The water which acts as a solvent for the vanous solutes may be
either inside or outside the cells; but it is usually conceded to be freely
diffusible throughout the body (cf Peters, 1935, 1944; Datrow and
Yanuet, 19353 Pinson, 1952), and so the osmotic pressure or the
53
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body, whereas the i 1ular fluid ins most of the | All
the fluid in the extracellular phase, including the lymph, has the same
basic electralyte framework.

In recent years experiments with radioactive isotopes have clearly
shown that the water and the electrolytes of the body are not confined
to the static anatomical compartments, but that a dynamic equilibrium
exists between the various body-fluids. Water and electrolytes are
moving constantly through the cell membrane, so that, although this
membrane acts as a selective barrier, it 13 not impermeable to the electro-
Iytes. 'To explain the mos ement of electrolytes through the cell membrane
and at the same time the electrolyte gradients that exist between the
intracellular and extracellular phases, various theories have been postu-
lated (cf. Davson and Daniells, 1943 ; Hober, 1945; Ussing, 1949,
Manery, 1954) It seems likely that there are pumping mechanisms
associated with cell respiration and situated probably in the cell mem-
brane, which actively pump such ions as sodium outwards from the
interior of the cell. In recent years it has been suggested that water,
too, may be actively transported outwards from the cell, if, as Opie (1949)
has found, the ceil contents are not isotonic but hypertonic compared
with the extracellular fluid (Robinson, 1950, 1952, 1953 ; Robinson and
McCance, 1952). The exact mechamsm of these so-called ** pumps * 15
still unknown, but it 1s sufficient here to recogmze that the dynamc
equilibrium between the electrolytes outside and inside the cell can be

i d only by the inual exp of energy by the cells.

Although the cell membrane does not mamtam the various electro-
Iytes in static compartments, it 13, nevertheless, often of value in a con-
suderation of the exchanges which take place between the cell and its
environment to measure the volumes of extracellular and of intracellular
water, The volume of extracellular water may be determmed by esti-
mating the dilution of a substance which, injected mtravenously, will

distribute itself equally throughout the extracellular phase. Unforts
T . .. P :

nately, no*t * JERSS  e |
volume of
stances . .

example, give measures of the sodium and chloride spaces which are not
identical, because these 1ons are not wholly confined to the extracellular
phase, but enter some of the cells, sodium more so than chlonde (Amber-
son et al,, 1938; Manery and Hastings, 19395 Lewitt and Gaudino,
1949, Danowski, 1951; Forbes and Perley, 1951 ; Deane and Smith,
1952, Deane, Ziff and Smuth, 1952). The other substances used are
in the main not normally present 1 the body, viz. thiocyanate, radio-
bromine {Br#®), inulin, sucrose, mannitol, sulphate and thiosulphate. Of
all these substances, inulm gives the lowest figures and probably the
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concentration of ions and molecules in the various fluids within the body
must be fauly umform. Actual osmotic equilibrium throughout the
body-flurds will probably not be attained, but the movement of water
15 such that this equilibnum will always be approached.

While water may be freely diffusible, the cell membrane acts in some
way as a selective barrier to the free movement of electrolytes, and the

200mEqfl HY ~HHCOy
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Fic 18 —Dhagrammane Yepresentation of the fuid and
electrolyte distrbution 1n the maramal
(Redrawn after Gamble, 1954)

distribution of the water will of necessity be related to the movement
of these solutes. Morphologically, therefore, the body-flurds may be
divided into two phases, the extracellular and the intracellular. In
general this anatomical separation 1s 1n agreement with the electrolyte
composition of the fiuid in each of these phases (Manery and Hastings,
1939 ; Hastings, 19401941 ; Gamble, 1954). It 15 evident from Fig. 18
that the composition of these fuids is completely different, The extra-
cellular fluid contains the greater part of the sodium and chloride in the
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The extracellular phase contains further barriers which subdivide 1t
and influence the movement of water and of other substances within 1t
These bartiers are cellular membranes and comprise the blood capillary
membrane dniding the {lular fluid into i ular and extra-
vaccular compartments, the lymphatic eapillary membrane separating the
tissue fluid from the lymph and the serous membranes such as the pleura,
pericardium and peritoneum. It is the exchange of materials through
these membranes in the extracellular phase of the body-fluids that 1s of
primary concern in the formation of lymph although the exchange across
the cell membrane must also play a part,

Structure of the extracellular phase

Before discussing these exchanges, we should consider bnefly the
basic structure of the extracellular phase and in particular of the inter-
stitial tissue or extravascular compartment, and our present conception
of the state of the water in this phase. In the embryo, the forerunner
of the connective tissues is a transparent, gelatinous, cell-free ground
substance which is formed as a secretion of the cells of the various germ-
[zyers. Fibrillation then occurs in this ground substance followed by
invasion of the mesenchyme cells (Baitsell, 1924-1925). In later life this
connective tissue consists of a i-fluid gelati ground sut ,
which is colloidal in nature prising s haride-protein com-
plexes, and in which are embedded numerous collagen and elastic fibres
(cf. ];C Gros Clark, 1952; Ragan, 1952 ; Kellgren, 1952 ; Robb-Smth,
1954).

. The fluid that 15 present in this tissue, the so-called tissue fluid or
gnlcrsti('nl fluid, is not normally * free ™ 1n the sense that it is present
ankpm‘Jls in lacunae. Clark and Clark {1933), by observations on the

of minute ies of sub njected and by the absence
of Brownian movement which 15 always present in the lumen of stagnant
vessels, concluded that in the tadpole’s tail the tissue was clear and gela-
tinous 2nd the water was not present in lacunae. In like manner, using
the ear-chamber technique, these authors could not normally detect any
free fluid i the tissue between the vessels 1 the skin of the rabbit’s
car. It would seem that the water is associated with the colloid gel
\xhi.:h makes up the “ ground substance ” of the connective tissue and
varies in amount under different circumstances. Only when hydration
of the gel 15 increased above a certain point can accumulations of * free **
flud in pools be observed.

In further investigations on the state of the interstitial luid, McMaster
and Parsons (19394 and b) observed the interstitial spread of vital dyes
after injecting solutions of these dyes into the lymphatics 1n the tip of
the mouse’s ear. The dye first apy d outside the lymphatics as
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losest approximation to the true anatomical extracellular space (cf.
«evitt and Gaudino, 1950 ; Robinson and McCance, 1952). In Table
re the values found in the dog and 1in man by these different methods
*he figures are expressed as a percentage of the body-weight, without
onsidering the fat content of the body.

TabLe 1

"olumes of distribution of substances used to measure extracellular fluid volume,
s percentage of body-weight Each figure represents the mean of a group of

mdiaduals

Dog AMan
nulin 20, 19 16, 15, 16
wcrose . . — 20, 19
lannttol . —_— 23, 18, 16
‘hloride . 27,23,25 18
tromide 31, 30 27,23
ulphate . 26 20, 24
iodium . . 28, 30, 30 26, 26, 26
“hiocyanate . 32, 30, 36, 32, 34 22, 23, 27, 25, 22, 24, 24
“hiosulphate . 24, 27, 22 17, 18

From Levitt and Gaudino (1950), Cardozo and Edelman (1952)

While there are differences in the figures obtained by this wide variety
f sub used for its deter ion, the total extracellular water may
e taken, for practical purposes in discussing the flud and material
xchanges involved 1n the formation of lymph, as approximately 20-2§
ier cent of the body-weight, and the intracellular water will be the
emainder, 45-50 per cent. This ratio of the two phases is not the same
n all tissues. 'Table 2 shows that of the two soft tissues of greatest
wulk 1n the body, muscle and shin, muscle has a high intracellular phase
nd a low extracellular phase whereas the reverse holds for skin. In
tther tissues these phases are more equally divided.

TABLE 2

Distiibution of water in various tissues as percentage of tissue weight.

Dog Monkey Rabbit
Tatal | EC. \ I1C. |Total EC IC.|[Total EC IC.

_ .. -t
kin . -l ss 46 ‘ 9 70 59 - 11 71 1 45 26
Juscle . 68 17 | 51 79 16 63 8o | 16 64
aver . 73 36 | 37 | 79 38, 41 | 735 | 31 44
ikeleron 58 | 25 | 33 ' 6r 30 31 | 67 28 39
ntestines | 69 38 1 31 8 39 4z S0 ' 37 43

From Harnson, Darrow and Yannet (1936)
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of water which evist normally and to the * free " poals of water which
are present in inflammatory ocdema when the fibrous elements are
separated,

‘The volume of & Tular water may h d in part
as “free ™ accumulations of water as in the blood plasma, the lymph,
the cerebrospinal and ocular flmd, and any flud in other cavities, and
in part as ** captured ™ water enveloping the connective tissue fibrils of
the extravascular compartment or assoctated with lhe colloidal ground
substance,  Although the water may be *free ™ or “ captured ', there
is a continuous interchange not only of water but of the various solutes
between the different compartments of the extracellular phase.  The hie
of the cell depends upon this morement of materials which after escaping
from the blood vessels and passing among the cells return to the blood
cither directly through the capillary membrane or indirectly through the
lymphatic vessels.

fore be 1

Trr CariLary MEMBRANE

The exchange of greatest importance takes place through the capillary
membrane which separates the rapidly circulating blood from the appar-
ently stagnant interstitial fluid. In adult man the intravascular volume
of 5 hitres of blood, of which approumately 3 litres are plasma, circulates
around the body about once a munute at rest, much more rapudly in
exercise, and is separated from the 10 to 12 litres of tissue flud by the
thin capillary wall, In companson with the rapid blood flow, the net
filtration of fluid through this capillary wall 1s smnll Theze 15, however,
a very rapid exchange of water and of dissol t d
back and forth across the capillary membrane, and 1t 1s mainly by means
of this “ ultramucroscoptc circulation > that matersals are transported to
and from the cells (cf Pappenheimer, 1953). This exchange of matenals
through the capitlanies will depend primanily on the structure of their
walls and on the volume and pressure of the blood flowing through them
at the time.

Structure of the capillary membrane

Stock, 1944) Chambers and Zwelfach (1947) hxve described on the
inner side of the endothel a non-cel llary ining which

is possibly dertved from the cnculatmg blood proteins.
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bristly, wavy lines of colour which could be bent and twisted by pressure
with a micro probe and which would spring back to their original position
when the pressure was removed, Fig. 19. These observations suggested
that the dye moved between or along the connective tissue fibres which
served as pathways for the transport of these molecules. These and
other expeniments on the movement of fluid in the interstitial tissue of
the skin (McMaster, 1941) led to the belief that this fluid is normally
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Fic 19 —The outward movement of pontammne sky blue from the lymphatics of the
ear of the mouse, and 5ts subsequent movement into the normal connectrve tissue
Furtt phate
{a) Eirst appearance of colowred projections 1:7 min)
{6) The proyectuons become darker and longer (2-10 mun )}
{¢) The projections become broader (5-12 mun.)
(d) Diffuse st of the reqions between the colotred prosections

d pl

(e} Diftuse blue stasming eanily displaced by pressuse
Eree fluid 15 now precent sn the tusues

() The appearance of dye that has escaped from 2 ruptured lymphatic There are no coloured
progections.

{From McMaster and Parsons, 935}

1 close with the ive tissue fibrils. In contradistinc-
tion to these findings in normal tissues, ** free ” fluid 1n pools between
the fibres was readily d rated when nfl ry or other oedema

was produced

The evidence indicates, therefore, that normally only submicroscopic
quantties of fluid can be * free ** 1n the interstitial spaces. It is possible
that fluid movement through the connective tissues may take place
between or surrounding the connective tissue fibres in thin films by
surface forces. McMaster and Parsons refer to the * captured  films
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the capitlaries, How the walls of the capillaries contract and relax
independently of the arterioles has been the subject of much controversy,
some investigators maintaining that the narrowing of the lumen is due
1o the ion of cells ding the endothel {cf. Rouget,
18735 Rrogh, 1920). Clark and Clak {1925, 1933, 1939), 1 swdying
the growth of blood capillaries in the tadpole’s tail and in the rabbit's
car, observed cells resembling fibroblasts adhering to the walls of newly
formed capillaries, but contsactility of these adventitial cells was never
seen. Nor did they observe active contractifity in any capillary com-
posed of simple endothelium in contrast to those small vessels with
muscle cells in their walls. They Juded that active Ity of
true capillaries, if present at all, is so stight as to be negligible as a factor
in contral of circulation in the rabbit
car preparation.  Other observers
have deseribed the narrowing or
obliteration of the capillary fumen by
a swelling of the endothelial nucles
{Steinach and Kahn, 19033 Kahn
and Poliak, 19313 Sanders, Ebert "”j;lj'"'"“
and Tlorey, 1940); but Clark and oo e
Clark (1943), Chambers (1946) and
"Taylor (1953) attribute this nuclear
swething to the release of tension
on the endothehal cell

In recent years Chambers and
Zwerfach (1944, 1947) from studies ¥
an hat as well as hiban g, 5 —p of
capiffaries have put forward their  the capillary bed of the omantum
concept of the continually changing (From Zwsituch, Lee, Hyman, and Chambers 194)
flow pattern and pressure in a group
of capillanies, They have shown in a number of tissues that the perr-
pheral vascular bed consists of a group of functioning units, each unit
comprising a central, capillary-ithe channel of which the true capiifaries
are side branches, Tyg, 21, The proxumal or contractile portion of this
central or a-v channel is led with single d i 1 d
muscle cells and 15 termed the metarteniole, whereas the venular end is
devoid of muscle cells. The true capillaries leave the metarteriole and
Teunie with the a-v through-capillary at the venular end. The junction
of the true capillary with the metarteniole 15 encircled with contractile
muscle cells and 15 called the pre-capillary sphincter. The metartencle
and the pre-capiiary sphincters undergo spontancous pertodic constric-
tion and relaxation which Chambers and Zwefach call
Notmally, the blood-flow through the a-v channel may be fairly constant,

~Arteriole
(10 40y

i Trve capillares

. Venule
47 (30 60
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The essential component of the capillary membrane is the endo-
thelium  The boundaries of the endothelial cells can be shown histo-
logically tn most capillaries by staining with silver salts. In the growing
ends of capillaries 1n the rabbit ear chamber preparation, however, Clark
and Clark (1939) failed to outline the cells with silver and so concluded
that here the capillary membrane is a syncytium. In considering the
permeability of the fully formed capillary, we should regard the wall as
consssting 1n the main of 2 plasma membrane (cf. Davson and Danielli,
1943 ; Hober, 1945) which envelops the protoplasm of the endothehal
cells, and to a lesser extent of specialized regions. The plasma membrane

Con Per End Br Per
_‘_,“w‘w.::f»

sRuEs
ST

Fic 20 —Diagram of the wall of a capllary
Br, branches of penieyte , Con , connective tissue , End, endothelial pucleus, Per , nucleus of pencyte
{From Daruellt and Stock, 1944}

of the cells 15 believed to have a low permeability to 1ons and lipid~
nsoluble molecules but a high permeability to oxygen, carbon dioxide
and other lipid-soluble substances. On the other hand, the specialized
regions, which Chambers and Zweifach (1940, 1947) believe to be the
intercellular cement, render the capillary wall as a whole highly permeable
to water, ions and other lipid-insoluble materials. As we shall see later
in this chapter the permeability of the capillary membrane to lipid-
insoluble molecules depends upon the size of the molecules, but is other~
wise non-selective, and the exchange of substances through this mem-
brane does not involve the endothelial cells in an expenditure of energy.
These experimental findings which are generally accepted suggest that
the permeability depends primarily upon the spectalized areas which
represent only a small fraction of the total area of the membrane.

Architecture of the capillary bed

It has long been recognized that the flow and pressure in individual
capillaries varies from time to time (cf. Dale, 1920, Richards and
Schmidt, 1924; Lewis, 1927; Krogh, 1929; Clark and Clark, 1931).
The flow may cease 1n a capillary following the contraction of the arteriole
supplymng it. In addition to this coarse adjustment of the blood sup?ly
to a region, there is also a fine adjustment depending on the varying
needs of small areas of tissue and carried out by the changing tone of
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water, 60 per cent of plasma sodium and 6o per cent of the plasma
chlaride were exchanged per minute and in man 103 per cent of plasma
water and 38 per cent of plasma sodium were exchanged per minute
with extravascular water and sodium ([levner, Gellhorn and NMerrell,
19425 Merrell, Geliborn and Flexner, 1934 ; Flexner, Cowie and Vos-
burgh, 1948) These observations indicate the very rapid exchange of
materials by diffusion through the capillary membrane. Pappenheimer,
Renkin and Borrero (1931} using a different technique, the perfused hind
limb preparati Jeulated that the duff of water, sodium chloride,
urea and glucose in both directions through the capillary wail to be
respectively 80, 40, 30 and 1o times the rates at which these substances
were brought to the tissues by the incoming blood, i.e. at a very much
greater rate than that found by Flexner and his colleagues.

All the evidence suggests that although the diffusion of small ions
and lipid-insoluble molecules is very rapid, these substances do not
diffuse at the same rate, but at rates depending on the size of the ion
or molecule (Starling, 1896 ; Keys, 1937 Flexner, Conie and Vosburgh,
19485 Pappenheimer, 1933). By this means of exchange through the
capillary membrane, the bulk of the transport of materials to and from
the cells of the organism occurs.

The facts that these substances pass through the capillary wall with.
out any encrgy transformations by the endothelial cells, that the rate of
diffusion depends upon the size of the ion or molecule and that, as we
shall see, the rate of net fluid mosement across the capillary wall, one
way or the other, depends mercly upon the balance between the hydro-
Static and osmotic pressures have led to the ** Pore Theory " of capillary
exchange. This theory postulates that the capillary membrane contains

pores or ul pic op which allow the rapid
Ppassage of small substances, although at different rates, but which 1n
general prevent the free movement of the larger protein moalecules.
Pappenheimer has calculated that uniform cylndncal pores with a
diameter of 60 to go A and a population density of 1-2 X 10° per om.?
of capiliary wall would account for the diffusion rates he observed in his
expenments. The different diffusion rates of molecules or ions through
Pores which are commensurate with the size of the diffusion particles
have been explaned by the ph of ¢ d diff "

The situation of these pores 1n the capillary membrane is not certain.
Chambers and Zweifach (1940, 1947) have put forward the concept that
they are present in the intercellular cement which comprises only one
Per cent of the total area of the capillary wall. ‘They postulate that the
intercellular cement 15 being continually formed by the endothelial cells
2nd that the endocapillary lining extends into the pores and regulates

their size. Flexner and his coll tuded that diffusion was too
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but the vasomotion of the pre-capillary sphincters alters the flow and
pressure in these capillaries from to The i
1s probably affected by the local metabolism, Although this pattern of
capillary flow has been shown to exist 1n several tissues, Grafflin and
Bagley (1952) have described different capillary patterns in other tissues.
Some tissues, too, such as the liver and spleen have specialized vascular
arrangements which will be considered in Chapter 3 with the lymph
flow from these organs.

Whatever the architecture of the capillary bed in any tissue and
whatever the true mechanism of capillary contraction may be, there is
no doubt that the flow of blood through a given capillary bed is con-
unually changing. This alteration from moment to moment not only
of the blood flow but also of the pressure in the capillaries must play
an important role i the material exchanges between the blood and the
extravascular flwids,

Exchange of materials through the capillary membrane

The composition and volume of the extravascular or tissue fluid may
be affected by exchanges with the plasma through the capillary wall on
the one hand and by exchanges with intracellular materials through the
cell membrane on the other. Although the changing metabolism of cells
must affect the composition of the tissue fluid of the region concerned,
it 15 the exchanges through the capillary membrane that have been most
extensively studied and which are largely concerned with lymph formation.

This exchange of materials between the blood and the extravascular
fluid 15 by diffusion or by bulk filtration. Diffusion may occur even
against the flow by filtration. For example, if a hypertonic solution of
sodium chlonide or of glucose is injected intravenously, water will be
withdrawn from the extravascular spaces into the capillary, diluting the
blood, while at the same time the injected material will diffuse outward
against the bulk movement of fluid. In normal circumstances there 1s
an extremely rapid diffusion of all small lipid-msoluble ions and mole-
cules back and forth through the capillary membrane. This has been
determined by the use of tracer amounts of radioactive isotopes such as
Naz¢ without upsetting normal plasma fevels or electrolyte and water
balance. Hevesy and Jacobsen (1940) and Hahn and Hevesy (1940)
injected intravenously into rabbits heavy water, Na?$, C1%%, K*2 and Br®
and demonstrated very rapid diffusion through the capillary wall. Water
penetrated most rapidly and became diluted with 2 volume equal to that
of the extracellular water within 30 seconds. Of the electrolytes, potas-
stum diffused most rapidly, while sodum, chloride and bromide reached
an equilibrium at about the same time, Flexner and his colleagues by
similar methods found that 1n the guinea-pig 140 per cent of the plasma
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water, fo per cent of plasma sodium and 6o per cent of the plasma
chloride were exchanged per minute and in man 105 per cent of plasma
water and 58 per cent of plasma sodium were exchanged per minute
with extravascular water and sodium (I'lexner, Gellhorn and Merrell,
19425 Merrell, Gellborn and Flexner, 1944; I'lexner, Cowie and Vos-
burgh, 1948). ‘These obserations indicate the very raprd exchange ot
OIS LR U M

urez and glucose in both directions through the capillary wall to be
respectisely 80, 40, 30 and 10 times the rates at which these substances
were brought to the tissues by the incoming blood, ie. at a very much
greater rate than that found by T'lexner and his colleagues.

All the evidence suggests that although the diffusion of small 1ons
and lipid-insoluble molecules is very rapid, these substances do not
diffuse at the same rate, but at rates depending on the size of the 1on
or molecule (Starling, 1896 ; Keys, 1937; Flexner, Cowie and Vosburgh,
19481 Pappenheimer, 1953). By this means of exchange through the
capillary membrane, the bulk of the transport of materials to and from
the cells of the organism occurs.

The facts that these substances pass through the capillary wall with-
out any energy f ions by the endothelial cells, that the rate of
diffusion depends upon the size of the 1on or molecule and that, as we
shall see, the rate of net fluid movement across the capillary wall, one
Way or the other, depends merely upon the balance between the hydro-
static and osmotic pressures have led to the ** Pore Theory ™ of capllary
exchange, This theory postulates that the capillary membrane containg
Rumerous pores or ultramicroscopic openings which allow the rapid
Passage of small substances, although at different rates, but which 1n
8eneral prevent the free movement of the larger protein molecules,
Pappenheimer has caleulated that umiform cylindrical pores with a
duameter of 6o to 92 A and a population density of 1-2 ¥ 10° per cm,?
of capillary wall would account for the diffusion rates he observed in his
SXPenments, The different diffusion rates of molecules or 10ns through
Potes which are commensurate with the size of the diffusion particles
have been planed by the ph of ¢ icted diffusion .

The situation of these pores in the capillary membrane 18 not certain,
Chambers and Zweifach (1940, 1947) have put forward the concept that
they are present in the intercellular cement which comprises only one
Per cent of the total atea of the capillary wall. They postulate that the
intercellular cement is betng continually formed by the endothehal cells
‘"q that the endocapillary lining extends into the pores and regulates

theit size. Flexner and his coll fuded that diffusion was tao
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rapid to accept the hypothesis that water as well as sodium and chloride
1ons passed only through an area equal to that of the intercellufar cement.
Pappenkei h , has calculated that the total cross-sectional area
of the pores comprises less than o-2 per cent of the capillary wall, so
that 1t would seem possible that these pores are confined to the inter-
cellular cement.

In contradistinction to exchange by diffusion, exchange by net filtra-
tion of fluid 1s small, amounting 1n all, 1n both directions, to about
2 per cent only of the plasma flow. In general this filtration depends
upon the balance between the capillary pressure and the effective osmotic
pressure of the plasma proteins. We have seen earlier how the con-
centration of plasma protemns in the animal kingdom increased with the
increase n blood pressure. In this way the circulation of the blood
could be enormously increased with a commensurate increase in the
exchange of materials by diffusion, without the loss of much fluid by
filtration 1nto the interstitial spaces. The object of the balance of these
pressures 1s to reduce net filtration of fluid to a minimum, but at the
same time to allow i hange by diff: between the blood
and extravascular fluid.

Starling (1896) first clearly outlined the factors responsible for this
balance of fluid exchange through the capillary membrane. In what has
become known as the “ Starling Hypothesis ”, he marntained that the
direction and rate of fluid transfer was proportional to the algebraic sum
of the effective hydrostatic pressure 1n the capillaries and the osmotic
pressure of the plasma proteins. For this theory to operate, he pomnted
out that although the capillary membrane was freely permeable to
crystallowds, 1t was relatively impermeable to the larger plasma protem
molecules  Describing how sotonic salt solutions were absorbed from
the tissues 1nto the blood vessels, he says: “1I believe the explanation
15 to be found 1n a property on which much stress was laid by the older
physiologists, and which they termed the high endosmotic equivalent of
albumen. It must be remembered that the earlier workers used animal
membranes 1n thetr experiments on osmotic interchanges. These mem-
pranes permt the passage of water and salts, but hinder the passage of
coagulable proteid. Whereas the enormous pressures of the salts and
crystalloids in the various fluids of the body are of very little importance
for the function of absorption by the blood vessels, the comparatively
insignificant osmotic pressure of the albumens 1s of great mmportance.”
He found by estimation that the osmotic pressure of the plasma proteins
was 30 to 40 mm. Hg and he contmues: *The importance of these
measurements lies in the fact that, although the osmotic pressure o'f the
proteids of the plasma is so insignificant, 1t is of an order of magnitude
comparable to that of the capillary pressures; and whereas capillary
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pressure determines transudations the osmotic pressure of the protetds
of the serum determines absorption.  Moreosver, if we leave the func-
tional resistance of the capillary wall to the fluid through it out of account,
the osmotic attraction of the serum for the extravascular flud will be
proportional to the force expended in the production of this latter, <o
that, at any given time, there must be a balance between the hydrostauc
pressure of the blood in the capillaries and the osmotic attraction ot the
bood for the surrounding fluids. With increased capillary pressurc
there must be increased transudation until equilibrium 18 established
2 somewhat higher point, when there is 2 more dilute fluid w the tsu.
spaces and therefore a higher absorbing foree to balance the sncrevee.!
capillary pressure.  With diminished capiMlary pressure there will be un
osmotic absorption of salt solution from the extravascular flwd, wnul
this becomes richer in proteids 3 and the difference between its (proteid)
osmatic pressure and that of the intravascular plasma 15 equal to the
diminished capillary pressure.”

Factors concerned in filtration
Starling's hyy has since been confirmed by direct
of the pressures concerned and observations on the movement of flurd
If the theory is correct, the same degree of filtration should ocour with
the same driving force irrespective of the actual value of each of the
Opposing pressures ; that is, a rise in capillary pressure or an equnalent

fall in plasma osmotic pressure will result in the same increase in filtration
rate,

Landss {1927) by micro-injection on single capillaries in the frog's
mesentery confirmed this by direct measurement. He found that when
the capillary pressure was less than 9 cm. water fluid moved into the
blood and when it was greater than 12:5 cm. water fluid moved into
the tissue spaces. Using a fian hind-leg prep Pappen-~
heimer and Soto-Rnvera (1948) showed that the mean pressure head
available for net fluid transfer across the capillary membrane 1s the mean
“P‘“_ary pressure minus the effective osmotic pressure of the plasma
Pproteins. They further showed that the rate of filtration or absorption
*as proportional to this pressure head irrespective of the absolute values
of each, over a wide range of values, Fig. 22.

Indicectly, without actual of the p d
the evidence all supports the Starling Hypothesis. Raising the capillary
Pressure by increasing the venous pressure, Tig 23, or by arteriolar
dilatation as in warming a limb, leads ta an increase in the rate of capillary
fltration (Landis et al , 1932 ; Krogh, Landis and Turner, 1932; Landss
ad Gibbon, 1933; White, Field and Drinker, 1933 ; Courtice, 1946).

When the plasma protein concentration is increased by the intravenous
L—y
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Fic 22 —Flwid exchange 1n the perfused hind leg of a cat
The Fatc of Auid exchange 15 proportionsl to the difference betw cen the mean hydrostatic pressure in
the Capilares and the sum o i pressures opposin lirrion and 1 independent o the sbsalie \alcs of
(Redrawn from Pappenheimer and Soto-Ruvera, 1948)
injection of concentrated albumin solution, tissue fluid is withdrawn into
the blood stream and haemodilution occurs (Heyl, Gibson and Janeway,
1943) A fall in the plasma protems leads to an increased filtration rate
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¥ic 24 —The refaton betneen the plasms protetn concerranon
and ocdema i dogs
© No oedema @ Uedemna
(From Weech, Snelling and Goemsch 19331

and ultimately to visible oedema as 1 and pl ph
(Kobman, 1920 ; Field and Drinker, 19316 ; Shetburne and Egloff, 1931,
Darrow, Hopper and Cary, 1932, Weech, Snelhing and Goettsch, 1933).
. The relation between the plasma protewn concentration and oedema
in dogs 1s shown i Fig. 24.
This sndicates that oedema Plasmaphaeresis Nutntiona)
i’\:‘scsstd by finger paipanon s 25ttt L
ated to the plasma atbumin
and not the globulin level
When the albumn fevel 15 less
than 1 g per cent oedemna alnays
occurs, but when the albumm
15 abose 2 g per cent oedema
ssrarely present,  From Fig 25
it is evident that pedema occurs
more readity i mat
thaninplasmaphaeresss. Weech,
Suelling and Goettsch  have

supgested that this may be due  Fio 25 -'n\;d ::l;non ’bﬁ!ween 1;125111:
1o th stbumen s erna following plasma-
umn° loss of clastietty of the phiaerests and malautnton

ective tissues 1 malou- o No oedema ® Oedema
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accommodate more fluid before tissue pressure rose sufficiently to balance
the Jowered osmotic pressure of the plasma proteins. Although vistble
oedema is observed at fairly definite low levels of albumin, the evidence
favours the view that as the plasma albumin concentration falls there is 2
gradual, rather than an abrupt, fluid accumulation in the tissues.
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FiG 26 —The pressure in different vessels of the vascular tree and the osmotic pressure
of the plasma protesns Jn man, gumea-pig, rat and frog
(From Landis, 1934}

The capillary pressure.  Of the pressures concerned in filtration the
capillary hydrostatic pressure is very variable whereas the osmotic pressure
of the plasma proteins normally remains fairly constant. The pressure
within a single capillary varies, not only from time to time with changes
10 arteriolar tone and in vasomotion of the precapillary sphincters, but
also at any one time from one end to the other. This gradient of pressure
from the arteriolar to the venular end of a capillary has been measured
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directly in the frog’s mesentery (Landis, rg25-1926), web and mascle
of fron (Landis, 1931), mesentery of the rat and puinea-pig (Landss,
15304} and in the shan of man (Landis, 19306). The average fall in
pres = «re~schout the vasculdr tree in these animals may be repre-
sent- .

TR aoaa .- . * cemntic
pressure of the promlu. Ko » .- o of
flration pressure at the arteriolar end of thc capig, * BN

fasouting absorption at the venular end.

Tane 3

Blood colinid psmotie pressure and capiflaty pressure {micro-injection
datermimations) in om wWater

Collged Artersolar Venous
Ammal osmolie pressure capilfary caprllary Tiseue
of blood pressure pressure
Frog . . N ny 44 ot Mesentery
149 M Sk
345 oo Mesentery
Rat 220265 300 va Mesentery
Guinea-pig . 22827 § a8 76 Mesentery
Man . 28 5v400 413 sbg Skin, base

of nat
Modhfied from Landss (1934)

Although this represents the average conditions that occur i a
eapillary in standard condions, 1t can seadily be concenved that under
certain condittons fiftration will oceur along the whole length of 2 capil-
lary s on the other hand under other circumstances reabsorption may
take place along the whole length of a capiffary.  Posture, for example,
greatly affects capallary pressure  In the upnght position the capiffary
pressure 1n the dependent himbs greatly incresses wabh an oversll increase
in filtration feading to excess tissue fluid in the bimbs and concentration
of the blood ceffs and protewn (Thompson, Thampson, Dailey, 1928 ;
Waterfield, 19312 and &; Keys and Taylor, 19354).  In contradistnction
10 this increase 1n pressure, the capsllary pressure s Jarge areas decreases
after haemorrhage leading to bulk reabsorption of fluid nto the blood
stream with haemodifution.

-Vl acmotic pressure Thc osmotie pressure of the plasma protemns

. . "ot of the albumin, \Xezs\nemems of
- At Keys
and "Taylor (1955a) 1ue . re and

the level of total protein and albumin has been expresan. ., ormuta
P = C{21 4 + 59A), where P 13 the oamouc pressure 1n millimetres of
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accommodate more fluid before tissue pressure rose sufficiently to balance
the lowered osmotic pressure of the plasma proteins. Although visible
oedema 15 observed at fairly definite low levels of albumin, the evidence
favours the view that as the plasma albumin concentration falls there is 2
gradual, rather than an abrupt, fluid accumulation in the ussues.
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Fi16 26 —The pressure 1n different vessels of the vascular tree and the osmotic pressure
of the plasma protemns 1n man, gumea-pig, rat and frog
(From Landss, 1934
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The capillary pressure.  Of the pressures concerned in filtration the
capillary hydrostatic pressure is very variable whereas the osmotic pressure
of the plasma proteins normally remams fairly constant. The pressure
within a single capillary varies, not only from time to time with changes
in arteriolar tone and 1n vasomotion of the precapillary sphincters, but
also at any one time from one end to the ather. This gradient of pressure
from the arteriolar to the venular end of a capillary has been measured



FACTORS CONCERNED IN FILTRATION 69

directly in the frog's mesentery (Landis, 1925-1926), web and muscle
of frog {Landis, 1931), mesentery of the rat and guinea-pig (Landis,
1930a) and in the skin of man (Landis, 19308). The average fall in
pressure throughout the vascular tree in these animals may be repre-
sented as in Fig. 26

When the capillary pressure is considered with the opposing osmotic
pressure of the proteins, it is seen in Table 3 that there is a head of
filtration pressure at the arteriolar end of the capillary, but a pressure
favouring absorption at the venular end.

Taste 3

Blood colloid osmotic pressure and copallary pressure (micro-injection
determinations) i em. water.

Collond Artenolar Venaus
Animal osmotic pressure capillary capllary Tissue
of blood Ppressure pressure
Frog . . . ey 144 1001 Mesentery
149 95 Skin
145 100 Mesentery
Rat . . . 220-26 § 300 170 Mesentery
Guinea-pig 21 5-27 3 385 17°0 Mesentery
Man . . . 283-g00 45 165 Skin, base

of nail
Modtfied from Landss (1934)

Although this represents the average conditions that occur n a
capillary in standard conditions, 1t can readily be conceived that under
certain conditions filtration will occur along the whole length of a capil-
lary; on the ather hand under other circumstances reabsorption may
take place along the whale length of a capillary. Posture, for example,
greatly affects capillary pressure. In the upright position the capillary
pressure in the dependent imbs greatly increases with an overall increase
in filtration leading to excess tissue fluid 1n the limbs and concentration
of the blood cells and protein (Thompson, Thompson, Dailey, 1928 ;
Waterfield, 19314 and b ; Keys and Taylor, 19355) In contradistinction
to this increase 1n pressure, the capillary pressure 1n large areas decreases
after haemorrhage leading to bulk reabsorption of fluid into the blood
stream with haemodilution,

Collord osmotsc pressure. "The osmotic pressure of the plasma proteins
13 largely dependent upon the level of the albumin, Measurements of
this pressure may be made by an apparatus similar to that used by Keys
and Taylor (19354). The relation between the osmotic pressure and
the level of total protein and albumin has been expressed by the formula
P = C(a1'4 + 594), where P 1s the osmotic pressure in millimetres of
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water, C is the total protein concentration and A4 is the albumin con-
centration in grams per 100 ml. (Wells, Youmans and Mller, 1933).
Determinations of the collord osmotic pressure of the plasma of different
animals are given in Table 4.

‘TABLE 4
Colloid osmotic pressure and protein concentration in serum or plasma of different
species.
Proten Osmotic
Animal concentration pressure Author
g % em Hy

Toadfish (10)

417 (3 25-5 29) 104 76-127) ‘Tumer (1937)
Wolf fish (8) 4 peNd % do( 37

3

1

53 16-6 52) 153 (11 9-17 8)
2

Turtle  (16) 51-4 21) 74( 39-11-2)  Campbell and_Turner {1937)
Frog (r2) ( 144 29) 53( 15-134) Churchill, Nakazana and
Drinker (1927)
Nocturus (18) 2 24 (1 24~3 50) 95( 50158  White (1928)
Rabbit  (24) 620( 57-71) 287 (259-330) Tada and Nakazawa (1930}
" 34) 599 (499-6 68) 29 5 (22°4-358)  Jzumi (1933)
Dog (18) 7 50 (6 709 Bo) 282 (24 5-36 5) Kmmura and Nakazawa (1930)
” (18) 604 (465-7 12) 340 (182-378)  Wells (1932a and &)
" (13} 625 (5 62~7 b4) 306(222-3609) Field et al (1934-5)
Cat () 74 ( 66-84) 31°0 (26 0-345)  Krogh (1929)
Man (38) 803(65-103) 369 (20 3-43'3)  Serr (1924)
" 8) 7s56( 72-86) 362(325-401) Jversen and Nakazawa (1927)
” {34} 831 (69-100) 38'5 (31 5-36'5)  Ito, Seki and Nahazawa

(1929~30;
" (23} 775 (655-935) 360(326-383) Kylin (1931)
Abridged table from Drinker and Yoffey (1941)

Figures 1n brackets represent number of individuals 1n group and the ranges of the
protein concentration and 0smotic pressure

It has been shown that filtration through the capillary membrane
depends upon the balance between the caprllary pressure and the osmotic
pressure of the protemns. Since, as we shall see later, some protein
escapes into the extravascular fluid, the effective osmotic pressure of the
proteins will be determined by the difference 1n the protemn concentra-
tions 1n the plasma and in the extravascular fluid immediately outside
the capillary wall. Although the level of protemn in the capillaries may
eastly be determined, that in the tissue fluid cannot. The relation
between the concentration of protein in the Iymph and that m the tissue
fluid will be discussed later in this chapter.

Tissue pressure If the capillary pressure and the colloid osmotic
pressure were the only forces involved in the filtration of flid across
the capillary membrane, fluid would accumulate in progressively mncreas-
ing quantities in the dependent tissues in the erect posture or in other
tissues with a moderate increase mn venous pressure. Landis and Gibbon
(1933) showed by means of a pressure plethysmograph that in the human
forearm the rate of filtration produced by any given venous pressure
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decreased as fluid accumulated in the tissues, and that when an appreciable
amount of fluid had sccumulated tow filtering heads of pressure, which
originally produced filtration, now failed to da sa. These observations
indicated that when fluid sccumulates in the tissue spaces a tension
derelaps which opposes filtration, Landis and Gibhon estimated by
this method that with large accumulations of fluid in the tissue spaces
the filtration rate was decreased by an amount which was equivalent 10
a tissue pressure of about 35 em. water.

‘The tissue tension has also been determined directly  Burch and

Sodeman (1937, 1939) and Wells, Youmans and Miller (1938) measured

b i and lar in man. On
the darsum of the hand the normal tissue pressure in one group of
subjects was ¢-8 to §-4 em. water with @ mean of 29 em. During pro-
langed venous congestion the ussue pressure m those leg muscles which
are tightly covered with fascia rose to $0 em. water or higher, which
was probably high enough to stop filtration, whereas in the g
which is loasely covered the pressure did not rise above 20 cm. water
during congestion.  McMaster (1946a} used a techmique 1n which pract-
cally na flud entered the tissue so as 1o mimmize any error due to the
introg of appreciable quantities of fluid. In the skmn of the ears,
back and thighs of the mouse, readings felf within the range of o5 to
50 em. water with an average of 17, whereas in oedema due to heat
or the application of xylol the pressure rose to 40 to g2 cmt water,
In maq in the skin of the volar surface of the forearm and the dorsum
of the ankle with the patient lying flat, the pressure averaged abous 3 1 em.
water while m the tense shin over the deltoid muscle the tension was
510 67 em. water. After venous obstruction (McMaster, 1946b) the
tnterstivial pressure rose 1n the shin of the mouse's leg from a normal
range of 2 6-4-2 ta shout 32 cm. water, thereafter remaming constant.
It seems, therefore, that at this pressure the escape of fluid is checked.
When the veins of the arm and leg of man are obstructed the pressure
tises fram 2:5-3§ 10 15 0-23 0 em. water. Fn all these observations the
Increase 10 tissue pressure follows an acute increase n the quantity of
tssue Auid  After a time, bowever, when the stretched connective tissue
fibres fose their ¢lasticity, the tissue pressure falls.

It is evident from such measurements that as soon as the amount
of tissue fluid mcreases, the tension crested 1n the tissue spaces outssde
the capillary increases 1o oppose further filtration  This ussue tension
has to be considered with the capillary and opsmotic pressuse of the
proteins in evaluating the factors concerned in the flurd balance across
the capillary membrane. The tissue tenswon will also be affected by

cular The pressure may tise very con-
siderably during voluntary contraction. Wells et al (1938) found that
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during maximal voluntary contractions the intramuseular pressure rose
to values of 10 to 118 cm. water depending upon the tightness of the
fascia.

Tue FormaTION OF Lymrn

The lymphatic capillaries are sometimes closely associated with the
small blood vessels with virtually nothing between the two membranes
while i other cases they bear no relation to them (Clark and Clark,
1937). In any region the fluid that enters the lymphatic capillaries to
become lymph, therefore, may be that which is adjacent to the arteriolar
end of a blood capillary or to the venular end, or it may be the fluid
that is relatively distant from a blood capillary. McMaster (1947)
investigated the relative pressures within the cutaneous Iymphatic capil-
laries and in the surrounding tissues in the mouse’s ear, In a group
of expeniments he found that the mean intralymphatic pressure was
12 cm. water and the interstitial pressure 1-9 cm. water. There was
always a gradient of pressure from the interstitral tissue to the lumen
of the lymphatic and during oedema caused by mild heat or xylol this
gradient was increased even though the intralymphatic capillary pressure
was increased. These findings show that a pressure gradent is an m-
portant factor in lymph formation both under normal and pathological
conditions, the lymphatic capillary being prevented from collapsing by
the mechanism already described (see p. 20)

In normal tissues the lymphatics drain any fluid in excess of filtration
over reabsorption through the capillary wall.  As the formation of tissue
flud increases, the tissue pressure nises, the lymphatic vessels dilate and
the formation of lymph increases. This ts well shown in experiments
where the filtration rate 1s increased by increasing the filtering pressure
head or by altering the permeability of the membrane. For example,
the flow from a cannula in the main lymphatic trunk draining the paw
of a dog increased when the net filtration was increased by warming the
Iimb in a water bath (Courtice, 1946). In other experiments 1n which
net filtration was increased by intravenous transfusions (Reinhardt, 1952,
Korner, Morns and Courtice, 1954} or by venous obstruction (Starling,
1894; Field and Drinker, 19315), the lymph flow was also increased,
as shown 1n Fig. 27 and Table g.

Besides removing the excess tissue fluid, so that normally there is
no appreciable amount of “free” flud in the tissues, the lymphatic
vessels have the special function of absorbing protein. It is now generally
agreed that extra-vascular protein is all, or almost all, returned to the
blood stream by the lymphatic system. Although it was earlier known
that lymph from some regions of the body contained protein {cf. Drinl_cer
and Freld, 1931), Drinker and his colleagues were the first to emphasize
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the importance of the escape of protein from practically all blood capl-
laries and its return via the lymphatics. Drinber and Ficld collected
lymph from the cervical, leg, and renal lymphatics as well as from the
thoracic duct and found considerable concentrations of protein n all
samples. They concluded from these experiments * that the capillaries
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FIG 27 —The effect of the intrasenous infuston of Ringer-Locke Solution (30 ml /kg /h )

on the fow and protein concentration of hepatc and thoracic duct lymph and on
the portal pressure in the cat

(BY courteay of Mr Bede Aorru)

practically universally leak protein; that this protein does not re-enter
the blood vessels unless delivered by the lymphatic system; that the
filtrate from the blood capillaries to the tissue spaces contains water,
salts and sugar in concentrations found in blood, together with serum
globulin, serum albumin and fibrinogen in low lower
probably than that of tissue flud or Iymph; that water and salts are
reabsorbed by blood vessels and protein enters the Iymphatics together
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during maximal voluntary contractions the intramuscular pressure rose
to values of 10 to 118 cm. water depending upon the tightness of the
fascia.

THE FORMATION oF LyMpH

The lymphatic capillaries are sometimes closely associated with the
small blood vessels with virtually nothing between the two membranes
while 1n other cases they bear no relation to them (Clark and Clark,
1937). In any region the fluid that enters the lymphatic capillaries to
become lymph, therefore, may be that which is adjacent to the arteriolar
end of a blood capillary or to the venular end, or it may be the fluid
that is relatively distant from a blood capillary. McMaster (1947)
nvestigated the relative pressures within the cutaneous lymphatic capil-
laries and in the surrounding tissues in the mouse’s ear. In a group
of experiments he found that the mean intralymphatic pressure was
12 cm. water and the interstitial pressure 1-9 cm. water. There was
always a gradient of pressure from the interstitial tissue to the lumen
of the lymphatic and during oedema caused by mild heat or xylol this
gradient was increased even though the intralymphatic capillary pressure
was ncreased  These findings show that a pressure gradient 1s an im-
portant factor 1n lymph formation both under normal and pathological
conditions, the lymphatic capillary being prevented from collapsing by
the mechamsm already described (see p. 20)

In normal tissues the lymphatics drain any fluid 1n excess of filtration
over reabsorption through the capillary wall. As the formation of tissue
fluid increases, the tissue pressure rises, the lymphatic vessels dilate and
the formation of lymph increases. This is well shown in experiments
where the filtration rate is increased by increasing the filtering pressure
head or by altering the permeability of the membrane. For example,
the flow from a cannula 1n the main Iymphatic trunk drarming the paw
of a dog increased when the net filtration was increased by warming the
Iimb in 2 water bath (Courtice, 1946). In other experiments i which
net filtration was increased by intravenous transfusions (Reinhardt, 1952 ;
Korner, Morns and Courtice, 1954) or by venous obstruction (Starling,
1894; Field and Drinker, 19315), the lymph flow was also mncreased,
as shown in Fig. 27 and Table 5.

Besides removing the excess tissue fluid, so that normally there is
no appreciable amount of “free ™ fluid in the tissues, the lymphatic
vessels have the special function of absorbing protein. It1s now generally
agreed that extra-vascular protem is all, or almost all, returned to the
blood stream by the lymphatic system. Although it was earlier known
that lymph from some regions of the body contained protein (cf. Drinher
and Field, 1931), Drinker and his colleagues were the first to emphasize



THE FORMATION OF LYMPR 75

pentoneally.  Barnes snd Trueta (1941} injected snake venom into the
legs of rabbits after severing all the lymphaties and found that they
survhed whereas intact animals died  This suggests that the arger
protein molecules are absorhed mainly or probably wholly by the
Iymphatics,

Courtice and his colleagues labelled plasma protem with the dye
T1824, and found that when protem labelled in this way was intraduced
mto the pleural or perttoncal cavities, 1t was afl or nearly all absorbed
by the lymphatics (Courtice and Simmonds, 1949 ; Courtice and Stein-
bech, 5950, 1951}, This label has been shown 1o be a very firm one
{Rawsan, 1938 ; Allen and Orahovats, 1951} and proterns labelled i this
way behave as unlabelled proteins as far as the rate of absorption s
« d. The ad belhing the proteins 1s that homologous
plasma pratesns or the ammal’s own protein can be used.  This may be
important when assessing the function of the lymphatic system 1 return-
ing to the bload stream those protesns which hase escaped through the
capillary membrane. In these expersments, as well as those of Lewss
and of Field and Drnker, a small percentage of the absorbed dye genesally
entered the blnod stream by some undetectable route. This could be
by small subsidiary entrances into the venous system of lymphancs
which had not been tied off or by diffusion directly mte the blood caprl-
laries.  As it is impossible to be absolutely sure that there 1s not a small
branch duct entersing the sen in the neck or some other sesn a5 described
1 Chapter 1, it 15 not possible to be sure sshether or not a small amount
of protein can or does pass bach through the blood capsllary membrane.
In any case this is at most only 2 smalt amount as shown i Fig. 28,

Protin does not readily re-enter the blood capilanes direely because
the pressures are not favourable for such a backward filtration.  Diffusion
must play 2 negligible part for even when high concentrations of protem
are introduced into the perstoneal easstes, to gue a high protein con-
centration gradient from tissue fluid to plasma, there 18 no appreciable
absorption of protein by the blaad capnltaries

We see, therefore, that althouph the protern molecules do not re-enter
the blood capillaries directly, they very readily enter the lymphauc
vesiels. There 1 thus set up an extravascular circulation of the plasma
proteins and the main function of the lymphatics 1s this return to the
blood stream af the protewn that has escaped from the blood vessels
S}fmd'd the lymphatics become blocked as n fifaniasts or by expermmental
mjection of 2 sclerosing agent into the vessels, elephantiasis will result.
Duinker, Freld and Homans (1934) produced blockage of the lymp
of theleg of the dog by ; 2 mta the fated lymph crystatiine
sﬂxc}a and quinine hydrochloride,  After repexted myections the lymphane
drainage of the hund feg became permanently impassable  There resulted
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'TABLE §

Effect of inerease 1n venous pressure on flow and protein concentration of lymph
from the fore-leg of 2 dog.

Lymph
Pressure Venous fow Protein
Time wm cuff  pressure  per 10 concen- Remarks
mmutes traton
mmHg  mmHg ml [A
10 50-11 0O © 14 ooy 677  Dogsas on haunches and stood
11 0o 14 077
110011 10 ° 14 °15 o067 Walked 2 few steps and stood
11 10-11 20 o 14 o110 063 Standing only
11 20-11 30 o 14 o4 062z  Standing and lying down
11 30-11 0 o 14 o110 o057 Standing and fying down
1130 Blood pressure cuff on and
pressure  rased  to 20
mm H,
trget150 20 26 o5 057 Standing only
It§o-1200 20 26 o115 03z Standing only
12 00-12 10 20 26 023 045 Standing Moved shghtly
12 10-12 25 ° 14 Cuff pressure released Dog
stood
12 28-12 35 20 26 o016 o035 Standing only
12 35-12 4§ 20 26 o014 033 Standing enly
12 35-1255 20 26 036 032 Moved shghtly Standmng
1255- 105 20 26 03z 02p Moved shghtly Standing
105~ 110 20 26 4 ml novocane, adremn solu-
tion infiltrated  around
wound
Lic~- 120 20 26 070 o024 Taking a few steps
120- 130 6o 45 054 c21  Standing only
130~ 155 Pressure released  Dog taken
for a walk out of doors
155~ 205 40 34 029 p29 Standing quietly
205- 215 40 34 o026 o021 Standing quietly
215~ 225 40 34 036 oz2r  Standing quetly
225~ 235 40 34 ° 49 o021  Standing quietly
230 ' 45
2 40~ 2 50 6o 45 049 ozr  Dog lying down and standing
2.50~ 300 6o 45 047 021 Dog lying down and standing

From Whte, Field and Drnker, (1933

with water and salts in the concentration existing in the tissue fuid at
the moment of lymphatic entrance *’.

The function of the lymphatics 1n returning extravascular protein to
the blood stream has been demonstrated 1n several ways. Conklin (1930)
injected foreign proteins 1nto the circulating blood of the frog and found
that they passed through the skin capillaries and were recovered in the
Iymph. When the protetns were injected into the lymph spaces, how-
ever, there was no direct absorption into the blood. Lewis (1921)
injected horse serum subcutaneously mto dogs and detected it 1n thqracxc
duct lymph in 4o minutes and 1n blood 1n 3} hours. Field and Drinker
(1g31a) also demonstrated that horse or dog serum was absorbed n:lamly
by the lymphatics in the dog when injected subcutaneously or intra-
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peritoneally.  Barnes and Trueta {1947} injected snake venom into the
legs of rabbits after severing all the Iymphatics and found that they
sunived whereas intact animafs died. This suggests tha the farger
protein maltecules are abeotbed mainly or probably wholly by the
fymphatics.

Courtice and his colteapues labelled plasma protemn with the dye
Ti324, and found that when protein labelled n this way was introduced
mto the pleural or peritoneaf cavities, 1t was all or nearly ail abrorbed
by the tymphatics (Courtice and Simmonds, 1949; Cuurtice and Stan
beck, 1950, 1952). “I'his fabel has been shown to be a very firm ane
(Rasssan, 1938 ; AWen and Orahovits, 1953) and protems fabelled in this
%2y brhave as unlabelled proterns as far as the rate of absorption 1
concerned.  The advantage of fabeliing the proteiss 1s that hamofogous
Plasma proteins or the animal’s own protewn can be used  This may be
important when gssessing the function of the fymphatic system sn return-
ing 1o the Hlood stream those proteins which have escaped throuph the
capifary membrane, In these experments, a3 well as those of Lewss
and of Feld and Drisker, 2 smaf percentage of the absarbed dye generatiy
enteted the blood stream by some undetectable route  This could be
by small substdiary entrances into the venous system of {ymphatis
which had not been tied off ar by diffusion directly 1nta the blood capal-
ladies, Asivis impossible ta be absolutely sure that there 1 not a small
!’ﬂnth duct entering the sein in the nech or some other vein as described
in Chapter 1, 1 s not possible to be sure whether or not a small amount
of protein can or does pass back through the blood eapillary membrane

D any ease this is at most only a small amount as shown wn Tig 28

Protein does ot teadily re-enter the blood capillanes directly because
the pressures are not favaurable for such a backward filtraion  Diffusion
must play 2 negligible pant for even when high concentrattons of protem
are introduced into the pentoneal cavities, to gre 2 high protein con-
centration gradient from tissue flnd 1o plasma, there 13 no appreciable
s T Tt s e Wend capillanes

[ - . Tt o veeenter
the . . B nphatic
vessels. There is thus set Up 20 LAV ISl vien plasma
Proteing and the main function of the iymphates s this return to the

lood stream of the protein that has escaped from the blood vessels
'5*‘0\1‘.6 the lymphatics become blocked as 1n filaniasis or by experimental
Injection of 4 sclerosing agent into the vessels, elephantasts will result,
Drinker, Field and Homans (3934) produced blockage of the lymphaties
ofthe leg of the dog by injecting into the cannutated lymphatics, crystafne
3‘“‘_‘ ad quining hydsochlonde.  Afrer repeated injections the lymphatic

inage of the hind leg became permanently impassable.  There resulted
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28 —The amounts of dye absorbed by the nght lymph duct, thoracic duct and the
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{Redrawn from Courtics and Stemnbeck, 1956)

Fic 29 —Elephannzsls in 3 dog caused by repeated intralymphatic injections of
mine hydrochloride and crystalline silica.

(From Drinker, Field and Homans, 1934, Fig 6, p 536}
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2 progressive accumulation of oedema fluid which contamned protemn up
10 4-5 p. per cent, an overgronth of connectnve tissue with dilatation
and thickening of the lymphatic capillaries and an increased suscepti-
bilty to streptococeal infection, I'ig. 2g. ‘These expenments clearly
demonstrate the normal function of the lymphatic vessels in removing
extravascular protein from the tissue spaces.

Permeability of the capillary wall to protein

If normal plasma proteins, labelled with a radio-actine 1sotope or
with Ti8z4, are injected intravenously, they can be detected 10 the
Iymph of the thoracic duct within 10 to 15 minutes and in other lym-
phatic ducts somewhat later (Courtice, 1943; Cope and Moore, 1944,
Wasserman and Mayerson, 1951 3 Forher, Chaikoff and Reinhardt, 1952,
Komer, Morris and Courtice, 1954). In Fig. 30 are plotted the con-
centrations of dye in the plasma and in the liver, thoracic duet and cervical
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z lymph
§ %k SNy
4
£l Thoracie duct lymph
£l
10}
& Cervical duct lymph
[} I
to2 3 458 :
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‘¢ 39 —The concentration of dye 1n the plasma and in the lymph from the hepatic,
intestinal and cenical ducts after the intravenous myection of Ti824 1n the cat
Dy courteay of Me, Bode Morris)

duct lymph after the intravenous injection of T'1824. These findings
show quite clearly that protein is normally escaping from the circulating
plasma into the extravascular fluid and returning to the blood stream
by the Iymphatics. Not only labeiled homologots plasma protens but
alsa various foreign Protewns have been shown to behave in this way (cf.
Field and Drinker, 193143 Lews, 1921). In general, we shall see that
the ease with which protein molecules pass through the capilfary mem-
brane depends primanly on the relative size of the molecules. The size
and approvimate shape of the normal plasma proteins are shown in
Fig 31, and in Table 6 are given also the electric charges carried by the
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Scale

—_, 0
1004 Ni© CI° Glucose

Albumin Haemoglobin ¥ -Globulin
69 000 68,000 156 000

-Lipopratein 2,-Globulin
200 000 90 000
Br-Lipoprotein
1.300.000
Fibrinogen
400,000

F16 31 —The relative dumensions of various protemns
(From Janewsy, 1949}

protein molecule. These figures show that most of the plasma protein
molecules are of approximately the same equatorial diameter, but vary
greatly in length.

Taste 6

Dimensions and electric charge of plasma proteins and other plasma constituents

Negative Electric
Approx. dimenstons (A) net charge  movement

per per
Molecular  Length  Eguatortal  molecude molecule
ueight diameter  ar pH 73 (Debye umts)
Sodum 10n 23 19 1g —1 —_
Chlortde ron 355 36 36 T —
Glucose 180 95 65 © —
Serum-albumin 69,000 150 38 18 400
Serum y-globulin 156,000 320 36 8 1,200
Fibrinogen 500,000 900 33 - -

From Cohn, Oncley, Strong, Hughes and Armstrong (1944)

Electrophoretic analysis of lymph reveals that all the plasma protein
fractions escape from the blood capillarics. Using the Tiselus apparatus,
Perlmann, Glenn and Kaufman (1943) found that lymph from the fore-
legs of calves contains all the components observed in serum. T%tc
protein fractions have also been determmed by paper electropharesis.
Courtice and Mersis (1953) in this way examined lymph from the theracic
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and cervical ducts of dogs, thoracie, cervical and leg ducts of cats and
of rabbits and thoracic duct of the rat. Typical results of these ivestiga-
tions are represented in Figs. 32 and 33.

Although all fractions of the plasma proteins are represented in the

Iymph, they are not present in the same proportions as in the plasma.

a*
YYXHIN|

(ay (3] ) )

Fig  32—The clectrophotetc patterns
obtained by zone electrophorests of
(@) plasma, () hepatic, (¢} itestinal
and (d)cervical lymph of the et The
honzontal line represents the pount of
application of the plasma or lvmph

T15 33 —The electrophoretic pat-
terns of calf serum (upper dia-
gram) and leg lymph _(lower
diagram) obtamed by the Tiselus
moving boundary apparatus

{From Pesimann, Glen and Kaufman, 1943)

By courteay of \r Bede Morrus)

The albumin is usually ly greater than that of the
globulin.  Perlmann et af. determined the relative concentrations of
albumin, a-, f- and y-globulins in the serum and leg lymph of calves,
Table 7. Whereas the mean albumin - globulin ratio in the serum was
128, that in the lymph was 1 69 This altered distubution of the pro-
teins in fymph has also been shown by chemical analysis, Table 8. It
1s evident, therefore, that the smaller albumin molecules escape through
the capitlary wall somewhat more readily than the larger globulins, In
a study of the exchange of labelled albumin and globulin between the
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Scale

100K N& C Glacose

Albumin Haemoglobin -Glabulin
69 000 68,000 156 000

«-Lipoprotein #,-Globulin
200 000 90,000
B-Lipoprotein
1,300 000
Fibeinogen
400 000

F1c 31t —The relatne dimensions of various proteins
{From Janeway, 1949}

protemn molecule. These figures show that most of the plasma protemn
molecules are of approximately the same equatorial diameter, but vary
greatly m length

TaBLE 6

Dimenstons and electric charge of plasma proteins and other plasma constituents

Negatine Electnic
Approx, dimensions (A) net charge  movement

per per
Molecular  Length  Equatorial  molecule molecule
neght diameter  at pH 7 4 (Debye units)
Sodium 10n 23 19 19 ~-1 —
Chlonide 10n 355 36 36 1 —
Glucose 180 95 65 o -—
Serum-albumin 69,000 150 38 18 400
Serum y-globulin 156,000 320 36 8 1,200
Fibninogen . 500,000 900 33 — —

From Cohn, Oncley, Strong, Hughes and Armstrong (1944)

Electrophoretic analysis of lymph reveals that all the plasma protein
fractions escape from the blood capillaries.  Using the Tiselius apparatus,
Perlmann, Glenn and Kaufman (1943) found that lymph from the fore-
legs of calves contains all the components observed in serum. The
protein fractions have also been determined by paper electrophoresss.
Courtice and Morris (1935) in this way examined lymph from the thoracic
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1932}, gelatin with an equatorial diameter of 18 A, and 2 molecular

rapidly as punfied protein derivative from tuberculin with a molecular
weight of only 14,500,

The behavi of protein colloidal also supports the
view that molecular size in relation to pore size is the main factor deter-
mining the passage of these molecules through the capillary membrane.
Wasserman and Mayerson (1g525) measured the concentration of dextran,
with an average molecular weight of about 87,500, in the thoracic duct
Iymph of dogs after intravenous infustons. They found that the dextran
appeared 1n the lymph in about 1o minutes and Iater reached a steady state
between the plasma and fymph. The plasma-lymph gradient was larger
than for albumin and globulin, which suggests that the dextran leaks from
the plasma into the nterstiial flurd more slowly than do the plasma pro-
teins, Evidence was shown, however, that the passage of dextran through
the capillary wall depended upon the molecular weight of the dextran.
When, for example, dextran of molecular weight of 17,000 was used, 1t
rapidly passed into the lymph and urine and the lymph concentration
soon rose even above that of plasma, whereas when larger molecules were
used, molecular weight 125,000, there was a wider plasma-lymph gradient
indicating a much slower passage through the membrane, More recently
Wasserman, Loeb and Mayerson (1955) have used eight well-characterized
fractions of dextran of different molecular sizes, and their results indicate
that the penetration of colloid molecules through capillaries 1s inversely
related to molecular size, Fig 34 Simular results have been obtained with

T e imom oLl et

1

Ppass are beyond the powers of any method of direct observation and
1

Their may only be d ined indirectly by

of 38 A or posslbly more.

More recently P: hy and his have critrcally re-
viewed the pore theory of capillary permeability (Pappenhermer, Renkin
and Borrero, 1951, Pappenheimer, 1953). They have concluded that
uniform cylindrical pores of diameter 60 to go A would account for the

passage of lipid-insoluble molecules of variaus stzes through the capillary
L—c
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TABLE 7

The electrophoretic distribution of proteins 1n leg lymph and serum of the calf.
In the first three experiments samples of plasma and lymph were analysed
i potassium phosphate buffer of pH 77 and 1n the last two in sodum

diethylbarbiturate buffer of pH 8§ 6.

SERUM LYMPH
T '.,”l B Ijncmlagz ofimlal ,‘ Total f Percentage of total o
g T g% T T -
° Albumn  Globulns £ Albumin Glabulins
. PR ! -
| |
604 | 558 114 127 201 287 676 | 51 114|159
675 610 98 80 203 334 632 92 | y05 | 171
sS4 558 132 148 162 247 63°1 94, 124|151
630 537 194 175 94 246 630 138 st | B1
619 551 160‘165 12 4 290 580 w166‘154 1o
. . -
[Py 630 | 1ro 30132

614 563 140 141157

From Perlmann, Glenn and Kaufman (1943}

TABLE 8
The albumin and globulin 1n serum and lymph.
Protern Alburmn Globulin A/G rato
2% &% 2%
S, L. S L, S, L. S. L.
Thoracic duct
Dogs . 625 400 361 245 263 154 146 172
Cats 36 512 365 301 371 21t 100 143
Cervrcal lymph
Dogs 625 363 361 236 263 126 146 196
Cats . 698 331 398 214 300 117 130 183
Leg lymph
ogs 101 362 120 284 o7 138 181
Intestinal lymph
Dogs 398 367 z42 257 156 143 185
Heart Iymph
Dogs . 595 383 298 220 296 164 100 139
Compiled from several sources

plasma and thoracic duct lymph, Wasserman and Mayerson (1952¢)
concluded that albumin leaks out of the capillartes approximately 16
times faster than globulin,

Evidence from the use of proteins of various size but not normally
present 1n the plasma, in general support this view that smaller molecules
can pass through thc membrane more readily than the largef. Haemo-
globin passes through the capillary more readily than albumin (Haynes,
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degree of molecular sieving at normal rates of filtration ™ (Pappenheimer,
1953).
95%“ this interpretation of the Pare Theary of capillary permeability,
therefore, the different degrees of escape of the various proteins through
the capillaries are explained by the concept of restricted diffusion through
an 1soporous membrane, the size of the pores being somewhat greater
than the dameter of the largest molecules that pass. 1f however the pores
are approxi ly the size ioned above, this theory does not explain
the escape of the large g-lipoprotein molecules (sce p. 98)  Our whole
cancept of the nature of the capillary barrier may, howeser, have to be
modified in the future in the light of results obtained by electron micro-
scopy {cf. Pease, 1955).

Gradient of permeability

In his original hypothesis, Starling assumed that the permeability of
a capiflary was the same throughout its length. Rous and his associates,
however, gave evidence which indicated that certam dyes could pass
through the venular end of the capillary more easily than through the
arternal end (Rous, Gilding and Smith, 1930; Rous and Smith, 1931
Sruth and Rous, 1931a and 4, Smuth and Dick, 1932 ; Hudack and
McMaster, 1932). These authors believe that the gradient is an actual
property of the vascular endothelium, not the result of such factors as
changes 1n the blood or in blood pressure; and that it aids in man-
taining a umform environment for the tissues, since regions served by
the venous part of the capillary will receive fresh filtrate, just as do those
near arternal vessels. Chambers and Zweifach, 1n their experiments on
capillary permeability and on capillary blood flow, have confirmed the
observations of Rous and his associates, They conclude that there is a
gradual increase i the relative number of larger pores toward the end
where the blgod is most venous, By re-routing the venaus blood through
a thoroughfare channel, they found that a new gradient 1s established
with an increasing porosity toward the original artenal side of the capllary
bed. These observations led them to suggest that the gradient appears
to be a result of some factor in venous blood and not to permanent,
structural differences in the vessel wall (Zweifach, 1940 ; Chambers and
Zweifach, 1947)

Other possible factors in permeability of capillary membrane to protemn
In the above views, then, the passage of various-sized molecules is
considered to be determined merely by the relation of molecule to pore
size, The question of other factors such as the electric charge carried
by the molecule 1 relation to the charge of the pore has recetved less
sttention Webster, Engel, Lang and Amberson (1934-1935) perfused
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membrane. It has been shown 1n artifictal membranes that diffusion of
molecules 1s restricted when the dimensions of the pores are comparable
with those of the diffusing molecules, In such conditions the molecules
will not diffuse as rapidly as their free diffusion coefficient would mdicate
This restricted diffusion can account for the degree of molecular sieving,
1e. the ratio of the molecular concentration in the plasma to that m the
filtrate, observed in filtration through the capillary membrane. Thus
*“according to this concept of restricted diffusion the effective pore size
n the capillary walls 1s sufficiently great to allow even large plasma pro-
tein molecules to penetrate through the pores. The degree of molecular

— Lymph flow
o Plasma cone
a Lymph cone

—Lymph fiow

160 2400

2

160 240 0 80
Time (munutes)

Frc 34 —Plasma and lymph dextran concentrations for the eight NR C fractions 0

anaesthetized nephrectomized mongrel dogs plotted against tyme

The average molecular weights of the fractions mers 1n6o0. 15,000, 51300, 91,700, 135,000

104,000 . 255,000, 412000 The concentranons are exptessed 1n degrees of rotation {z/ml ), the urits of

Measure obtained from the polatographic method of analysis A and B represent twa different dogs plotte

The ratn Plasma h 38 direct i

(From \Vasserman, Laeb and Maserson, 1955)

160 400 %0

motecular size

sieving of any given solute depends upon the ratio of its restricted diffusion
coefficient o the rate of volume flow through the capillary wall (filtration
rate). For small molecules the restriction to diffuston is small, relative
to physiological rates of filtration, and no appreciable concentiation
gradients are mamtained across the capillary membranes. For large
lipid-insoluble molecules the restriction to diffusion becomes so great
that the degree of molecular sieving 15 determined largely by the rate
of filtration. Thus molecular sieving of inulin through the capillary
walls in muscle is readily demaonstrable at high rates of filtration produced
by venous congestion. In cases of still ‘larger molc_cules, including }he
plasma proteins, the restriction to diffusion is sufficient to allow a high
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the capillary filtrate than at the venular end or near those capillaries
where reabsorption of fluid is occurring. As we have already stated,
Iymphatic capillaries may be draining an area near a filtering capillary
or near a reabsorbing capillary and the protein content of the lymph
in such vessels will no doubt vary, DBut, from moment to moment the
process of filtration and reabserption in blood capillaries is changing,
which would tend to make the protein concentration i the tissue flud
more uniform in any region.  Moreover, the lymph in the larger regional
ducts, corung as 1t does from countless lymphatic capillaries from all
positions relative to the blood capillaries, should be a fair average sample
of the tissue fluid in the region drained by the duct. We can, therefare,
conclude that the protein concentration of the Iymph and of the tissue
fluid 1n any area is approXimately the same. This view was put forward
by Dnnker and his colleagues (Drinker and Field, 1931; Ficld and
Drinker, 1931a; Drinker and Yoffey, 1941; Drinker, 1946) While
they could not collect interstitial fluid from normal tissues and compare
its composition with that of lymph, they showed that in oedema due
to blockage of the lymphatics the protein content of the lymph and of
the tissue fluid was approuimately the same, Table g (Drinker, Field,
Heim and Leigh, 1934).

Tante ¢

‘The protein content of lymph and ocdema fluid from dogs 1, 2, 3 and 4 with
expenimental lymphoedema of the hind Jegs

Date Leg Proten sn g per 100 ml,

Lympk  Oedema fnd
Dogt . . Feb. 25, 1933 Left 267 200
Mar. 8, 1933 Right 245 220
Dog 2 Sept 15, 1933 Left 337 337
Apnil 3, 1934 Left 238 345
Dog 3 Mar 28, 1933 Left 228 275
May s, 1933 Left 297 317
Oct 16, 1933 Left 317 317
Apnl 6, 1934 Right 250 267
Dog 4 Apnil g, 1934 Left EXT] 186

Even though we accept this view, the varation 1n the protein con-
centration of lymph in different regions of the body prevents us from
making a direct estimate of the extravascular protein pool The amount
of extravascular protemn which is exchangeable with the plasma proteins
has, however, been determined 1ndirectly by the isotope dilution prin-
ciple.  When labelled proteins are injected intravenously they reach an

ib with the lar protein pool during the first two or
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the frog’s kidney with a solution of haemoglobin over a range of pH
from 55 to 7 8 and observed that at a low pH the haemoglobin passed
through the capillary membrane more readily than at a high pH. A pos-
sible explanation of this was that at a low pH the haemoglobin would
behave as a cation and pass the negatively charged glomerular membrane
with greater ease, although it was realized that at these low pHs the pore
size of the membrane might be affected. Bott and Richards (1941}
concluded from therr experiments, in which they determined the con-
centration in the glomerular filtrate or i the urine of various injected
protemns, that although the permeability of the b to protein
follows approximately the size of the molecules, the sign and magnitude
of the net charge may be of some importance. It is possible that the
shape of the molecule and the position of the charge on it may enable
some elongated molecules to be or d so that they would more
readily pass through the pores.

On the other hand dextran which electrophoretically behaves as an
electrically inert substance (Kunkel and Tiselivs, 1951) behaves Iike
proteins 1n its passage through the capillary membrane. Molecules of
17,000 molecular weight rapidly escape from the circulation, those of
87,000 molecular weight behave approximately Iike albumin, while those
of 125,000 molecular weight escape less readly than albumin (Wasserman
and Mayerson, 1g52b). This evidence suggests that molecular size 1
relation to pore size is the most important factor in the escape of the
normal plasma protemns through the capillary membrane.

EXTRAVASCULAR CIRCULATION OF PLasMA PROTEIN

It is clear from the experiments that we have so far considered that
the plasma proteins slowly escape through the capillary walls, mix with
the proteins in the tissue flud and ultimately enter the lymphatic capil-
laties to be returned to the blood stream In this circulation of the
plasma protemns from the blood mto the tissue flurd and back to the
blood through the lymphatics, we may regard the plasma protein mn the
extravascular fluid as a * protein pool

It is difficult to measure accurately the extent of this protein pool.
The total volume of extravascular fluid can be determined, but tissue
fluid cannot be collected for the estimation of the protein concentration.
The only fluid that we can collect and examine is lymph ; and the rela-
tion between the protemn concentrations of tissue fluid and of lymph
has been controversial. In any tissue it seems likely that the level of
protein in the terstitial fluid itself is not uniform. At the a!ncriclar
end of a capillary or near any part of a capillary where filtration is occur-
ring, the protein content of the flind will more nearly resemble that of
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tion of the tissue fluid and lymph will fall, without implying any change
in the size of the capillary pores. It 13, therefore, difficult to reach any
definite conclusions concerning the size of the capillary pores in different
uissues of the body, merely from measurements of the protein concen-
tration in the lymph.

By measuring the rate of lymph flow as well, the total amount of
protein feaking from the capiffaries in a given segion may be caleulated.
Without 2 knowledge of the area of the vascular bed and of the haemo-
dynamics in the region, even this measurement cannot give an accurate
estimate of a change in the pore size, unfess the leakage of protein is
grossly sncreased as sn tissue injury. The total amount of protein
escaping from the blood stream in any region, however, does serve as
a guide to the physiol { signit of the lympt in ing
extravascular protein to the blood, Most figures avalable for the flow
of lymph from various regions of the body are from anaesthetized animals,
in whom lymph from the limbs or from the cervical ducts has been
obtamed by massage or passive movement. In Table 10 are collected

TaBLE 10

“The aserage flow and protein content of Iymph from vanous fymph ducts in dogs
under nembutal anaesthesia  The figures 1n parentheses represent the number
of animals in each group. The average weight of each ammal 1n each group was
approximately 21 kg. and the average ntravascular plasma protein 55 g.  The
total fymph protein from the {eg and cervical ducts includes both sides

Lymph florw Lymph protan
®5 of total

ml thr. 2% g /day ntravascular

platma proten
Thoracic duct [63] 260 41 261 475
Right lymph duct (21} 23 37 20 16
Cervical ducts  {38) 22z 28 13 24
Fore-leg ducts (5} 38 13 12 22
Hind-Teg ducts  (19) 22 18 10 18

From Courtice (1951)

data from a series of dogs under nembutal anaesthesia, Although these
figures cannot be an accurate measute of the protein leakage in a normal,
unanaesthetized animal, they show that by far the greater part of the
escape of proten occurs in the liver and alimentary tract, These
cbservations that plasma proteins more readily escape from the capil
fantes of the liver and alimentary tract than from the thoracic viscera,
from the tissues of the head and neck, or from the limbs, are borne out
by the findings that labelled plasma protein injected intravenously soon
appears in the thoracic duct Iymph, but only slowly in lymph from other
regions of the body.
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three days, when 1t is found that about half the injected protein remains
in the circulavton. It seems, therefore, that in man and animals the
total extravascular protemn 1s of the same order of magnitude as the
mtravascular (Sterling, 1951, Myant, 1952 ; Wasserman and Mayerson,
1951, Githn and Janeway, 1953; Fink et al,, 1944). While the total
extravascular plasma protein of the body can be estimated in this way,
1t is not possible to calculate with any degree of certainty the magnitude
of the extravascular pool 1n a given regron. However, in a steady state
the pool presumably remains constant ; in these circumstances, the rate
of protein removal in the lymph should equal the rate of protein leakage
from the capilaries, This would not apply of course when the extent
of the protein pool 1s raptdly changing as the result of some acute experi-
mental interference.

Protein leakage in different tissues

It has just been suggested that the protein output in the lymph under
certain conditions reflects the protein leakage from the capillaries  How-
ever, 1t should be emphasized that the concentration of protein n the
Iymph is not by itself 2 measure of the permeability of the capillary wall
In Chapter 4, detailed figures of the protem composition of lymph from
various tissues of the body are tabulated. The fact that lymph from
all regions contarns all the plasma protein fractions, and a higher A: G
ratio than plasma, probably means that there 1s not any great difference
n the size of the pores in the various capillartes. Nevertheless, it is
generally belteved that protemn can more readily escape from some capil-
laries than from others  If we take from this table (Table 32, Chapter 4)
an average of the figures quoted for the dog, the animal for which most
data are available, we find that expressed as 2 percentage of the protein
concentration of the plasma, the protein levels in the lymph are as follows
Luver, 81; right lymph duct, 69; heart, 65; thoracic duct, 6o ; intes-
tines, 54; cervical duct, 48 and skin, 28.

The fact that the protein concentration in the lymph from the lungs
1s 69 per cent, whereas that in the lymph from the intestines is only
54 per cent of the plasma protein level, does not mean that the lung
capillaries are more permeable to protein than the intestinal capillaries.
As Starling has made clear, in a steady state the protein concentration
in the tissue fluid will be such that the effective osmotic pressure exerted
by the plasma proteins will balance the capillary pressure (see p- 65)-
Other things being equal, therefore, the protein concentration in the
interstitial fluid of a ussue such as the lungs, where the capillary pressure
is low, will be higher than that mn the intestines where the capillary
pressure is much higher. Again, in any ene tissue, if the filtration rate
is 1ncreased by increasing the captllary pressure, the protein concentra-
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metabolism by the use of radio-active isotopes.  They have shown dlearly
the dynamic state of the body constituents (Schoenheimer, 1941).  With
regard to protein their experiments have shown the rate of interaction
of Nt.labelled amina acids with body proteins. In particular they have
measured the turnover of protein or the protein activity in vanious tissues
Of all the tissue proteins, they have found that the serum proteins are
the most actire, folloned closely by the proteins of the liver and intestines,
whereas the protein activity of the skin and the muscles is much less
{Shemin and Rittenberg, 1943; Sprinson and Rittenberg, 1949).

The results of these experiments and of others (cf. Abdou and Tarver,
1951a and ) are suggestive when taken with determinations of extra-
sascular protein turnover. By far the greatest extravascular circulation
of protein occurs in the abdominal viscera. Perhaps this may be related
to the greater turnover or metabolism of protein in these organs. In
the normal animal, therefore, we find not only that the plasma proteins
are essential in maintaining the fluid balance across the capillary mem-
brane, but also that they are essential in the normal protein metabolism
of the cell, and whether it be merely coincidence or not we observe that
the protein leakage through the capillary membrane is greatest in those
tissues which have a high protein metabolism or a high rate of protein
turnover, .

TACTORS AFFECTING THE ExTRAVASCULAR PROTEIN PooL axp
THE ExTRAVASCULAR CIRCULATION OF PROTEIN

Capillary pressure

Since the total protein content of the lymph coming from any region
18 2 measure of the protein escaping from the blood stream in that region
only when the extravascular pool of protein of that tissue remains con-
stant, 1t 13 often difficult to interpret, in terms of capillary filtration,
changes 1n the flow and composition of lymph which are of short duration

When a labelled protein is injected intravenously, the specific activity
{1, concentration of labelled protein/total protein concentration) of the
lymph gradually rises until 1t reaches that of the plasma in 7 to 8 hours
1 the case of the thoracic duct (cf. Cope and Moore, 1944 ; Wasserman
and Mayerson, 1952 ; Korner, Mornis and Courtice, 1954). This shows
that the labelled protein escaping from the capillaries mixes with the
unlabelled protein n the extravascular pool. The lymph which is drain-
ing away the tissue fluid contains gradually increasing amounts of labelled
protetn, ie. protein which has escaped from the blood stream. The
rate of increase of specific activity of the lymph 15 a measure of the rate
of turnover of the proten in the extravascular pool and will depend on
the size of the pool and the rate of protein leakage through the capillaries
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Total extravascular cireulation of protein

Since the thoracic duct returns such a large proportion of the protein
that becomes extravascular each day, this amount of protein has been
taken as a guide to the total extravascular circulation. In the expen-
ments on dogs quoted i Table 10, about 50 per cent of the intravascular
plasma protemn escaped 1nto the tissues per day, Other workers have
reported similar amounts. Forher, Chaikoff and Reinhardt (1952) estt-
mated that in unanaesthetized rats about two-thirds and in anaesthetized
dogs about half the plasma protein was lost from the blood stream per
day, while Courtrce and Morris (1955) found that the thoracic duct lymph
contained protein in average amounts equal to 84 per cent of the oir-
culating plasma proteins 1 cats, 62 per cent in rabbits and 57 per cent
in dogs. If we allow for the fact that some extravascular protein is
absorbed by the cervical, foreleg and right lymph ducts, it would be
reasonable to assume that from 50 to 100 per cent of the plasma proteins
pass through the capillaries into the extravascular compartment each day.

Significance of the extravascular circulation of protemn

We should briefly consider the sigmificance of this relatively consider-
able extravascular circulation of plasma protein, It is obvious that cir-
culating antibodies, for example, must escape from the blood stream to
be completely effective. Some smaller molecules such as iron and
cholesterol are transported 1nto the tissue fluid bound with protein. In
recent years, however, much attention has been focused on the part
played by the plasma protemns in nitrogen metabolism.

A great deal of evidence has now accumulated which suggests that
the plasma proteins play a very active part in the protein metabolism
of the body. Whipple and his colleagues, 1n a long series of papers on
plasma proteins and protemn metabolism in general, have shown that
animals can be kept m nitrogen equilibrium with intravenous injections
of plasma protein as the only source of mtrogen, and that in the meta-
bolism of these proteins by the cells the molecules need not be first
broken down to amino acids. They maintain that the amno acids from
ingested protem are first formed into plasma proteins in the lrver and
the exchange with cells takes place between the proteins of the cells and
the plasma proteins (Daft, Robscheit-Robins and Whipple, 1938 ; How-
land and Hawlans, 1938, Madden and Whipple, 190 ; Whipple, 1942;
Yuile, Lamson, Miller and Whipple, 1951). For this to be true, the
extravascular circulation of plasma protein must be an essential part of
the protein metabolism, for it 1s only by the escape of the proteins from
the circulation that they can come mto contact with tissue cells. .

heimer and his colleagues have studied many aspects of protein
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Whenever the capillary pressure is raised m any region, the turnover
of extravascular protein is increased, Transfusion of Ringer-Locke
solution, for example, speeds up the rate of filtration both of fluid and
of protein. If, under such crrcumstances, labelled protein is injected
intravenously, 1ts escape from the blood stream and mixing with the
protemn pool are speeded up, so that the time taken for the specific
activity of the lymph to reach that of the plasma is decreased (Wasserman
and Mayerson, 19524 ; Korner, Morris and Courtice, 1954). With very
large transfusion rates, the turnover is so great that the composition of
lymph probably approximates that of the capillary filtrate. Wasserman,
Loeb and Mayerson (1955) give evidence which suggests that the pores
in the capillary wall stretch when the blood volume is significantly
increased

Damage to endothelum

Another cause of increased escape of protein from the blood stream
is injury. Labelled protein mnjected intravenously into an animal which
has an mjury will rapidly accumulate in the tissue fluid of the damaged
tissues. This can readily be observed if either of the blue dyes Tr824
or Trypan blue, which combine with plasma albumin, is injected intra-
venously as a label for the plasma protein. Any mured tissue will
raptdly become deep blue, Fig. 35 (cf. Menkin, 1940).

In such cases the flow and protein content of the lymph from the
injured area are greatly increased (Fig. 36). The specific activity of the
lymph very rapidly approaches that of the plasma (Cope and Moore,
1944). There can be no doubt that in these circumstances the per-
meability of the capillary membrane to protem is greatly mcreased, since
the greatly increased escape of protein through the capillaries cannot be
explained merely by an increase 1n capillary pressure. The function of
the lymphatic vessels in mjury will be discussed in more detal
Chapter 8.

Oxygen deficiency

While there is general agreement that infusion of fluids increases
filtration mainly by rawsing the capillary pressure, and njury does so
by altering the permeabulity of the capillary membrane, there is still
disagreement regarding the effects of acute oxygen deficiency on capillary
filtration. With extreme grades of hypoxia or complete anoxia, Landis
(1927-1928) demonstrated an increased permeability of the capillaries of
the frog’s mesentery. More recently, Henry, Goodman and Meehan
(1947) and Hendley and Schillcr.(xgs.() also fo.unq that very severe
hypoxaemia increased the permeability of the capiliaries in the perfused
isolated hind legs of rats.
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The effect of more physiological degrees of oxygen deficiency, however,
is still debatable. Drinker and his colleagues have put forward the
concept that capillary permeability is a phystological variable that is
related to the oxygen tension in the tissues. They base this concept
on expeniments in which they studied the lymph flow from different
regions under varying degrees of oxygen deficiency. Maurer (1940~
1941 ; 1941) investigated the effects on the cervical and cardiac lymph
flow and lymph proteins of hypoxaemia produced by the inhalation of
aur deficient in oxygen and of air containing carbon monovide. He found
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that in all cases hyp h produced, caused a sharp fise in
Iymph flow and a fall 1n the protemn concentration, This rise in lymph
flow, however, did not persist for long even though the hypoxaemta
persisted, and 1t rapidly returned to normal when air or oxygen was

breathed. Similar results have been obtained by investigations of the
* TR f e ala s AWWarcan cnd Theinkar waus - Warren, Peterson

of 1o per cent
Uiy ave <h g R . . flow and a fall
in the concentration of the lymph proteins, Fig 37. Wn.h fhe thoracic
duct lymph, Beznak and Liljestrand (1949) obtained similar results.
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These changes in lymph flow have been interpreted as being due to an
increased permeability of the capillarics caused by the lowered ovygen
tension. "I'here seems no doubt that the increased lymph flow in these
experiments is the result of increased capillary filtration, It is difficult,
however, to ascertain whether this is caused by increased permeability

of the capillary b or by an i 4 capilary p An
increased lymph flow with a d d protein ion of the
{ymph may result from altered haemodynamics, such as occurs in a limb
when it is warmed in a bath, If this interp ion were applied
to these cxperi the rapid bility of the postulated increase
in capillary p bility when the hyp ia was abolished could then

be cxphmcd by a return to normal haemod)n:\mics In Fig. 37, the
rapid rise in lymph flow occurred at a time when the cardiac output fell
to half the normal level, so that the h d of the pul y
circulation were undoubtedly altered

Courtice and Korner (1952) showed quite clearly that pulmonary
oedema was more readily produced in rabbits transfused with Ringer-
Locke solution when they were breathing 10-11 per cent oxygen than
when they were breathing air. They gave some evidence to suggest
that this was due to a raised pressure 1n the pulmonary vessels due to
a lowered output of the left ventricle. A similar effect on the fluid
balance in the lung was obtained by /-noradrenaline, which causes a
vasoconstriction of the small blood vessels of the systemic circulation
with a consequent shunting of the blood to the low pressure systems,
the veins and the pulmenary circulation (l\om:r, 19,3) These effects
of systemic on the h: of the pul y
vascular bed have been clearly demonstrated by Sarnoff and his colleagues
{Sarnoff and Sarnoff, 1952, Sarnoff, Berglund and Sarnoff, 1953,
Sarnoff and Berglund, 1952)  Although these experiments do not prove
that there 15 no al of capillary bili d
they do show that increased filtration due to increased caplllzry pressure
resulting from a redistribution of the blood must alse be considered.
While very severe hypo(acmm may actually increase the permeability of
the lung capillaries to protein, 1t seems that with moderate degrees of
oxygen deficiency any increase 1n protein leakage may be mainly attrtbuted
to increased capillary pressure, without postulating alteration in per-
meability of the capillary membrane

Other c‘(penmems suppon the view that moderate hypoxaemia does
nos b B - * * v of the capillary mem-
Warren, 1944, Henry,
wtice, 1954, Hendley
dnd suier, 1934).  Usig the pertused, 1solated hind leg of the rat,
Hendley and Schiller found that with moderate bypoxaems, 5 to 10
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volumes per cent of oxygen, little or no increased filtration occurred,
but when the oxygen in the perfusing fluid was reduced to o to 2 volumes
per cent, filtration increased considerably. They came to the conclusion
from these experiments that hyy ia over a wide physialogical range
does not alter capillary permeability, but that at a critical oxygen content
an abrupt increase n capillary permeability occurs.

These experiments on the effect of oxygen deficiency on capillary
filtration emphasize what has earlier been said concerning the difficulties
in mterpreting changes 1n capillary filtration, VWhereas gross changes
mn protein leakage through the capillaries undoubtedly sigmify an altera-
tion m permeability, smaller changes can only be interpreted as such
when we have an accurate estimate of the blood flow and pressure in
these vessels

THE PassaGe oF LiPIDS THROUGH THE CAPILLARY MEMBRANE

We have seen how the Pore Theory of capillary permeability explains
the exchange of small 1ons and molecules and of protems through the
capillary membrane. In recent years much attention has been focused
also on the transport of hpids—the physical state in which they are
carried 1 the blood and the way 1n which they are exchanged between
the circulating blood and the cells. The plasma lipids—neutral fat,
fatty acid, phospholiprd and cholesterol—are highly water-insoluble sub-
stances i themselves, yet they are present in the plasma of fasting animals
in a state of optical clarty. How these hpids cross the endothelial
membrane will depend to a large degree on thewr physical state in the
plasma.

Physical state of plasma lipids

In any one mdividual 1n the postabsorptive state, the concentrations
of plasma lipids are relatively constant from day to day, but these values
may vary between individuals of the same species and between species
of different dietary habits (cf. Bloor, 1943). In Table 11 are given
figures for several spectes. It 15 clear that in man and dog the cholesterol
level 1s much hngher than in the herbivora, with the exception of the
horse. Some of the fat is in the form of finely emulsified droplets or
chylomicrons (Gage and Fish, 1924, Frazer and Stewart, 1937). Tllle
exact composition of these particles, which vary in size up to 1 g In
diameter, is not known. They consist very largely of neutral fat; in
addition they contain some cholesterol (Swank and Wilmot, 1957
Necheles, 1952) and are probably stabilized by a film of adsorbed protein
and phospholipid (Laurell, 1954). Robmnson (rg55) found that lipid
particles prepared from rat chyle were stabilized by a film of phospho-
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TaBLE 11

"The ipud concentrations in the plasma of vanous animal species.

Total Total Phosphotipid
Jatty aad cholesterol pthmnn
mEq/1 mg. % mg %

Human (10} 121 ro0b 213 194 1097 L o5

og 6) 122 109 194 : 350 1300 _ 14

Cat {20) 108 zog o8 ~71 740 103

Rat (s) 104 126 43 =66 ss0 03

Mouse (6) 100 =04 97 1 44 697 106

Ox 1) 30 - ag 63 ga g0t 210

Sheep (4) 61 108 64 3 1270 523 =13
Goat (1) 36 1 326

Horse [EY) 87 o4 128 £ 120 766 + 04

Rabbit {10) t14 z0b6 46 ~ RS 420 207

Guinea-pig (6) 53 =06 50 =36 270 ~02

‘The mean results are given together with thew standard exrors The figures
1n parentheses indicate the number of ammals 1n cach group.

From Morns and Courtice (1935a)

lipid only and contained no protein. During fat absorption from the
almentary tract the chylomicron count in the plasma increases consider-
ably, so that during alimentary lxpncmn the 1ncrease in plasma hipids
15 largely in this form. The major part of the plasma hipids i the
postabsorptive animal, hn\\:\cr, s more intimately combined with the
plasma proteins as true lip 1 The e of thesc
protein-lipid complexes \\:s demonstmtcd by Macheboenf in 1929 when
he ssolated a protein from horse serum with a ipd content of some
40 per cent  Since this tume the properties of the plasma lipoproteins
have been extenstvely studied.

In fasting human plasma the Liprds, apart from some chylomicrons,
exist almost exclusively in the form of two distinct types of lipoprotein,
having electrophoretic mobilities of the alpha and beta globulins  The
alpha lipoprotein with a molecular weight of 200,000 and molecular
dimensions of approximately 50 A x 300 A represents about 3 per cent
of the total plasma proteins and contains about 35 per cent Iipid, the
beta lipoprotein with a molecular weight of 1,300,000 and molecular
dimensions of approumately 185 A % 185 A represents about § per cent
of the total plasma proteins and contains about 75 Per ¢ cent hpud The
major part of the plasma chol 18
these hpopmtcms, both of which comam phvsphohp‘ds, uncstcnﬁed

1 fied with fatty acids ‘The rato of
cholesteral to phospholipid 1s higher in the beta than in the alpha fraction
(cf. Oncley, Scatchard and Brown, 1947; Gurd et al, 1949, Oncley
and Gurd, 1953). While human plasma has a large complement of beta
Iipaprotein, most animals have a p

P of lipop
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electrophoretically i the alpha globulin-albumin area, Fig 38 (cf. Morris
and Courtice, 1955¢) In the herbivora with low plasma cholesterol
concentrations, the lipoproteins are not so pronounced as in the dog
and cat.

Gofman and his associates have used 2 different technique for separat-
g the hipid-protein complexes of plasma, the analytical ultracentrifuge.
In a medium of greater density than their specific gravity, the lpid
complexes undergo flotation, the flotation rates being proportional to

Protem Lepid Protem T Lipd
HUMAN CAT

Fia 38 —The electrophoretic patterns for human and cat plasma staned for protein
{bromophenol blue) and for hpid (Sudan black
The cross lines represent the pounts of application of the plasma on the filter paper
(From Moms and Courtice, 1933a)

their size and spectfic gravity  In this way the lipoprotein associations
have been charactenized by their specific flotation rates into at least four
groups, (i) the species which migrate with —Sf values greater than 75 units.
These include the chylomicrons and aggregates of much smaller dimen-
sions. (1i) The species which migrate with ~Sf values between 30 and
7o units (i) Those with ~Sf values 10-20 which have a molecular
weight of about 3,000,000. (1v) Those with -Sf values 3-8. These
represent the beta hipoproten (cf. Lindgren, Elliott and Gofman, 1951 ;

Gofman et al., 1950a and b). . .
As well as globulin-lipid associations, there are lipid-albumin com-
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plexes. Plasma albumin possesses a consderable affinity for many
different types of substances among which are the fatty acid anions.
Kendall (1941) described a serum albumin which contained about 2 per
cent fatty acid. Robinson and French (1953) and Robinson, Jeffries and
French (1954) described an association between albumin and fatty acid
in the plasma of rats following the injection of heparin, Morns and
Courtice (19354) have d d by zone el is the presence
of lipid in the albumin zone in samples of plasma 1n the rat and mouse
In mouse plasma, in particular, a constant feature is a hpoprotein migrat-
ing at a faster rate than the main albumin fraction,

(@) @)
CAT
Fic 39 —Electrophoretsc patterns shown as elution diagrams of the thoracic duct lymph
from the cat and rat after z fat meal

() and (@), patterns of the malky Iymph , (4) and (d), patterns of the lymph after the chylomcron 1
had Geen removed by centnfugshon Bt 20i000 & for § ot e sfte cron faver

(From Coustice and Morrs, 1955)

Ingested fat 1s absorbed 1nto the blood stream by way of the intestmnal
Iymphatics mainly i the form of chylomicrons. If fatty chyle or plasma
1s centnfuged at 20,000 g for an hour, the upper chylomicron layer
may be removed, and the hipoprotein pattern of the lower layer remains
the same as 1n the fasung state, Fig. 39 (Morris and Courtice, 19555)

Tt 1 clear from this brief survey that the passage of the plasma lipids
through the capillary membrane will depend not so much on the physical
properties of the lipids themselves, but on those of the lipid-protein

P The biological 1 of these pl is evident,
since highly water-insoluble lipids are rendered water soluble by therr
assocation with hydrophilic colloids,

P,
I

bility of capillary b to Lipeds
To investigate the passage of these hpids through the capillary

membrane, the levels mn the plasma and lymph have been measured 1n
L—H
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the postabsorptive state when the chylomicrons are relatively fesw, and
also after the mtravenous mjection of fatty chyle or artificral fat emulsions
as well as during the normal digestion of fat when the thoracic duct is
emptying chyle rich m chylomicrons into the blood stream.

In the postabsorptive state, the amount of exogenous lipid entering
the thoracic duct from the alimentary tract is mimimal, and in these
circumstances the concentration of ipids 1s higher i the plasma than
m the lymph. In lymph from the cervical duct the lipids are still less
than in thoracic duct lymph and 1n general the lipid gradient from plasma
to lymph runs roughly parallel with that of the plasma proteins, Table 12.

TaBLE 12

The protemn and hpid content of plasma, thoracic duct and cervical duct lymph
n groups of cats and dogs m the postabsorptive state. Mean figures are given
together with their standard errors

Thoracic duct Ceruical duct

Plasma bymph lymph
Cat (20}
Total protein g °, 729 014 463 - o019 302 L 028
Albumin g °, 365 014 274 + @12 197 + 022
Globulin g °, 344 o o8 188 015 105 1 007
Total fatty acsd mEq 1 108 _ o9 91 1s 52 . °9¢
Total cholesterol mg ° 984 73 436 . 33 350 4 64
Phospholipid mg  ©, 193 75 100 75 975 = 200
Dog (4)
‘Total protein g. ° . 565 026 344 = 042 257+ 036
Albumm g %, . 367 + o23 238 023 172 - 039
Globulin g % t g7 026 ro8 - o21 o085 o1l0
Total fatty acid mEq | 140 _ 02 131 - 19 53 =~ 07
‘Total cholesterol mg 9, 258 + 20 124 | 79 67 84
Phospholipid mg °, 40 100 223 150 103 £ 50

By courtesy of Mr Bede Morris

All the different lipid-protein associations present in the plasma have
been 1dentified in the lymph (Page, Lewis and Plahl, 1953; Courtice
and Morris, 1955). Using the technique of zone electrophoresis and
staining the lipids with Sudan black, Courtice and Morns have identified
the plasma hipoproteins mn the lymph from the thoracic, cervical and leg
ducts of the cat and rabbat, from the thoracic and cervical ducts of the
dog and from the thoracic duct of the rat, Fig 40. In the cat’s hepatic
lymph, which contains nearly the same amount of protemn as plasma,
the lipoprotein concentrations are very high (Morns, 1956a) swhereas
in lymph from other tissues the levels are lower than in plasma In all
these animals, the alpha-lipoprotein predominates. When rabbts are fed
cholesterol, however, the beta-lipoprotern fraction 1n the p{asmn may
increase enormously with a much smaller nse mn the alpha-lipoprotein.
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In these eircumstances the lymph contains beta-lipaprotein, but the evi-
dence suggests that this leaves the circulation less readily than the alpha
fraction {Morris and Courtice, 19555}, In man who normally has a
preponderance of beta Lipoprotein, no information is available concern-
ing the presence of these lipids 1n lymph, but the results with ammals

-
;
H

S
\
Plasma Thoratie duct lymph  Cervical duet lymph
DOG
\
0, e
Plasma. Thoracie duct Cervical duct Leg duct
CAT

FIC 40 -~ESunion dragrams of electrophoretic patterns of plasma
and lymph from the dog and cat
Protun
~ Lmd

(l‘.mm énuﬂn:e ond Moms, t935)

suggest that the beta hipoproten molecule will pass through the capillary
membrane to a lesser extent than the smaller alpha fraction.

1t 1s apparent, therefore, that just as the protems of the plasma undergo
an space-lymp} | so do the plasma hpids
associated with protemn as lipoproteins The lymph acts as a vehicle
of transfer back to the blood stream for those hipids not utlized by the
cells. We can probably explam the leakage of these lipoproteins through
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the capillary membrane by the Pore Theory. If, however, in these
amimals the dimensions of the lipoprotemn molecules are the same as
those attributed to the lipoprotemns of man, and if the pores are the
size we have mentioned earlier in this chapter, the larger beta molecule
should have difficulty in escaping, since 1ts diameter is at least twice
that of the pores,

Not only are there alpha and beta lipoproteins in the Iymph in the
postabsorptive state, but lymph from the cervical, hepatic and leg
ducts—all draining tissues remote from the alimentary tract—also
contains chylomicrons, although macroscopically it appears clear
(Courtice and Morris, 1955; Morns and Courtice, 1956). We can
readily understand how the intestinal lymph always contans chylomicrons,
even in what we call the postabsorptive state. The presence of chylo-
microns in the lymph from other tissues, however, suggests that they
come either from the blood stream by passing through the capillary
membrane or from the fat depots. The evidence mdicates that the
chylomicron count 1n the lymph may vary with that in the blood, which
suggests that these particles may pass through the capillary membrane
and so appear 1n the lymph. For example, the hepatic and cervieal
lymph ducts were cannulated mn a fat-fed cat and chylomicron counts
made on the lymph and on the plasma. The thoracic duct which was
pouring very fatty chyle into the blood stream was then cannulated and
the Iymph collected. The chylomicron count in the plasma fell mn the
next few hours and with this fall the counts in the hepatic and cervical
Iymph also fell. The fatty chyle which had meantime been collected
from the thoracic duct was then injected intravenously making the plasma
quite mutky. The chylomicron counts m the hepatic and cervreal lymph
subsequently rose These changes are shown in Table 13

When fatty chyle or an artificral fat emulston is mjected into the blood
stream 1n this way, it very rapidly leaves the circulation. Although the
chylomicron counts 1n the hepatic and cervical lymph rise, the actual
increase 1n lymph lipids compared with the amount leaving the crcula-
tion 1s very small (Marble ef al, 1934; Meng, 1952; Morrs, 1954)
Mornts and Courtice (1956) have njected fatty chyle collected from fat-
fed cats into postabsorptive cats, and determined the actual amount of
Iiprd leaving the circulation and the amount appearmng in hepatic, intes-
tinal and cervical lymph.  In Table 14 are the results of a typtcal experi-
ment. In this experment 6o ml. of fatty chyle contarung 113 7 mEq/L
of total fatty acid (which represents 1,835 mg. of fat 1 all, evpres§ed
as tripalmitin) was 1njected and the plasma total fatty acid concentration
rose from 43 t0 290 mEq/l, but fell almost to 1ts original level in an
hour. 'The total fatty acid concentration of the hepatic lymph rose, but
the total amount of Liprd in all the hepatic lymph collected during the
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TABLE 13

Chylomicron counts, ayerage number 1n a given fited areg, in the plasma, hepatic

and cervical duct Jymph, i 2 cat fed previously on a dictich in far, - After imtial

obsenvations over a period of 3 hours, the thoracic duct was cannulated and the

fatty chyle collected , four hours later the fatty chyle which had been collected
was injected intrayenously.

Plasma Hepate ymph  Cervacal duct lymph
1 1n 200 dhlutton 1 11 200 dilutton
Before cannulating 23 15 23
thoraeic duct —_ 20 —
After cannulating
thoracie duct
1 hour - 18 -
2 . - 10 22
3 - g 13
4 .: 4 8 12
2a ml, fasty chyle
ected
1 hour - 12 n
z ., - 14 20
3 - - 8 36

From Morns and Courtice {1956)

TABLE 14

‘The effect of the intravenous snjection of 6o mi. fatty chyle from a far-fed cart,
comaimng 1337 mEq ) total fary acd, into a fasting cat of 26 kg, weight.

Before  Immedrately

mjection after wthr. 2nd hr. ard br
Plasma Total fatty acd
mEq L. 43 290 75 69 67
Chylomicron count 24 = A — —
Hepatic  mi /hr 3 - 12 12 FEXY
lymph  Total fatty acd P —
mEg 1 39 58
Chylomicron count 16 — 34 3 55
Cervical ol hr a2 - o2 oz
Iymph  Chylomicron count 14 — 70 35 22
Intestinal 1 he 23z - 28 26 21
bmph  Total faty acd 67 - 57 24 36
mEq/

From Morris and Courtice {1956)

3 hours after infusion was only one per cent of the amount njected
The actual increase 1n the lymph bpids over the pre-infusion leve) was
only a third of this  The increase n lipid during the first hour from
the intestinal duct was insignificant, while the flow from the cervical
duct was so small that only a very small fraction of the escaping lipid
appeared 1n this fymph. In this particular experiment, therefore, about
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1,835 mg. of fat, introduced into the blood stream mainly as chylomicrons,
passed through the capillary membrane within an hour and over gg per
cent of it was deposited and did not return in the lymph as do the lipo-
protemn molecules, The amount of protemn leaving the circulation per
hour was 77 mg. in the liver, 142 mg 1 the intestines and 17 mg. m
the tissues drained by the cervical duct, that is only 230 mg per hour.
In another cat 2,540 mg. of injected fat left the circulatton within two
hours during which time the leakage of protein was 448 mg. As we
saw earlier in this chapter the amount of plasma protein leaving the
circulation 1n regtons of the body other than those dramned by the hepatic
and mtestrnal ducts 1s small It is clear, therefore, that fat in chylo-
mucron form can disappear from the blood stream much more rapidly
than protein,

The results of these experiments are m conformty with much evi-
dence on the feakage of protein from the circulation, which we have
discussed earlier 1n this chapter, and the rapid disappearance of fat from
the blood stream after a fatty meal or after the intravenous injection of
chyle or artificial fat emulsions (cf. Lattle, Harnison and Blalock, 19425
Meng and Freeman, 1948 ; Berry and Ivy, 1948 ; Lerner, Chatkoff and
Entenman, 1949, Meng, 1952; Waddell et al. 1953) Many experi-
mental 1nvestigations have been undertaken recently to ascertain the way
in which chylomicrons, which are quite large particles compared with
alpha and beta-lipoprotein molecules, pass through the capilary mem-
brane. There 1s some evidence that the plasma chylomicrons may first
be converted to the smaller lipoprotein molecules before leaving the
arculation. Hepanin, for example, injected intravenously, will clear
hp plasma foll fat ing (Hahn, 1943 ; Swank and Wilmot,
1951) and leads to a redistribution of lipid between the plasma proteins
(Nikkila, 1952 ; Fasolt, 1953, Herbst and Hurley, 1954) During the
n witro clearing of chyle by heparinized plasma, Robinson and French
(1953) have shown that fatty actd is released and becomes associated
with plasma albumin as a soluble fatty acid-albumin complex. The
work of Robinson, Jeffries and French (1954) suggests that a stmilar
process may be responsible for the physiological dissolution of chylo-
microns i o

If, however, all absorbed neutral fat has first to be incorporated mto
lipoprotein molecules before passing through the capillary membrane,
the rate of transfer across the membrane will depend on the amount of
protemn leakage. From our present knowledge of the ch 1 posi
tion of the alpha and beta lipoproteins and of the albumin-fatty acid
complexes, and of the rates at which fat and protein leave the crrcula-
tion, 1t 15 very improbable that the fat entering the blood stream during
digestion is transported across the capillary membrane as hpoproteins
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1f the fat passes through the potes, as do the proteins, it would seem
that it must do so as aggregates smaller than protein molecules; that
is the fat cannot be stabilized by protein, Maybe the chylomicrons are
broken down to fatty acids which Jeave the cisculation stabilized m some
other way, and the alb farty acid compt are merely incidentsl

‘The presence of chylomicrons in the lymph and their probable rela-
tion to the plasma chylomicrons must atso be considered. A chylomicron
of 0 5 o 1n diameter is nearly 200 times the size of 2 pore in the copflary
membrane. 1t 1s inconceivable that such large amounts of fat in chylo-
micron form should escape thtough these pores. It 13 probable that
some such particles may pass through the mtercellular cement just as
red cells and other large particles do, but not to any apprecable extent
Yet thes finding may mean that the chylomicrons entering the blood
stream during destion do feave W abo n this form 16 they do, then
we must postulate a wransfer of fat other than that of fipid insoluble
substances through the pores,

Recent etidence suggests that the chylomicrons Jeave the arculation
to a large extent 1n the Liver and spleen and to a much less degree in
the other tissues of the body Waddell ef of (1953, 1954} hase shown
this 1 rats after the intravenous wgection of artificial far emulsions.
They have also d d that the reticuloendothelial cells play no
sigmficant part 1 the transfer of the fat parucles from the blood stream
10 the hyer celfs and they conclude that the fat passes freely fram the
hepatic sinudes into the cells of the liver parenchyma. Our present
concept of the hiver sinusoids 1s that they are hined by a conunuous
endothelium (see Chapter 3), so that the manner 10 which the chylo-
mucrons escape 1s sull not clear It 13 possible, however, that they may
pass through this endothelum, which we beheve 1s very permeable to
the proteins, 1n the same way as they pass through the tymphatic endo-
thehum which 1s also very permeable to protens.  As we shall see later
1 this chapter, chylomicrons very readsly enter lymphatic capiifanes not
only of the small intestine but in all regions of the body, unfortunately,
however, we have no hnowledge of the precise mechanism of transfer
across this endothelial barrier  In the normal animal, as we have seen,
neutral fat leaving the cirenlanon is nearly aff deposited, and only a very
small fraction returns to the blood stream 10 the hymph  When the
fymph flow from the liver 15 greatly increased by partaally constricting
the vena cava just below the diaphragm, however, a considerable amount
of fat 1n chylomicron form enters the hepatic tymph.  Fig g1 represents
such an experument 1n a cat  Fatty chyle collected freshly from another
cat was mpected mtravepously 2nd at the same time the nfenor vena
caya st above the lver was partially obstructed. The nse in pressure
1 the portal arculation greatly increased the hepatic lymph flow and
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the Jymph rapidly became milky. The changes in optical density and
in the total fatty acid content of the lymph show the enormous increase
in chylomicrons in the hepatic lymph which was confirmed by dark-
ground microscopy. Obviously under these conditions with a rased
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Fi16 41 —The composition and flow of lymph fromn the hepatic lymph duct 1n 2 cat
under nembutal anaesthesia
The nfenor \ena cava ws partially constricsed just above the Lver and fatey chle from another cat
imected ntravenously
(By courtesy of Mr Bede Morms}

filtration rate, chylomicrons readily pass through the walls of the smnu-
soids as such, and those that are not taken up by the hver cells pass
into the lymph  In this experiment 16 per cent of the injected fat was
recovered in the lymph in two hours, and similar amounts were recovered
in other experiments.

This evidence suggests that fat may leave the crrculation in the liver
in iderable as chyl, without first being broken down
to smaller aggregates.

Y

PassAGE OF LARGE PARTICLEs THROUGH THE CAPILLARY WaLL

The normal capillary wall may also permut the passage of blood cells
and of fine inanimate particles mjected nto the blood stream. Lymph
collected from various lymphatic trunks of the dog always contains some
red blood cells and at times considerable numbers, These cells must
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have escaped from the blood capillaries in the tissue concerned  Clark
and Clark (1937) using the rabbit car chamber technique have actually
observed red cells passing through the blood capillary membrane and
then through the lymphatic membrane inte the lymph stream,

Living particles other than red cells pass through capillary walls
without doing any damage. Microfilatiae, 40 1 X 5 g, readily travel
from capillary blood to lymph (Augusune and Drinker, 1935-1936)
Tield et al. (1937) found that rabbits szcted mlmvcnously with viru-
lent type 11T show these ptly in leg, neck
and thoracic duct lymph In contrast to the \ery motile microfilariae,
pneumococci are not motile at all,

Inanimate particles have also been obscrved to pass through the
capillary endothelium  Landis (1934) introduced India inh under a
pressure of 50 to 6o mm Hg into mesenteric capillaries in the frog, and
noted that “ some of the pigment escapes from weak spots in the capillary
wall, collecting outside the vessel not uniformly, but in discrete collec-
tions  Yet afterward blood flows through such a vessel quite normally
without undue loss of fluid, in spite of the fact that previously the wall
had permitted the passage of Indi ink, to which even the damaged
capillary wall is impermeable.” Tield and Drinker (1936) injected a
graphite suspension into the anterior abdominal vemn of frogs The
suspension had an average particle size of 1 #. In less than two hours,
free particles of graphite were observed outside capillaries in both the
tongue and the web. This extravascular matenal 1s not moved through
the capillary wall by phagocytes, and it undoubtedly passes through a
normal capillary membrane. Simalar observations were made with
calcite particles, which are easily followed with the dark field microscope,
As the caltate moved 1n the blood stream, a particle could be observed
now and again adhening to the capillary wall. If not dislodged, this
particle would after a time pass through the endothelum and dnft slowly
away from the vessel Five to fifteen minutes might elapse from the
moment of adhesion until the particle was extravascular and free

All these particles are very much larger than the protein molecules
and also much larger than the pores which according to Pappenheimer
probably have a radws of 30-45 A or a diameter of 60-go A. A red
cell has a dameter of about 80,000 A while the graphite suspension
used by Field and Drnker averaged 1 p or 10,000 A in dameter. These
particles are therefore 100 to 1,000 times the size of the pores A red
celis elastic and 1ts drameter can be greatly reduced as 1t squeezes through
the capillary membrane. It would seem that a red cell becomes attached
to a part of the capillary wall, probably i fular, and the pull
pressure forces the red cell through after considerable distortion of the
cell and stretching of the capillary membrane. It 15 inconcervable that
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any indivadual pore could be so stretched by these particles. The evi-
dence suggests, however, that they pass through the membrane 1n the
intercellular region, Fig. 42 (Chambers and Zweifach, 1940)
Although these large particles will pass through the capillary after
first sticking to the wall for some time, the percentage of escaping particles
15 of course very small compared with the escape of the proteins. The

) . ! .
; : . X b -
Fic 42 —Three photographs showing carbon deposited along the endothelial lines of
living capillanies 1n the mesentery of the frog after intravenous injection
(a) An a-v capillary with rapid ctrculation which accentuated the deposition of carbon in longitudinat

riae
@) snd (¢) True capllaries with carbon tending to outhine the endothehal cells
(From Chambers, R and Zweifach, B W, 1940)

red cell count of lymph vartes constderably, but 1f we assume that thoracic
duct lymph contains on an average about 500 red cells/cmm (see also
Chapter 6) then in an adult man 1n whom the lymph flow per day 1s
about 2 litres, there would be a leahage of o-2 ¢.c. blood or about 0 004
per cent of the circulating red cells per day  In patients with leukaemia
or malignant disease, Bierman ¢t al. (1953) have observed larger numbers
of red cells than this m the thoracic duct lymph.

PERMEABILITY OF LyapHATIC CAPILLARIES

We have discussed 1n some detal the passage of substances and of
particles through the blood capillary membrane. The small jons and
molecules can return to the blood stream from the tissue fluid as readily
as they escaped, but the extravascular protein molecules and particles
such as graphite, chylomicrons and red cells may re-enter the blood
stream only by way of the lymphatics ~ Although it is generally agreed
that the lymphatic capillaries everywhere form a closed space, quite large
particles may reacily enter these vessels There 1s no evnden'ce to sug-
gest the site of entrance, but on the analogy of the blood capillaries we
should expect absorption of materials to occur through the intercellular

region.
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Proteins

The fact that extrasascular plasma protemn enters the lymphatic
capillanies and not the blood capillanes has already been discussed,
There is a gradient of tension from the tissue space to the lumen of
the lymphatic capillary, which explains the mode of entry of fluid into
the lymphatics. "T'wo questions concerning the permeability of lym-
phatuc capillanies ansc—* Arc these vessels of the same permeability
throughout the body 2" and ** Does the permeability of lymphatic capil-
laries alter with, say, injury, as does the permeability of the blood
capillaries ? ™

Regarding the first question 1t will be scen in Chapter 3 that the
lymphatic vessels in different regions of the body are capable of removing
a protemn-rich fluid such as plasma at very different rates.  For example,
the lymphatics of the diaphragm will remove free fluid 1n the peritoneal
cavity at a very much greater rate than the pleural lymphatics remove
flurd from the pleural cavity or the lung lymphatics from the alveol: or
the skin lymphatics from the skin. These observations, however, do
not suggest that the permeability of the lymphatic endothelum varies
n different regions, but merely that the forces, which are responsible
for the entrance of tissue flud into lymphatic vessels and for the pro-
pulsion of the lymph along the collecting channels, vary 1n these regions.
There 13 no conclusive evidence to indicate that the permeablity of the
lymphatic endothelium to proteins vartes in different tissues

Likewise there 1s no direct evidence to suggest that in such circum-
stances as injury protemns will enter lymphatic vessels 1n any one region
more readily than normal. DMcMaster and Hudack (1932) and Hudack
and McMaster (1933), however, observed that vanous dyes injected into
the lymphatic vessels of the mouse’s ear or of human skin escape from
these vessels nto the surrounding tissue flnd more readily after njury
caused by mechanical stroking, heat, sunlight or xylol  Although these
injuries affect the lymphatic capillary wall in such a way as to allow the
more ready escape of certain colloidal dyes, the barrier 1s not so com-
pletely broken down as to permut the escape of particulate matter  Pul-
linger and Florey (1935) have also shown that graphite particles once
1n the lymphatics do not escape as do the much smaller dye molecules
These experiments may mean that n njury the extravasated proteins
enter the lymphatic capillanies more readily than they would normal
vessels

Partcles

The ease with which large particles, many times the size of the largest
protemn molecule, enter the lymphatic vessels makes 1t difficult to under-
stand how the lymphatic endothelum can become more permeable to
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proteins than it normally is. In the skin, where the lymph flow is
sluggish, extravasated red blood cells are but slowly absorbed into the
Iymphatics. In other situations such as the pentoneal and pleural
cavities and 1n the cerebrospinal fluid (see Chapter 3) where the forces
bringing the materials into contact with the lymphatic wall and propelling
Iymph along are much greater, the red cells are very rapidly absorbed,
Likewsse the smaller chylomicrons readily gain access to the lymphatic
vessels when they are present in the ext lar fluid of the intestinal
villt as after a fat meal, of the nose as after injection of chyle into the
subarachnoid space (Courtice and Morris, 1955), of the diaphragmatic
peritoneum as after njection of chyle into the peritoneal cavity (Morris,
19366) It seems, therefore, that if a particle as farge as a red cell comes
mto contact with the lymphatic capillary wall, and provided these is a
gradient of tension, the endothelium offers little resistance.

How a particle of this size gets through the membrane is not known.
In the tail of the amphibian larva Clark (1909) and Clark and Clark
(1926-1927) have shown that when red cells become extravasated, nearby
lymphatc capillaries send out endothelial sprouts which engulf the cells,
Fig. 43. Once inside the vessel, the red cells pass along with the lymph
stream  This mode of entry of red cells into lymphatics does not apply
i the adult organism Clark and Clark (1937) have never obsewgd
this sprouting and engulfing of red cells by the lymphatic vessels in
mammalian tissues as seen in the rabbit ear-chamber, When Iymphatic
capillantes lie adjacent to blood capillaries and venules, these authors
have observed red cells passing through the wall of both vessels, so
transferring from the blood to the lymphatic system  There ss thus no
difficulty for the red cell to enter the lymphatic provided it is brought
1 contact with the wall,

In the removal of colloids and of particles from the extravascular
space by the lymphatics, it 1s essential that these materials seach the
Iymphatics and that a gradient of pressure is set up to force them into
and along the lymphatic vessels. Motion and massage, as we shall see
m Chapter 4, are potent fluences upon the entrance into lymphatics
of collordal solutions and of visible patticles. Clark (1936) observed th:.lt
extravasated blood and other detritus were removed from one of his
rabbut ear-chambers regardless of the presence or absence of new lym-
phatics and believed that this observation threw doubt on the theory
that lymphatics are essential for the removal of protein from the sub-
cutaneous tissue.  But granular material, in such a position as tha{ des-
cnibed by Clark, 1s not subjected to any influence capable of making 1t
enter a lymphatic. There is no increase in tissue pressure, no moton,
nothing which can make the particles become intravascular. p),agocyt't‘:s
rmay, of course, pick up cells, bacteria, et¢., and migrate into blood capil-




PERMEARILITY OF LYMPHATIC CAPILLARIES 109

laries, though cven phagocytes apparently prefer to move back to the
blood via the lymphatics. Where particles are not phagocytosed or dis-
solved, the lymphatic route seems to be the principal one for their removal.

If colloids and particles so readily enter the lymphaue capillarics,
why is it that they do not as readily escape ? It would seem that in

Fic 43 —Successive stages i the lymphatic absorption of
curavasated erythrocytes 1 the frog larv
(From Clark and Clark, 1917}

any one area, if a protein molecule enters a lymphatic capillary, 1t may 2
Dittle farther on escape 1f the gradient of tension here 1s 1n the opposite
direction.  Once the lymph reaches the larger collecting ducts, however,
it will, because of valves, be squeezed centrally and will therefore have
little chance of agam escaping mnto the tissue flmd  In certan 1nstances,
however, 1t 1s thought that the lymph m its passage along the lymph
channels to the blood stream leaks out into the surrounding tissues,
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proteins than it normally is. In the skin, where the lymph flow 15
sluggish, extravasated red blood cells are but slowly absorbed into the
lymphatics In other situations such as the peritoneal and pleural
cavities and 1n the cerebrospmnal fluid (see Chapter 3) where the forces
bringing the materials nto contact with the lymphatic wall and propelling
Iymph along are much greater, the red cells are very rapidly absorbed.
Likewise the smaller chylomicrons readily gain access to the lymphatic
vessels when they are present in the extravascular fluid of the ntestinal
villi as after a fat meal, of the nose as after injection of chyle into the
subarachnoid space (Courtice and Morris, 1955), of the diaphragmatic
penitoneum as after injection of chyle into the peritoneal cavity (Morris,
19566). It seems, therefore, that if a particle as large as a red cell comes
into contact with the lymphatic capillary wall, and provided there is a
gradient of tension, the endothehum offers Iittle resistance.

How a particle of this size gets through the membrane 1s not known.
In the tail of the amphibian larva Clark (190g) and Clark and Clark
(1926-1927) have shown that when red cells become extravasated, nearby
lymphatic capillaries send out endothelial sprouts which engulf the cells,
Fig. 43. Once inside the vessel, the red cells pass along with the lymph
stream, Tlus mode of entry of red cells into lymphatics does not apply
m the adult organism. Clark and Clark (1937) have never observed
this sprouting and engulfing of red cells by the lymphatic vessels 1n
mammalian tissues 2s seen in the rabbit hamber. When lympl
capifaries he adjacent to blood capillaries and venules, these authors
have observed red cells passing through the wall of both vessels, so
transferning from the blood to the lymphatic system. There is thus no
difficulty for the red cell to enter the lymphatic provided it ts brought
in contact with the wall

In the removal of colloids and of particles from the extravascular
space by the lymphatics, it is essential that these matenals reach the

Iymphatics and that a grad of pressure is set up to force them into

and along the lymphatic vessels. Motion and massage, as we shall see
N tvmoh

n Chapter 4, are potent infl upon the into ly

P
of collordal solutions and of visible particles. Clark (1936) observed that
extravasated blood and other detritus were remaved from one of his
rabbut ear-chambers regardless of the presence or absence of new Iym-
phatics and believed that this observation threw doubt on the theory
that lymphatics are essential for the removal of protein from the sub-
cutaneous tissue. But granylar material, in such a position as thag des:
cribed by Clark, 1s not subjected to any mnfluence capable of making it
enter a lymphatic. There 1s no mncrease in tissue pressure, no motian,
nothing which can make the particles become intrfnvascu_lar, Phagocytes
may, of course, pick up cells, bactena, etc., and migrate into blood capil-
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This may happen in the hver lymphatics 1n causing ascites (p. 188), in
the pleural lymphatics during the passage of ascitic fluid along the intra-
thoracic lymph channels (p. 188) and i the lung lymphatics in causing
pleural effusion (p 193) In all these cases the fluid having entered
the lymphatics, where the gradient of pressure was from the tissue spaces
to the lumen, now leaves the vessels in regions where the lymph pressure
becomes greater than the surrounding pressure.

It would seem, therefore, that as with the blood caprllaries the move-
ment of flud across the membrane is determined by the balance of
pressures, so with the lymphatic capillartes the gradient of pressure plays
a dominant role. The difference between the two membranes 1s that
while one 1n offering resistance to the large protein molecules is affected
by their osmotic force, the other m readily allowing the passage of such
molecules is only affected by the gradient of hydrostatic pressure, What
structural difference 1n terms of * pore ” size there 1s between these two
membranes is not known,
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CHAPTER 3

PHYSIOLOGICAL SIGNIFICANCE OI' REGIONAL
LYMPHATICS

We have seen that whenever capillary filtration is increased in any
tegion, the tissue tension rises; more interstitial fluid enters the lym-
phatic capillaries and the lymph flow increases, More than this, it is
now well established that once particles or Jarge colloidal molecules
become extravascular, they can be returned to the blood stream only by
the lymphatic route. Although these basic principles apply to the body
in general, some tissues, such as the central nervous system, have no
Iymphatic vessels ; the extravascular fluid and protein are here returned
to the blood stream in another way. In other tissues the richness of
the lymphatic network and the forces propelling the lymph along va
considerably. "We also find that in the al y tract the ular
fluid may be greatly modified in amount and composition by absorption
of materials through the mucosa from the intestinal lumen  The lymph
flow will in this case depend not only on the filtration of fluid from the
blood capillaries, but also on the rate of intestinal absorption, especially
of fluid and of fat

The normal lymph flow as well as the capacity of the lymphatics to
remove an excess of extravascular fluid or protein 1s, therefore, very
variable in different regions of the body In this chapter the functional
significance of the Jymphatic vessels in the individual tissues will be
considered 1n more detail,

Titoracic Duer Lvvren

Lymph from all regions of the body finally enters the blood stream
at the root of the neck, as described in Chapter 1. Of these final lym.
phatic channels the thoracic duct is the most stnking  The flow from
thys vessel has been studied more than that from any other lymph duct
in the body, partly because of its size and of the high rate of flow at
rest, which make it relatively easy to cannulate, and partly because of
its importance in the absorption of fat from the alimentary tract. We
have already shown how i its formation the thoracic duct comes to
dran mamnly the abdominal viscera, the Jower part of the trunk and the
lower extremities , vessels from these regions enter the cisterna chyh m
the fully developed organism,
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nor from the ducts draining the hmbs, while the flow from the nght
Tymph duct 1 those animals in which 1t has been measured is small—
o1 ml /hg.; br. in 2 series of 21 dogs of average weight 21 hg (Courtice,
1951) and o-15 mi. kg. hr in a serics of 10 cats of average weight 3 4 hg
(Courtice, unpublished data)

In man lymph has been collected from patients with thoracic duct
fistulac. The rates of flow in the two cases quoted 1n Table 15 were
found to be of the same order of magmtude as observed 1 expennmental
animals, Crandall, Barker and Graham found that in their pauent, a
woman of 4o kg with a traumatic thoracic duct fistula m the neck, the
basal rates of flow on three experimental days were 139, 190 and
103 ml kg./br. with an average flow for all control periods of 1-38
ml./hg./hr. This increased somewhat on drnking water and after 2
meal, the greatest flow obtained being 58 ml kg hr obsenved for a
short time soon after a mixed meal, while the lowest flowwaso 6ml kg hr
dunng sleep  Courtice, Simmonds and Steinbeck found in their case, 2
woman of 50 kg with a postoperative thoracic duct fistula n the neck,
a lymph flow of 1:1 ml..kg. hr. i the afternoon, 24 hours after lunch,
16 m! kg hr. 2z hours after a heavier meal in the evening and 10
ml kg /hr. in the morning, postabsorptive and under pentothal anaes-
thesia, Lymph has also been collected m patients after the insertion of
a polycthylene cannula into the thoracic duct (Bierman ez al, 1933)
All these patients were far advanced 1n the course of malignant disease
In 10 patients lymph was collected for 2 to 13 days continuously Tree
flow of lymph was ob d and d ly i six of these
patients, the volume of lymph collected 2mounting to 475 to 2,000 ml
per 24 hours or 04 to 12 ml kg ‘hr

This relatively large flow of lymph from the hver and alimentary
tract in all ammals, whether they line on a high or a low fat diet, and
whether they are postabsorptive or not, 1s one of the most strihing features
of the lymphatic system The possible significance of the large turnover
of extravascular protein in these segions has already been considered 1n
Chapter 2,

In investigations of the part played by lymphatics in absorption from
the alimentary tract, thoracic duct lymph has usually been studied, because
this can be callected more easily and with less disturbance to the abdominal
viscera than can mtestinal tymph  Recently intestinal and lver lym-
phatics have been separately cannulated to ascertain their relative con-
tributions to thoracic duct flow  Intestinal lymph is usually opalescent
or mulky, but liver lymph is clear.  Tn dogs, Caim et al. (1947) cannulated
both the thoracic duct and the main lymphatic duct draming the Liver.
They collected lymph from these vessels during anaesthesia, and agan
for varying periods mn the unanaesthetized ammal after recovery from
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The general order of magnitude of lymph flow from the thoracic duct
mn experimental animals and in man is given m Table 15, During the

TABLE 15
Lymph flow from the thoractc duct in different animals,
Lymph flose
Ammal ml 'hg fhr Remarks Author
Dog (5) 33 Colin (1873)
”» (9) zo Curare Lesser (1871)
" [¢/] 2’5 Zawilsks (1876)
" (1s) 19 Morphia 4 ACE Hesdenhain {18¢1)
" (20) 10 Morphia  Fasting Vinct (1909)
" (17} 27 Morphine + ether Meyer-Bisch and Gunther (19254,
and ¢)
» (r2) 24 Chloralose Yoffey (1932-1933)
" (16) 7 Sodium pentobarbital Watkins and Fulton (1938)
" 22 Local anaesthesia Petersen and Hughes (1925)
. (6) 22 Nembutal Courtice (1943)
“ 6) 20 Ether Nix, Mann, Bollman, Grindlay and
Flock (1951)
Cat 26 D:al and urethane Adams, Saunders and Lawrence
1945)
" (4) o4 Decerebrate  Fasting Sa(ndcxs, Florey and Bamnes (1940)
» (6} 15 " Fed Sanders, Florey and Bamnes (1940)
» &) 21 Nembutal Simmonds (unpublished data)
» (23) 19 Nembutal  Fasting Morrs (unpublished data)
" (30) 29 ” Fed Morris (unpublished data)
Rabbit (r4) 2 Nembutal + ether Sanders, Florey and Barnes (1949)
o (12) 23 Nembutal Mornis (unpublished data)
Rat 20 Unanaesthettzed Renhardt (1945)
" (10) 21 Unanaesthetized Nix, Flock and Bollman (1951)
Horse  (6) 19 Colin (1873)
Sheep  (4) 30 wooon
1 (11) 40 " "
Cow (9) +9 " B
Goat {3} 38 Nembutal Courtice {1943)
Man (6) o04-12 Unanaesthetized Bierman, Byron et al (1953)
" 0 14 Unanaesthetized and Crandall, Barker and Graham
before meal (1013)
" (1)  10-16 Unanaestheuzed and Courtice, Simmonds and Stembeck
anaesthetized with (195
pentothal

collection of lymph these amimals have all been at rest or under an
anaesthetic, 1n which circumstances there is no appreciable lymph flow
from the limbs or from any structure other than the liver and gastro-
intestinal tract Although in these experiments there have been many
variables such as the type of anaesthetic, the state of the animal's digestion
and the duration of lymph collection, the average figures for groups of
animals are of the same order, about 2 ml /kg /hr. m non-ruminants
and somewhat more in ruminants

This rate of flow is much greater than from all the other collecting
ducts put together, since under resting conditions there is usually no
spontaneous flow from the cervical ducts draining the head and neck,
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nor from the ducts draining the limbs, while the flow from the nght
Tymph duct i those animals 1 which 1t has been measured 15 small—
o1 ml;kg. hr. in a senes of 21 dogs of average weight 21 hg. (Courtice,
1951) and o-13 ml. k. hr in a series of 10 cats of average weight 3.4 g
(Courtice, unpublished data).

In man lymph has been collected from patients with thoracic duct
fistulze. The rates of flow in the two cases quoted in Table 15 were
faund ta be of the same order of magmitude as observed in expenmental
animals, Crandall, Barker and Graham found that in ther patient, a
woman of 40 hg. with a traumatic thoracic duct fistula in the neck, the
basal rates of flow on three expenmental days were 139, 190 and
ro3 ml kg /hr with an average flow for all control pertods of 1 38
ml, kg /hr. This increased somewhat on dnnking water and after a
meal, the pgreatest flow obtamed bemng 58 ml. kg hr. obsenved for a
short time soon after a mixed meal, while the lowest flow waso 6ml kg hr
dunng sleep.  Courtice, Simmonds and Stembeck found in therr case, a
woman of 50 kg. with 2 postoperatise thoracic duct fistula in the nech,
a lymph flow of 11 ml kg. hr in the afternoon, 2} hours after lunch,
16 ml g /hr. 2 hours after a heavier meal m the evening and 10
ml kg /br. in the morning, postabsorptive and under pentothal anaes-
thesia. Lymph has also been collected 1n patients after the nsertion of
a polyethylene cannula nto the thoracic duet (Bierman et af, 1953).
All these patients were far advanced 1n the course of malignant disease.
In 10 patients lymph was collected for 2 to 13 days continuously. Free
flow of lymph was ob d and d Iy 1n six of these
patients, the volume of Iymph collected amounting to 475 to 2,000 ml.
Per 24 hours or 0 4 to 12 ml kg hr.

This relatively large flow of lymph from the liver and ahmentary
tract in all animals, whether they hve on a hugh or a low fat diet, and
whether they are postabsorptive or not, 1s one of the most strthing features
of the lymphatic system  The possible sigmficance of the large turnover
of extravascular protein in these regions has alteady been considered m
Chapter 2.

In investigations of the part played by lymphatics 1n absorption from
the afimentary 1ract, thoracic duct lymph has usually been studied, because
this can be collected more casily and with less disturbance to the abdomnal
viscera than can intestinal lymph. Recently intestinal and lner lym-
phatics have been separately cannulated to ascertain thewr relauve con-
tributions to thoracic duct flow  Intestinal lymph 1s usually opalescent
or milky, but hver lymph is clear. ¥n dogs, Can et al. (1947) cannulated
both the thoracic duct and the main Iymphatic duct draining the hver,
They colected lymph from these vessels during anaesthesia, and again
for \arying periods in the unanaesthetized anumal after recovery from
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the operation, Their results are summarized in ‘Table 16. They con-
cluded from these experiments that although there is great variation in

‘TABLE 16

Mean lymph flows from the hepanc and thoracic ducts in dogs, expressed as
ml./hr  The figures 1n brackets give the range.

D. ) ) D. teeod 1

y
Liver Thoracic duct ‘ Liver Thoraere duct
Anaesthetized 17-8 426 ' 173 482
(30-34 8) (22 2-1014) | (9 6-34'8) (25-8-91°'2)
Unanaesthetized 110 22 43 198
(18-312) (48-840) ' (36-54) (16 8-27 0)
All dogs 136 276 . 141 423

From Camn et al. (1947)

the range of normal rates of lymph flow, probably hepatic lymph con-
tributed one fourth to one half of the total volume of lymph in the
thoracic duct In this series of animals ether anaesthesia increased the
lymph flow.

In another series of experiments with dogs of average weight 15 kg,
Nix et al (1951) found that under ether anaesthesia the volume of lymph
collected from the liver was 14-8, intestine 12:2 and thoracic duct 297
ml /hr  The lver in these animals, therefore, contributed about half
the flow of lymph to the thoracic duct. Unlike the previous experiments,
larger volumes of lymph were obtained from dogs recently recovered
from anaesthesia.

In all these experiments, the animals whether anaesthetized or not
were at rest, so that the lymph flow from the hind limbs would be negli-
gible. When the amimal was allowed to walk at 4o yards/minute for
a brief time the liver lymph increased by an average of 83 per cent while
the thoracic duct lymph increased by 270 per cent. These increases
were probably due in part to lymph from the limbs and in part to the
increased pressure and massaging effect applied to the abdominal lym-
phatics by the muscular movement.

In a seres of cats under butal hesia, Morris (unpublished
dataj cannulated the hepatic and thoracic ducts, and collected liver and
i inal lymph simul ly. His results, Table 17, show that under

these circumstances the liver on the average contnibutes about one-third
and the alimentary tract two-thirds of the flow in the thoracic duct.
These results suggest that the partition of thoracic duct lymph between
liver and ahmentary tract is much the same in the cat as in the dog.
In rats, on the other hand, with fistulae of the intestinal or hepatic duct,
Mann and Higgins (1950) found that the hepatic lymph flow was on an
average z-o ml per day, whereas the intestinal flow was 25-1 ml. per day.
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‘TABLE 17

Lyraph flow from the liver and alimentary tract determined
wmmultsneously n the cat,

Weight Lymph Flote ml thr.
K, epatic duct Thoracic duct

1 P 30 11 34

2 . 38 o8 EX-d

3 . a7 14 28

4 . 26 18 25
5 . . 3 18 32

6 . st 37 46

7 3z 7 50

8 . . o T4 56

9 . 26 13 zz

. . 36 27 58
Mean s 17 17

By courtesy of Mr Bede Mornis

In these experiments, therefore, in which the animals had a standaed
mixed dret and o 2 per cent NaCl to drink ad &1, the hepatc lymph
contributed less than 10 per cent of the thoracie duct flow It 1s prob-
able, therefore, that the relative volumes of lymph contnibuted by the
tiver and by the intestines to the thoracic duct vary 1 different ammals.

Tur ALiventary Tract

Lymph has not been collected scparately from the stomach, small
intestine and colon, so we do not really know the relative volumes which
these different organs contribute to the cisterna chyli and thoracic duct.
Tt seems likely, however, from the expeniments yust desenbed, 1 which
the intestinal vessel cannulated drained mainly the small bowel, that the
profuse fymph flow from the alimentary tract comes largely from this
region  Here, dunng digestion, considerable volumes of flmd and
matenals are absorbed through the mucesa and come mto contact with
the lymphatic and blood capitlanes 10 the villk  The lymph in the intes-
tinal lymphatics 1s, therefore, not merely concerned with the removal of
extravascular protein which has escaped from the blood capillanes, but
is modified by the state of digestion at the time The lymphatc capil-
laries here have a special function, the absorption of fat, but even in
herbivora and especially . ruminants, whose diet is consistently very
low in fat, the intestnal lymph flow 1s hugh.  In contrast to the lymphatic
vessels of the small intestine, those of the oesophagus, stomach and
large intestne are concerned mamly with the removal of extravascular
protein as in any other tissue; for, through the mucosa of these organs
fittle absorption takes place.
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1

General arrang of lymph wm the 7y tract

Qesophagus.  Lymphatics are found 1n the mucous membrane and in
the submucosa of the oesophagus. They pass to nodes scattered in the
deep tissue of the neck and to nodes 1n the posterior medtastinum,
Absorption from the surface of the oesophagus is probably extremely
shight (Webb, Mullenix and Dragstedt, 1932), and the lymphatics are
concerned solely with matersal escaping from the blood capillartes.  Since
the submucous lymphatics extend into the muscular coat, oesophageal
contracttons must have a vigorous effect 1n forcing contaned flusd towards
the lymph nodes

F16 44 —Diagrammatic reconstruction of the blood vessels and
lymphatics n the wall of the stomach
@, mucous coat, b, musculans mucosae , ¢, submucous coat , d, crrcular muscle . ¢, longitudinal muscle
{From Malt, 1896)

Stomack  The stomach 1s nchly supplied with lymphatics. They
origmate as many blind projections 2among the tubular glands, and do
not extend so near the surface as the network of blood capillaries.  Fig. +H
1s a diagrammatic reconstruction of the blood vessels and lymphatics in
the dog’s stomach (Mall, 1896) The lacunar projections of the lym-
phatic capillanies join a net on the muscularis mucosae. From th.ls
plexus, many branches pass at night angles through the muscularis
mucosae to form a second plexus lying in the submucosa. The vessels
of this submucosal plexus are large and irregular and have many valves.
The valves prevent the lymph from going back into the mucosal vessels,
so that during gastric contraction, the lymph can only be pushed onwards
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to the cisterna chyli. From the submucous collecting branches large
sessels arise and perforate the circular muscle coat to communicate sith
the intermuscular plowus which
ultimately drains to lymph nodes
on both curvatures of the stomach.
Absorption from the mucosa is
shight.  Alcohol, traces of sugar and
possibly a little water are tahen up,
but the lymphatics are almost
entirely concerned with the extra-
vascular airculation of protein.
Small intestine The mucosal
surface of the small intestine is
greatly increased by the formation
of circular folds and by the vilh
This arrangement 1s  especnlly
suted for the absorption of
materals from the lumen The
willi are outgrowths of the mucous
membrane and in man are finger~
like processes having a length of
o5 to 15 mm They cover the
entire surface of the mucosa of the
small intestine, gring 1t a velvety
appearance., They are most < . ¥
numerous 1n the duyodcnum and ’//////////////////// D
Jejunum where there are 20 1049 b s —Armangement of lymph vessels
per sg mm. while 1n the ileum 0 the wall of the smal) intestine of the
there are 15 to 30 per sq mm L
These long finger-ltke willi are also Lymvhmd nodulia The sadule on the Lot s

S scetion winle_ that on The 1izht 13
present 1n the dog, cat, goat, fox, et Trome: the. surtace, ymph. vessels
A cournng over it

cagle, pigeon and hen  Intherat, v Vi { nices the willus 10 put on the strerch

s changaicl, wton dhe e v St iy
rabbit, mouse, guinea-piz and Yon o charstienshe spra oot rew the ape

£ e movy part, the:cotammes. epuneisen has

squirrel, however, the villi are flat  béen ommired Fotumnar epihelm
and leaf-shaped (cf Verzar and (Redraun after Mall, 1888}

McDougall, 1936) In the centre

of each finger-form villus 18 a lymph capillary—the lacteal—which begins
blindly under the epithelium cavering the tip of the villus  "The lumen
of these lacteals, when distended, 15 considerably larger than that of the
blood capillaries  In the rat, on the other hand, with flat, leaf-like wlls,
Ranvier (1896) describes three, four, five or more lymphatic vessels each
ending 1 a cul-de-sac and often anastomosing by transverse or oblique
branches
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The central lacteals at the base of the villi anastomose with the lym-
phatic capillartes between the glands which form a plexus on the inner
surface of the muscularis mucosae, Figs 45 and 46. Branches of this
plexus, provided with valves, penetrate the muscularis mucosae and form
m the submucosa a plexus of larger vessels. This plexus also receives
tributaries from the dense network of large, thin-walled lymphatic capil-
laries surrounding the solitary and aggregated follicles, Vessels from
the sub I plexus with the mter lar plexus which
drains through mesenteric channels into the mesenteric lymph nodes
from which the lymph enters the cisterna chyli.

F1c 36 —Schematic diagram to mdicate the arrangement of blood and lymph vessels
n an mtestinal villus
To avoid confusion, the villus on the left 13 shown onls with 119 blood vessels, while on the nght enly
the lacteal hay been mcluded The central artery (4) passes towards the apex of the wllus, and breaks v
into s spray of capiliaries which be tmmediately undee the mucous membrane before they turn to towards
the central vein () The lacteal (L) 1s further away from the mntestinal epithelum than the blood capillares

(Redrawn and modified from Maumaow and Bloom, after Mall)

It is now thought that the absorbing surface 1s increased not only by
the folds and the willi, but also by the conformation of the free striated
border of the epithelial cells of the small intestine, Although vartous
conceptions of the nature of this free border have been held (cf ]}akcn
1942, 1951), electron micrographs show that 1t 1s composed of minute
processes projecting vertically mto the lumen (Granger and Baker, 1950).
These processes, on an average 0-62 x in length and 0 08 y 1n diameter,
are packed closely together and 1t has been estimated that they increase
the absorptive surface by about 3o times. . i

Large mtestine. The lymphatics of the large intestine ‘f"d rectum
are extremely numerous and form plexuses in the mucosa, passing eventu-
ally through the muscle layer. Although water is absorbed freely in the
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large intestine, the function of the lymphatics would seem to be mainly
concerned with the return of the extravascular protein to the blood
stream.

Role of lymphatics of small intestine in absorption

An account of the mechanisms involved in the absorption of materials
through the intestinal mucosa is beyond the scope of this monograph.
Reference should be made to such works as Verzar and McDougall
(1936), Bloor (1943) and Hober (1945). We are here interested mainly
1n the relative roles of the lymphatic and of the blood capillaries in taking
up substances once they have passed through the epithelium,

Effect of villus morement on Iymphatic absorption. The observations
that the villi are quiet in the fasting animal, but move rhythmieally
during the digestion of foodstuffs suggest that villus movement is of
biological sigmficance in absorption. In the subepithelial framework of
the villus are strands of smooth muscle which arise from the muscularis mu-
cosae and are arranged parallel to the axis of the villus around the central
lacteal. On contraction of these muscle fibres the villi are shortened,
and on observation the rhythmical movement up and down suggests a
pumping mechamism. The normal sate of ths villous retraction during
activity varies under different circumstances. In those animals that do
not have long, finger-like villi, there 1s no actual contraction of the villi,
but circular contractions of the underlying muscularis mucosae press the
wvilli together and so possibly produce the same result (cf. Verzar and
McDougall, 1936) Many think that the rhythmical contractions of the
villi 1ncrease absorption, for in general the greater the movement of the
villy, the greater the rate of absorption (cf. King and Arnold, 1922 ; King,
Arnold and Church, 1922; Kolas and Ludiny, 1930, 1933, 1937,
1938 ; Magee and Reid, 1931). This view of the function of the willi
is opposed by Wells and Johnson (1934) who conclude that the transfer
of fluid through the gut wall, both absorption and secretion, is by physical
forces and is regulated primarily by vascular reactions, local and general.
They found no correlation between the motor activity of the willi and
the rate of passage of flud through the gut wall,

The above experiments have been concerned mamly with the absorp-
tion of water and readily diffusible water-soluble molecules. In such
cases 1t is quite possible that other factors affecting blood flow and the
balance of pressures withm the villus are more important than the phasic
pressure changes which accompany villus movement, However, the
absorption of those substances which are removed only by the lymphatics
must depend upon the efficient emptying of the lacteals, and the rhythmic
retraction of the willi would seem to compress the lacteals and force the

Iymph on into the collecting channels ~ Konigés and Otto (1936) by
L—k
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direct measurement found that the pressure in the lacteals was always
less than that m the arterioles and capillaries ; on an average 373 mm.
Hg in artenoles, 31-5 mm. Hg in the capillaries and 245 mm. Hg 1
the lacteals. When the villus contracts, Wells and Johnson observed
that the blood flow often immediately ceases, suggesting that the tissue
pressure 1s raised above that of the arteroles. "Thus rise of tissue pressure
would empty the lacteals, the lymph passing on into more distant col-
lecting vessels.

Histologreal examination of the gut wall during fat absorption reveals
that the central lacteals are empty n the contracted villi and full in
others (cf. Verzar and McDougall, 1936) ‘This indicates that in the
case of fat, which, as we shall see, 15 probably almost entirely absorbed
by the lymphatics, the contracting willi have a pumping action ; the fat
enters the lacteals during relaxation and is propelled along the lymphatics
during contraction.

Lymph flow during absorption of fluids, Tt is well known that in
anaesthetized ammals thoracic duct lymph flows more rapidly after a
meal  Yet, until recently, 1t has not been possible to study with accuracy
the mechanism of this increased flow. Anaesthesia affects digestion,
absorption and gut motility, and attempts to collect lymph from con-
scious amimals have been forled by rapid clotting in the cannula  The
use of plastic tubing, such as transflex or polythene, in which clottng
1s delayed, has made 1t possible to collect thoracic duct lymph m un-
anaesthetized animals. In particular the technique devised by Bollman,
Cam and Grindlay (1948) 1n the rat has been used extensively in recent
years.

Using the unanaesthetized rat with a thoracic duct fistula several
workers have mvestigated the lymph flow after the introduction of various
fluids and foodstuffs into the h. S ds (1954) gave single
doses of 5 ml of water, o g per cent sodum chloride, 10 per cent serum
albumin 1 water or 10 per cent glucose by stomach tube, and found
that 1n all cases the lymph flow rapidly increased while the proten con-
centration in the lymph fell, Fig 47. This suggests that some of the
absorbed fluid passed directly into the lacteals. Of the 5 ml of fluid
given, about 2 ml or 40 per cent was accounted for by the increase in
lymph flow  With water and a hypotonic solution such as 1o per cent
serum albummn in water, the increase 1n lymph flow was very rapid and
lasted only 2 short time, about half an hour. On the other hand with
isotonic sodum chloride or hypertonic glucose, the rise i Iymph flow
was slower and more prolonged. The total protein output in the lymph,
in mg./hr., did not alter matenally in the experiments with water of
1o per cent albumin  The absorption of the water was so ‘l’:!pld t!mt
little or no extra protein was added from the blood capillaries. With




THE ALIMENTARY TRACT 131

saline and glucose, however, the absorption of water was slower and a
fittle extra protein did filter or diffuse from the plasma and pass into
the lymph; but the extra flud came mainly from the absorbed water.
Borgstrom and Laurell (1953) obtained similar results after the ingestion
of o9 per cent NaCl and 3'5 per cent glucose.
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(From Simmonds, 1954)

L ar- R

If, instead of a single dose, the flud is given continuously over a
S e T a.lrc Wil -

© . B
increase in thoracic duct lymph flow with small urinaty output, \vh:reas
g per cent glucose alone produces a small increase in Iymph flow and
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a larger urinary output (Glenn et al.,, 1949). Rats with a thoracic duct
fistula drink a great deal more if 08 or 1 per cent sodium chloride solu-
tion js provided than they do with free access to water. The large
amount of fluid ingested leaves the body in the thoractc duct lymph,
Table 18 (Shrewsbury and Remhardt, 1952)

TapLE 18

Lymph and unine output 1 rats with thoracic duct fistufae and with erther 15
NaCl or water to drink ad Iib. 4 days’ collectton of lymph

19 NaCl  Water Intake
6

Number of amimals . 8
Initial body weight g 199 235
Final body weight g . 145 188
Fluid intake ml 686 108
Lymph output ml - 557 59
Urnne output ml 69 36
Lymph protein g 32 19
” » %5 o6 34
Plasma protem mitial g 9, . 542 559
» w  finalg e ., 329 52x

From Shrewsbury and Reinhardt (1952)

When the same amount of saline or of water is given by continuous
dnip transfusion mnto the stomach, the lymph output rises continuously
with saline, but with water the rise slows and the output then falls as
the uninary output mncreases, Fig 48 In the early stages after cannula-
tion of the thoracic duct 1n a rat, 1t 1s easier to keep the lymph flowing
and so prevent clotting by allowing the animal to drink 0-8 or 1 per cent
sodium chloride solution. In these cases of continuous prolonged mnges-
ton of fluid, the total protein in the lymph 1s greatly increased with
lymph flow although the concentration falls markedly. Some of the
fluid diluting the lymph protemns and increasing the lymph flow must
come directly from the lumen of the intestine, but in addition a con-
siderable amount 15 produced by the increased filtration from the capil-
lanes (Simmonds, 1954 ; Kim and Bollman, 1954).

Lymph flow during absorption of foods. One of the earliest observa-
tions on lymphatics was the milkiness of the lacteals n a dog after 2
fat meal, made by Asellus in 1622, In more modern times, the lymph
has been collected after a fat meal and the absorbed fat examined. It
1s now generally recogmzed that 2 large fat meal causes an increased
flow of milky lymph from the intestinal lymphatics. This may be
observed, for example, m a rat with a thoracic duct fistula after intro-
ducing o5 ml. of olive ol into the stomach (Fig 49). The lymph flow
increases as a rule two or three times, but in some cases even 5 ta 10
times, the resting level and the increased flow is maintained for several
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hours  Ths, however, is a large dose of fat—much more than is ever
taken by man or animals under normal circumstances.

To wvestigate the effect of digestion and absorption of more physio-
logical diets on lymph flow, Simmonds (1955) fed to rats with thoracic
duct fistulae 1 g of dry skim milk powder or of full cream milk powder
or of standard rat nuts without giving any fluid. In other experiments
he gave 5 ml of 1o per cent (1e. 0-5 g.) skim milk or full cream milk
(Fig. 50). It became evident from these experiments that when dry
food was given, the lymph flow was increased only when fat was being
absorbed, When water was given, too, the absorption of the fluid tended
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(From Simmonds, 1955)

to mask the changes in lymph flow produced by the fat. These experi-
ments would suggest, therefore, that intestinal lymph flow is appreciably
increased during digestion only by absorbed water or by absorbed fat,
protemns and carbohydrates eliciting ittle or no increase in lymph flow

Absorbed flurd seems merely to dilute the extravascular fluid in the
intestinal mucosa, There is little increase n the capillary filtration of
protein.  The swollen extravascular space then shrinks to 1ts normal s‘ize
due partly to an increased flow of lymph of low protein concentration
and partly to absorption of protein-free fluid by the blood stream, The
latter process restores tissue fluid and lymph protein concentrations to
their preabsorptive values. During fat absorption, on the other hand,
there is not only an expansion of the extravascular space but also a great
increase in the turnover of extravascular protein. The lymph flow
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increases considerably but the protein concentration in the lymph does
not fall. This must mean that filtration from the blood capillanes is
increased and that the extravascular space later shrinks pari-passu with
the removal in bulk of tissue fluid and proten by the lymphatics (Sim-
monds, 19556}, The mechanism whereby capillary filtration of both
fluid and protein are increased during fat absorption but not during
protein and carhohydrate absorption is not clear. It may be associated
with motility of the gut, or with hyperaemia of the gut. All we know
at present is that when it becomes necessary for fat to be absorbed into
the lacteals, there is § d of lar fluid to carry
it away in the lymph.

In the human being Crandall, Barker and Graham (1943) studied
the effect of 50 ml. of olive oil and of a mixed meal consisting of boiled
chicken, cauliflower, } glass of buttermilk, white bread and a bowl of
vegetable soup The lymph flow increased in both cases as shown in
Table 1g  As with experimental animals the lymph flow after olive o1l
1s much more prolonged than after a low fat meal consisting of a good
deal of fluid; whereas the flow was still much above the resting level
4 hours after drinking the olive oil, it rose sharply and returned to the
imtial level 1n about 1 hour after the meal,

TABLE 19

‘The effect on the thoracic duct lymph flow tn man, of the ingestion of 50 ml
olive oil and of a mixed meal

s50ml Olite ol Mixed meal
Lymph flowo Lymph flowo
Trme ml /mn Time ml fmin
933 ©75 1245 099
948 o 81 100 147
1003 o8 113 135
1018 073 125 126
10133 060 Meal
1103 047 205 390
s0ml olive oil 230 3ss
1123 0358 235 2325
1153 064 2 50 151
1223 036 305 125
1ot 100
131 1350
201 1 60
231 173
3ot 109
331 151

From Crandall, Barker and Graham (1943)

Transfer of fat in the lymph The mode of transfer of fats through
the intestinal mucosa to the underlying tissue spaces has been the subject
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of debate for nearly a century and is still controversial. Up to the end
of the last century it was thought that fats after emulsification by the
bile, passed through the epithelial cell as fine particles and appeared in
the lymph as neutral fat. In 1900 Pfluger opposed this theory; he
postulated that ingested fat was broken down by lipase to fatty acids
and glycerol which entered the epithelial cells as sodium soaps and
glycerol, to be resynthesized chiefly to neutral fat (cf. Verzar and Me-
Dougall, 1936, Verzar, 1948). In recent years Frazer has put fornard
an hypothesis which combines these two theories. He suggested that
a portion of the fat is hydrolysed, the resulting fatty acid being absorbed
manly into the portal blood, while the remaining portion is absorbed
as a fine emulsion of neutral fat and passes into the lymph, This has
been called the * partition hypothesis” (cf. Frazer, Schulman and
Stewart, 1944 ; Frazer, 19432 and 3, 1946, 1948, 1952).

It is not proposed to enter into the controversy concerning the mode
of passage of the ingested triglycerides through the mucosal cells, Refer-
ence should be made to the papers and monographs cited, Once the
hpid 1s through the mucosa, t , its fate closely iated
with the lymphatic system. In 1891 Munk and Rosenstein found in 2
patient suffering from elephantiasts with a chylous fistula in the leg that
as much as 6o per cent of ingested fat could be recovered from the fistula.
For over half a century it was then assumed that approximately 6o per
cent of ingested fat is absorbed into the lacteals while the remaning
40 per cent goes by some other route, presumably the portal blood stream.

Apart from occasional cases of fistula 1n man, lymph has usually
been collected experimentally from animals under anaesthesia when the
digestion and absorption of fat are probably decreased For example,
Eckstein (1925) fed 5 to 100 g. of olive oil to anaesthetized dogs and
collected in the lymph during the next 6 to 21 hours only 4 to 21 per
cent of the amount of far adminstered; Morris (1954) introduced
3 mb/kg. of olve o1l into the stomachs of anaesthetized cats and rabbats
and found 6 to 21 per cent of this amount in the thoracic duct lymph
of the cats and only } to 2 per cent in the lymph of the rabbits dunng
the ensuing 8 to 1o hours. By the use of polyethylene catheters m
unanaesthetized animals and of radioactive isotopes to label the mgested
lipid practically all the ingested lipid can be recovered in the lyn.lph in
rats. Bloom, Chaikoff, Reinhardt, Entenman and Dauben, 1950, in on¢
senies collected 70 to 92 per cent and in a later series of experiments
this group of workers was able to recover in the lymph gr-g7 per cent
aof absorbed C'* as liprd C'4 when palmitic acid labelled with C!* was
given as triglyceride (Bloom, Chatkoff, Reinhardt and Dauben (1951)).
These and other similar experiments suggest that practically all ingested
fats, which in normal circumstances are ingested mainly as the triglycerides
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of palmitic, stearic and oleic acids, enter the lymphatics of the intestine
after absorption through the mucosa.

amounts produced no milki of the intestinal lymphatics and no
significant change in the chyle. Many direct ﬁndmgs fail to support
these observations after feeding fatty acids. That fed fatty acids were
absorbed into the lymph as trglycerides was shown long ago by Munk
and Rosenstein (1891) and Argyris and Frank (1913) and in more recent
years by Freeman and Friedemann (1935), Freeman and lvy (1935),
Bollman e al. (1950), Bloom et al. (1950), Bergstrdm et al. (1930, 1952,
1954), Borgstrom (1951), Reiser and Bryson (1951), and Simmonds
(1955a) By cannulation of the thoracic duct and collection of the
intestinal or thoracic duct lymph overwhelming evidence has been ob-
tamed to show that long chain fatty acids, whether fed as the free acid
or as the triglyceride, are transported from the 1ntestinal mucosa almost
entirely in the lymph and mainly as triglyceride. As we have seen in
Chapter 2, lipids 1n the tissue fluid 1n the form of chylomicrons readily
enter lymphatics in any region of the body. There is evidence, however,
that some of the short chain fatty acids do enter the portal blood stream.
Bloom, Charkoff and Reinhardt (1931) and Chaikoff ef al. (1951) showed
that whereas absorbed steanc, palmitic and pentadecanote acids can be

d almost q ively 1n the inal or thoracic duct lymph,
only 6o to 8o per cent of absorbed myristic acid, 15 to §5 per cent of
launic acid and less than 20 per cent of decanoic acid can be recovered
i the lymph, Kiyasu, Bloom and Chathoff (1952) determined the fatty
acid CU* 1n the plasma of the portal and mferior vena caval blood 30
10 1go mun after giving fat labelled with C!%.  When palmitic acid was
given the ratio portal vein fatty acid C14/1.V C. fatty acid C'4 was 0 g1-12
whule this ratic vanied from 1-3-g7 after feeding decanoic acid  These
findings are consistent with the view that short cham fatty acuds are
transported mainly by the portal pathway and long cham saturated farty
auds via the lymph.

In the postabsorptive ammal most of the lipids are carried 1n the
plasma as lipoprotein (Chapter 2). The plasma phospholipid in these
circumstances 1s formed mawly in the liver (Fishler ef al,, 1943) although
other tissues such as hean skeletal muscle, ludncy, small intestine and
lung do form pt ids from ad d labelled palmitic acd
(Goldman, Chakoff, Rcmhardt Entenman and Dauben, 1950) It has
been recognized for a long nmc that during fat absorption there 15
an increase 1n the F in the inal lymph
(cf. Verzar and McDuugall, 1936) Bollman et al (1950) found in
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unanacsthetized dogs with thoracic duct fistulae that the phospholipid
increased as much as threefold with the maximal increases found in
neutral fat.  As the total fat in the lymph increased, however, the fraction
due to phospholipid decreased (Table 20). ‘They also showed that there

TABLE 20
Total lipids and thesr distnbunion in thoracie duct lymph of the dog after 2
fat meal,
Total hipnds Neutral fat Phospholiprd Chalesterol
mg % %, of total % of total % of total
4371000 513 305 18
10012000 715§ 199 81
2001~3000 7953 149 57
3C01-4000 81 120 37
4001-5000 859 I 28

From Bollman, Flack, Cain and Grindlay (1950}

was no increase in liptd mn the hepatic lymph during fat absorption.
Bloom et al. (1951) fed rats labelled palmitic acid as tnglyceride and
found of the 91-g7 per cent of the absorbed labelled fat recovered in
the Iymph only 2:3-3-7 per cent of the labelled fatty acids had been
ncorporated into phospholipid. These experiments and others (cf
Bergstrom et al., 1950, 1952z; Borgstrom, 1951, 19522 and 8, 1953)
therefore suggest that phospholipid 1s formed in the intestines during
fat absorption but that quantitatively it 1s not an important transport
form for absorbed fat,

Morris (1954) determined the mterrelationships of the lipid fractions
1n thoracic duct lymph of the cat, rabbit and rat after the ingestion of
triolein During absorption the concentrations of all hpid fractions
mcreased in parallel, Fig. 51, and the results show that the phospholipid
was produced n the intestines since at all tumes the level in the lymph
was greater than in the plasma; that relative to the total postabsorptive
phospholipid in the plasma, the quantities of phospholipid in the lymph
may be considerable, but that relauive to the total amount of fat trans-
ported in the lymph the phospholipid fraction 1s small. When the fatty
lymph collected during fat absorption is centrifuged at 20,000 r.p.m,
the chylomicron layer will float to the top It was found by this pro-
cedure that all the ncrease in the phospholipid was n the chylomicron
layer while the lipid concentrations in the clear layer below were the
same as in the [ymph before fat adminstration. As we have mentioned
in Chapter z the electrophoretic patterns on the fluid after the separa-
tion of the chylomicron layer show that during fat absorption there 1s
no significant alteration in the lipoprotemns. i

There is also an increase in the cholesterol output m the thoracic
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duct lymph when fat is absorbed (Frohlicher and Sull 19343
Brockett, Spiers and Himwich, 1934; Frceman and Ivy, 1935 Boll-
man and Flock, 19515 Morris, 1934)  Like phospholipid, this is enly
a small fraction of the total lymph hpid and it seems likely that this
cholesterol is associated with the neutral fat in the structure of the chylo-
microns, Most of the absorbed cholesterol m intestinal Iymph is 1n the
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1eal Toul fatty acd
< 20
..E 20
o
= [Liprde phasphorus |
§ 301
} 20}
;' 10|
° bo

Total chofesterol

bagoor”™]

Lymph flow

-
23

mg per cont
58

.
g

24 6 810246 810246 810
Hours
Fic 51 —The flow and lipid composition of thoracic duct fymph after introducing
3ml /kg olive ol into the stomachs of cats and rabbits, and 1 m! alive oil into rats
(From \Morns, 1954)

form of estenfied cholesterol which is in marked contrast to the small
percentage in the intestinal mucosa. This indicates that large amounts
of cholesterol are estenfied by the intestnal mucosa By feeding labelled
cholesterol to unanaesthetized rats with a thoracic duet fistulz, Chakoff
et al (1952) showed that all absorbed cholesterol enters the intestinal
lymphatics, and Siperstein, Chaikoff and Reinharde (1932) showed that
bile was an obligatory requirement for the passage of cholesterol from
the intestinal tract to the lymph,

It would seem, therefore, that under normal circumstances ingested
fat after passing through the ntestinal mucosa enters the lacteals 1n the
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unanaesthetized dogs with thoracic duct fistulae that the phospholipid
increased as much as threefold with the maximal increases found in
neutral fat,  As the total fat in the lymph increased, however, the fraction
due to phospholipid decreased (Table 20). They alsa showed that there

‘TABLE 20
Total lipids and their distnbution n thoracic duct Jymph of the dog after 2
fat meal,
Total lipids Neutral far Phospholiprd Cholesterol
mg %% % of total % of total 9% of total
437-1000 s1°3 305 181
1001-2000 71°5 199 81
2001-3000 79'5 149 57
3001~4000 841 120 37
4001-5000 859 I383 28

From Bollman, Flock, Cain and Grindlay (1950)

was no increase in lipid in the hepatic lymph during fat absorption.
Bloom et al (1951) fed rats labelled palmitic acid as triglycende and
found of the 9197 per cent of the absorbed Jabelled fat recovered in
the lymph only 2-3-3-7 per cent of the labelled fatty acids had been
mncorporated 1nto phospholipid. These experiments and others (cf.
Bergstrom et al., 1950, 1952; Borgstrom, 1951, 19522 and b, 19§3)
therefore suggest that phospholipid 15 formed in the intestines during
fat absorption but that quantitatively it 1s not an important transport
form for absorbed fat.

Morris (1954) determined the interrelationships of the lipid fi
1n thoracic duct lymph of the cat, rabbit and rat after the ingestion of
triolesn, During absorption the concentrations of all lipid fractions
increased in parallel, Fig. 51, and the results show that the phospholipid
was produced n the intestines since at all times the level in the lymph
was greater than in the plasma; that relative to the total postabsorptve
phospholipid in the plasma, the quantities of phospholipid in the lymph
may be considerable, but that relative to the total amount of fat trans-
ported 1 the lymph the phospholipid fraction is small.  When the fatty
lymph collected durtng fat absorption is centrifuged at zo,000 rpm,
the chylomicron layer will float to the top. It was found by this pro-
cedure that all the ncrease in the phospholipid was in the chylomicron
layer while the lipid concentrations in the clear layer below were the
same as 1n the lymph before fat administration, As we have mentioned
in Chapter 2 the electrophoretic patterns on the fluid after the separa-
tion of the chylomicson layer show that during fat absorption there 1s
no significant alteration in the lipoproteins. .

There is also an increase in the cholesterol output in the thoracic
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and probably very permeable membrane. Two types of cells make up
this tenuous membrane. The first is an undifferentiated endothelial
clement, extending along the surface of the liver cells, sometimes closcly
applied to them, sometimes with a narrow cleft between. The cyto-
plasm of these cells is often continuous with that of the second type of
cell, the conspicuous stellate cells of Kupffer, which—in contrast to the

Ere

Fio s2—Ler of rabbit, iected mtrasenously with India nk
Le, lner celt, Ere, erythrocyte an lumen of sinusod , Flc, cosmophil leukocyte , @, cells of wall of

sunsiond 3 1CSIITG RN s 3y elote Cot of Rubers b and e, sumercons om s b &
eonn-azure 11 stain

(From Maximow and Bloom, A Textbook of Hutolory, W B Saunders Co, Philadelphia, 952)

Haemataxyhn.

simpler endothelal ining cells—are markedly phagocytic and stain mth
vital dyes. The Kupffer possess endoth
processes which seem to extend lnke lacework across the sinusords, an
arrangement very advantageous for making contact with foreign particu-
late matter i the blood (see Fig 52).

In the mammalian liver, the relation of blood capillaries to Iymph
vessels has been worked out by Lee (1923) This author found that
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form of chylomicrons which consist mostly of triglycerides but which
contain also some cholesterol and phospholipid. The lipid present as
lipoproteins in the intestinal lymph comes mainly from the plasma as
capillary filtrate ; 1t is small in amount compared with the amount of
fat that may be present as chylomicrons and does not alter appreciably
duning fat absorption

Absorption of protemn molecules and of particles. ‘The problem of the
direct absorption of unchanged proteins from the bowel has much jmpor-
tance in clinical medicine., It seems likely that any protein which passes
unchanged through the intestinal mucosa enters the lymphatics and not
the blood capillaries. Alexander, Shirley and Allen (1936) fed dogs
egg albumin by stomach tube and found 1t at once in the thoracic duct
Iymph but not in the portal blood. They concluded that lymphatic
absorption was necessary for systemic dosage with egg white. With
regard to proteins of larger molecular size, the feeding of colostrum to
the newborn of many spectes is followed by the appearance of certain
of the colostrum proteins in the blood serum. This capacity to absorb
large amounts of unchanged protein disappears within 2448 hours of
birth, Comline, Roberts and Titchen (1951) have shown that in new-
born calves these proteins, which are associated with the antibodies of
the colostrum and have the same electrophoretic mobulity as the adult
serum y globulins, are absorbed unchanged into the intestinal lymphatics
and not nto the blood stream

In the case of particles such as bactera, it 1s generally thought that
injury to the mucous membrane is necessary to permt penetration ; but
1t seems certain that such organisms as the typhoid bacillus must pene-
trate the normal epithelum and proliferate 1n the mucosa, particularly
n the lymphoid tissues. Once resident in the mucosa, these bacilli—
with hittle doubt—will after a time be found in the lymph, and will very
possibly reach the blood largely via the thoracic duct lymph. In recent
years it has been thought that the virus of poliomyelitts enters the body
through the alimentary tract  Although it has not been proved directly,
1t would seem reasonable to postulate that this virus passes mto the
lymphatic vessels 1n which 1t is conveyed to the blood stream (see also
Chapter 7).

Liver

General anatomscal arrangement
It is now generally believed that no direct communications exist
between the portal blood and the liver cells, but that the cells are separated
from the blood in the sinusoids of the lobules by an extremely dehcate



LIVER 143

towards the porta hepatis where they enter the hilar lymph glands ~ From
these lymph glands efferent vessels pass in the lesser omentum to the
cisterna chyli  ‘This is probably the main flow of lymph from the liver,
and 1n collection of liver lymph, it is one of these vessels that is usually
cannulated (cf. Cain et al, 1947) All the liver lymph, however, does
not pass by this route. Some flows through vessels which traverse the
falciform ligament and the diaphragm anteriorly to enter substernal
lymph nodes, some passes through vessels accompanying the hepatic
veins and enters the lymph nodes lying adjacent to the upper end of
the infertor vena cava, while some drains by commumcating channels
with the vessels of the gall-bladder. The general arrangement of these
pathways is shown diagrammatically in Fig 53. [t must be remembered,
therefore, that by ligating or cannulating the main lymph channels
emerging from the porta hepatis not all the liver lymph is prevented
from entering the circulation or 13 collected in the cannula,

Floto and composition of heer Iymph

1t has long been thought that the liver was responsible for furnishing
a large part of the thoracic duct lymph.  Although Markowitz and Mann
(1931) 1n experiments in which they collected thoracic duct lymph from
dogs, found no dimnution in the volume of this lymph after ligation
of the periportal lymphatics or after liver removal, experiments described
on page 123 suggest that the lymph from the liver contributes a consider-
able part of the thoracic duct flow in dogs and cats but perhaps less in
rats  No information is available concerning the amount of lymph that
flows nto vessels other than those emerging from the liver at the porta
hepatis

The permeability of the endothelsal lining of the lver sinusoids has
generally been regarded as high  Starling (190g) measured the protemn
concentration of hver lymph collected from large vessels 1n the lesser
omentum, and found nearly as much protein as n the circulating blood
Field and her associates (1934-1935) collected liver lymph from 4 dogs,
the protein concentration averaging 5-32 per cent, while 1n a series of
10 cats McCarrell, Thayer and Drinker (1941) found that on an average
the protemn concentration was 5 74 per cent in the plasma and 5-58 per
cent in the Iner lymph, The flow and composition of lymph collected
from the liver and from the intestines 1n a series of dogs and cats are
shown in Table 21 (overleaf), It 1s evident that 1n these amimals the
hiver contributes a very high proportion of the extravascular protein
m thoracic duct lymph.

In the liver, therefore, there 1s a low filtening head of pressure, a
high Iymph flow and the highest protein concentration of lymph from
any part of the body. These factors would suggest a high permeability
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“Tymph vessels formed a vich plexus i Glisson’s sheath and liver cap-
sule, extended up to but not within the liver lobule, formed many
anastomoses between portal units, and established abundant i

tions with similar vessels in the walls of hepatic veins”. One must
constder that fluid and solutes leave the liver sinusoids in the lobule

F16 53 —Schematic diagram of lymphanc dranage of Iver The arrows
indicate the direction of the lymph flow
A
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and are, for a time, tissue fluid between the liver cells and the walls of
the sinusoids. This fluid in so far as it is removed as lymph, remains
extravascular until 1t reaches lymph capillaries at the periphery of the
lobule and until these capillarics, in their turn, eventually delver it to
trunk vessels, such as those in the lesser omentum.

The lymphatic vessels i Glisson’s capsule ultimately pass mainly
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Watson and Bale, 1951; Miller and Bale, 1954; Miller, Bly and
Bale, 1954) It 1s not certain, however, how these newly-formed
proteins enter the blood stream.

Tt would seem that any protein formed by the liver cells would pass
1nto the space between the cells and the endothelial lining of the sinusoids
where it would mix with the extravascular fluid. Then with this fluid
and the protein escaping from the sinusoids it would pass to the periphery
of the lobules, where it would enter the lymphatic capillaries and be
carnied away by the liver lymphatics. If newly formed protein could
pass from the liver cell through the endothelium of the sinusoids drectly
mto the blood stream, 1t 1s hard to understand why lymphatics in the
Iner are necessary at all.  For, if newly-formed plasma protein in the
flud spaces can enter the blood stream directly, there seems no reason
why extravascular protein should not return by this route,

Experiments by CoTui, Barcham and Schafiroff (1944) provided
evidence to support the view that newly-formed proteins mainly entered
the blood by way of the lymph They ligated the thoracic ducts in
one group of dogs, bled them and followed the concentration of protein
n the bload  they compared the tesults of those obtained after haemor~
thage in dogs with thoracic duct intact. The level of proten in the
blood returned to normal within two days in dogs with thoracic duct
intact and eight days in those with ligated thoracic ducts. The con-
clusions drawn were that protein formed in the liver entered the blood
stream by way of the lymph and that by eight days anastomotic channels
were opened up.

Experiments with thoracic duct fistulae 1n ammals, however, do not
support this concept There 1s no doubt that both 1n man and amimals
the loss of protein through a thoracic duct fistula leads to considerable
plasma protein depletion ; but the evidence shows that the depletion of
protein in the blood is not nearly as great as the actual loss of protemn
in the fistula, With the use of polyethylene tubing, lymph may flow
from a thoracic duct fistula 1n an animal for several days. Glenn et al,
{1949) observed the protein i serum and lymph in six dogs, each with
a thoracic duct fistula  The right lymph duct had been previously
ligated, so that lymph from the thoracic duct was prevented from passing
along anastomotic channels to enter the blood stream on the nght side.
The results of these experiments ate given in Table 22. With the con-
stant loss of protein from the thoracic duct, the plasma protein level
fell on an average from 61 to 3-8 g per cent 1n 3 to 8 days. In dogs
at least 50 per cent of the blood plasma protein 15 lost per day from the
thoracic duct so that in these experiments newly-formed protein must
have entered the blood stream. In acute expeniments with cats, Korner,

Morris and Courtice {1954) also showed that appreciable amounts of
Lo—L



144 PHYSIOLOGY OF REGIONAL LYMPHATICS
TABLE 21
‘The protein in plasma, hepatic and intestinal lymph of the dog and cat, g %.
Number of  Lymph flow Total
ammals ml./kg./hr,  protein  Albumin  Globuln
Dog (Nix et al | 1951)
(1) Plasrna | 13 — 567 341 226
Hepatic lymph — 10 4139 274 165
(1) Plasma . 10 — 567 347 220
Intestmnal lymph — o8 279 190 o8y
Cat (Morris, unpublished
data)
Plasma . s — 6 60 311 349
Hepatic lymph — o7 612 292 320
Intestinal lymph — 12 526 262 264

of the liver sinusoids to protein.

That most of the protein in the Iner
lymph comes from the plasma has been shown by labelling the intra-
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Fic 54 —The specific actnity of the plasma
and the hepatic and intestinal lymph of the
cat following the 1ntrasenous imection of
the dye T1824 which acts as a label for the

plasma proteins

Specific activity = o
(By courtesy of Mr Bede Morns)

protein with the exception of gamma-globulin (cf.

Ti824 concentration mg :ltre

vascular plasma proterns with the
dye, T1824. In such experi-
ments the specific activity of the
hepatic Iymph approaches that of
the plasma much more rapidly
than in the case of the mntestinal
lymph, Fig. 54. If the inferior
vena cava just above the lver 13
constricted to raise the pressure
in the sinusoids somewhat, the
specific activity of the hepatic
Iymph may reach that of the
plasma within half an hour
{Morris, 1956a). 3
In addition to the protein
which escapes from the plasma,
however, it is possible that
hepatic lymph contains protetn
that is manufactured n the liver
cells. Tt is now generally agreed
that plasma proteins are readify
formed in the liver and that the
liver is the most active nussue
n the formation of all plasma
Madden and

Whipple, 19405 Whipple, 1942 ; Shemin and Rittenberg, 1944 ; Sprin-
son and Rittenberg, 1949; Tarver and Reinhardt, 1947; Muller, Bly,
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this loss continued for 3 to 4 days, it is apparent that new protein must
have entered the circulation,

These cxperiments on rats give conclusive evidence that newly-
formed protemn enters the blood stream other than by the thoracic duct.
It 15 possible that some hver lymph passed by the accessory lymphatic
channels described earlier. It seems hardly likely, however, that such
large quantities of plasma proteins would enter the blood stream by
these routes. It would mean that these accessory liver lymph channels
convey per day to the blood stream protein and fluid equal to or greater
than the total amount present in the plasma initially ; that is, the flow
from the accessory channels would have to be very much greater than
from the main channel and nearly as much as from the entire thoracic
duct ‘The balance of the evidence, therefore, suggests that 1n the liver
newly-formed plasma protein may enter the blood stream directly through
the walls of the sinusoids

Not only do plasma proteins pass through the walls of the liver sinu-
soids more readily than through the vascular endothelium of any other
region so far investigated, but also, as we have seen in Chapter 2, fat
which 1s present 1n the blood stream as chylomicrons, The experiments
already described suggest that the chylomicrons themselies rapidly

i

P the b without first being broken down to
smaller complexes,

Lymph flow in hver damage

It seems clear that the lymph from the liver and the intestines
normally returns to the blood stream a large amount of extravascular
fluid and protein  Much consideration has been given to the problem
of the ongmn of ascitic fluid in ascites (gv) The hver lymph flow
following Liver damage is therefore of great importance in the study of
this problem,

One of the chief ways of producing ascites in animals is by gradually
constnicting the inferior vena cava above the diaphragm by means of
cellophane bands  In time the fibrosts produced constricts the vetn, and
gross ascites may result. In these circumstances the lymphatic vessels
are ditated, the lymph flow and the protein turnover in the liver 15 very
greatly mereased (Nix et al, 1951)  Table24 (overleaf)shows the results of
experiments 1 dogs. As in any tissue with gross venous congestion,
the lymph flow and protein are greatly mcreased, indicating increased
filtration through the sinusoidal membranes when the filtering pressure
1s raised  The spillover of lymph from the liver 1s thought to be the
man source of ascitic fluid in these experiments,

Laver lymph 1n experimentat cirrhosis has also been investigated.
In rats and 1n dogs liver damage resulting in nodular cirrhosis and ascites
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TasLe 22
Protemn concentration in plasma and 1n thoracic duct lymph in dogs with thoraac
duct fistulae,
Duration of Plasma proteins g °, Lamph proteins g °o
fistula day s Imtial Final Imtral Final
4 6 46 418 341 187
5 543 386 391 oot
5 708 422 435 192
8 581 271 410 034
3 6os 371 304 1-06
3 583 414 230 109
Mean 611 38 366 120
Compiled from dataof  Glenn, Cresson, Bauer, Goldstein, Hoffman and Healy

(1949)

newly-formed proten were added to the circulating blood when the
thoracic duct lymph was dramned away from the body.

Many experiments in rats suth thoracic duct fistulae show conclusively
that the loss of protemn from the thoracic duct is much greater than the
loss of protemn from the blood (cf. Shrewsbury and Reinhardt, 19523
Forker et al, 1952; Simmonds, unpublshed data). The results of
Shrewsbury and Reinhardt are summanzed in Table 23. The loss of

TABLE 23
Figures for a 4-day penod in rats with free access to food and either 1% NaCl

or water

1°5 NaCl Water

Number of expertnents . . . . R 8 6
Jrutial body weight g . P . . 199 233
Final body weight g. . R Ll D s 183
Fluid 1intake ml. . . . . 686
Lymph output ml . . o . 557
Unmne output ml, . P .. . b9
Lymph proten g, R B . . - 32
Lymph protein g, % - R X o6
Plasma protem imtial g %5 - . . . 542
Plasma proten final g %, e e e . 329 321
Total crrculating plasma protewn wutial g. P 040 042
Fotal circulating plasma protern finalg. . . . - oz5 ©39

From Shrewsbury and Reinhardt (1952)

protein in the lymph in 4 days was 5 to 8 times the nitial total intra-
vascular plasma protein while the loss of protein from the plasma was
only 7 to 40 per cent of the initial amount. In similar experiments
Gimmonds showed that in rats with an initial total intravascular plasma
protein of o352 g. the average daily output of protein was 046 g. As
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this loss continued for 3 to 4 days, it is apparent that new protein must
have entered the circulation,

These experiments on rats give conclusive evidence that newly-
formed protein enters the blood stream other than by the thoracic duct.
1t is possible that some liver lymph passed by the accessory lymphatic
channels described earlier. It scems hardly likely, however, that such
large quantities of plasma proteins would enter the blood stream by
these toutes. It would mean that these accessory liver lymph channels
convey per day to the blood stream protein and fluid equal to or greater
than the total amount present in the plasma imtially; that is, the flow
from the accessory channels would have to be very much greater than
from the main channe] and nearly as much as from the entire thoracic
duct. The balamne af tha mndanna tharalnea crimcaces dhat 2o sha 10 nn
newly-formec
the walls of

Not only do plasma proteins pass through the walls of the iver sinu-
soids mare readily than through the vascular endothelum of any other
region so far investigated, but also, as we have seen in Chapter 2, fat
which 1s present in the blood stream as chylomicrons. The experiments
already described suggest that the chylomicrons themselves rapidly

the dal b without first being broken down to

P
smaller complexes,

Lymph flow ot hver damage

It seems clear that the lymph from the liver and the intestines
normally returns to the blood stream a large amount of extravascular
flud and protein,  Much consideration has been given to the problem
of the origin of asatic fluid in asertes (gv.). The liver lymph flow
following lver damage is therefore of great importance 1n the study of
this problem

One of the chief ways of producing ascites 1 animals is by gradually
constricting the inferior vena cava above the diaphragm by means of
cellophane bands  In time the fibrosis produced consteicts the vein, and
gross ascites may result. In these circumstances the lymphatie vessels
are dilated, the lymph flow and the protein turnover in the liver is very
greatly increased (Nix er al., 1951).  Tablez4 (overleaf)shows the results of
experiments 1 dogs. As 1 any tissue with gross venous congestton,
the lymph flow and protein are greatly increased, indicating ncreased
filtration through the sinusoidal membranes when the filtering pressure
1s rased  The spiflover of lymph from the liver 13 thought to be the
mamn source of asaitic Huid 1n these expeniments.

Laver lymph in expenmental cirthosis has also been investigated.
In rats and in dogs hiver damage resulting in nodular cirthosts and ascites
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TABLE 24

Flow and composition of hepatic lymph 1n normal dogs and in dogs with liver
congestion caused by constriction of the inferior vena cava above the diaphragm,

Normal dogs Dogs wath hepatic congestion

Mean of 13 Dog 1 Dog 2
Lymph flow ml /hr | . 148 30 s0
Total protein g % {7 25™2 - 567 605 595
ymph 430 441 540
Lymph protetn mg ‘hr B 662 1,320 2,600

From Nix, Mann, Bollman, Grindlay and Flock (ros51)

was produced by the inhalation of carbon tetrachloride for six hours
three times a week for 5 to 6 months (Nix, Flock and Boliman, 1951;
Nix, Mann, Bollman, Grindlay and Flock, 1g5:). The results in
Table 25 show that 1n the cirrhotic liver the lymph flow and protein
turnover are both greatly increased  The mechanisms concerned in the

‘TABLE 25
The flow and composition of lymph in rats and dogs with circhosis of the Iner
caused by repeated of carbon de  The lymph was collected
from the cisterna chyly 1n the rat and from the hcpzmc duct 1n the dJog.
Lymph Lymph
floww Proten g % proten
ml  hr Plasma Lymph mg [hr
ts
Normal {10) 042 + o006 582 +to02 306 +o2 127 + 20
Cirrhotic (4) 260 = 042 516 x07 401 +03 1050 1 40
ogs
Normal  (13) 148 567 439 662
Cirthotic (1) 70 645 508 3,546

From Nix, Flock and Bollman (1951)

production of ascites will be considered 1n more detail later mn this
chapter and in Chapter 8.

GaLL-BLADDER

Three lymphatic plexuses may be identified in the wall of the gall-
bladder. In the subepithelial layer 15 a plexus devoid of valves; this
plexus does not extend into the stroma of the mucous folds, but 1t
anastomoses by means of vessels which penetrate the muscular layer
perpendicularly with a second plexus in the penmuscular Iayer. In this
region the lymphatic vessels are larger, u—regular in contour, possess few
valves and they drain through short trunks into the third or subserous
plexus which 1s present over the free portion of the gall-bladder. These
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subserous vessels are large, rather straight and possess numerous valves.
‘The final channels ke close to the cystic duct and drain inte lymph nodes
at the head of the pancreas and close to the duodenum (cf. Sudler, 1901 ;
Winkenwerder, 1927).

Lymph may be collected by cannulating one of these final collecting
ducts McCarrell, Thayer and Drinker (1941) found that the flow in
the cat was large, varying from 11°2 to go 7 mg./min , i €. 0 7 to 5.4 ml./hr.
This high rate of lymph flow was no doubt due to connections with the
lymphatics of the liver. Such i has been lly recog-
mized (cf. Sappey, 1874; Sudler, 1gor; and Baum, 1918) although
Winkenwerder could not demonstrate connexions between the two
systems by retrograde injectians of the gall-bladder aad lwer lymphatics
of the cat. McCarrell et al injected graphite and the dye T1824 into
the liver and found that the injected matenal rapidly entered the gall-
bladder lymphatics

Not only 1s the lymph flow considerable, but the protein concentra~
tion 1s also high, the same as in liver lymph,  In a series of cats McCarrelt
et al, found that on an average the protein content of the plasma was
574 per cent, of liver lymph 35-58 per cent and of gall-bladder lymph
561 per cent It would seem, therefore, that most of the Iymph col-
lected from the main lymphatic vessels of the gall-bladder comes from
the liver, Because of this communication there 1s no information regard-

mg the composition and flow of lymph actually produced in the gall-
bladder.

SKIN AND SUBCUTANEOUS TISSUES
1 ical distribution of Iymphatics
In the devel of the skin lymphatics, a single primary plexus
of unvalved vessels covering the whole body surface 1s first formed along
the inner border of the corium as outgrowths of the jugular and ilac
lymph sacs (Sabn, 1904}  From this primary plexus, which later becomes
valved, sprouts grow outwards nto the corivm to form the superficral
plexus, extending into the papillae In general, in the fully developed
orgamsm, the lymphatics of the skin have been observed to consist of
a superficial plexus in the conum and another plexus lying in the deeper
part of the corum or in the adjacent subcutaneous tissue (Sappey, 1874).
No lymphatic vessels have been demonstrated 1n the epiderms. ~ Fig. 55
{(Kampmeier, 19284) is a reconstruction of the two plexuses There is
depicted a superficial network of vessels with irregular meshes and con-
tawnung few valves, from which branches here and there drain into the
more slender valved vessels lying deeper Forbes (1937-1938) has
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modified this distribution slightly by describing in human shin two super-
fiefal plexuses without valves, lying in the outer two-thirds of the conum
and the deeper valved plexus occupying the mner layer of the dermis
and the superficial zone of the subcutancous tissue This pattern,
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demonstrated histologically, was found to be much the same in all areas ;
in the sole of the foot and the palm of the hand, however, there is a
nicher network than elsewhere.

In the living animal the lymphatics of the skin have been displayed
by the intracutaneous injection of dyes or graphite. Hudack and
MeMaster (1932) injected a small amount of dye into the skin on the
outer side of the ear of the mouse. ‘The dye readily passed into the
lymphatic capillaries, and by varying the depth at which the dye was
placed, they revealed a superficial and a deep plexus of lymphatics,
intercommunicating and both possessing valves, In appearance the
Iymphatics were irregular channels of highly varying size and shape, the
smallest lymphatics observed by the method being 15 # in diameter,
much larger than the blood capillaries No matter where dye was
injected in the ear, it was always transported towards the head ; it could
only be forced to the periphery by rupturing valves. In man the super-
ficial plexus was seen to Le in the papillary stratum of the conum with
blind ends extending into the papillae, while deeper in the skin, in the
lower layer of the corium and in the subcutaneous tissue, another plexus
of lymphatic capillaries was observed (Hudack and McMaster, 1933).

So cl hed were these lymphatic networks that 1t was not possible
to make an intradermal injection without injecting the lymphatics, 1In
practice, f every intrad 1 injection 1s an intralymphati

ymp.

mjection as well.

Flow and composition of lymph from the skin

The skin is a very extensive organ with a high ewtracellular fluid
phase and with dense networks of Iymphatic capillaries. Under normal
crcumstances, however, the flow of lymph from the skin is relatively
small. If a cannula is inserted into a lymph trunk draning the foreleg
of a dog, for example, there is usually no flow of lymph when the leg
15 at rest; but any movement, either passive or active, or massage along
the course of the duct will cause lymph to flow into the cannula, This
lymph has a lower protemn concentration than has lymph from most
other organs of the body; in animals it usually hes within the limits
of 03 to 2 per cent. Although at rest the lymph flow from the shin
1s not high, and the protein concentration is relatively low, the lym-
phatics are essential for the removal of this protein. If they are blocked
lymphoedema and elephantiasis are observed. A more detailed account
of flow of lymph from the skin in normal circumstances, howeser, wll
be given in Chapter 4.

The lymphatics of the skin play a prominent réle 1n many patho-
logical condiions. A large volume of extracellular fluid, for example,
may accumulate m the skin giving rise to visible cedema, the protein
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maodified this distribution shghtly by deseribing in human skin two super-
ficial plexuses without valves, lying in the outer two-thirds of the corivm
and the decper valved plexus occupying the inner layer of the dermis
and the superficial zone of the subcutancous tissue. This pattern,
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i 55 —Reconstruction of a smull portion of the lymphauc plexus in 8 cutancous
and subcutaneous area of the leg of a 130 mm (4 3 months) foerus,
ute e yn the upper cornes tndicates natural size of the area shown.  Note the numerous vilves,
a0 e et of the bhitancous plexus voto the deeper, more repulacty disposed, snd more slender
Timph channels VS, \ena Xaphena magna
(From Kampmeier, 1928, Fig 31, p 442}
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tion of particles. Boyland ef al. found that the greater the air flow, the
more the larger p:mclcs were held up in the nose, while Davies showed
that slow deep breathi d the ion of small particles on
the surfaces of the bronchioles and alveoli. This is readily understood
when we realize that the deposition of the larger particles is by the pheno-
menon of impingement, whereas that of the smalfer particles is by
sedimentation,

Not only particles, but vapours, too, may be differentually held up
in the respiratory tree. Camtmn. Gaddum aml Short (1946) showed
that whereas the vapour of ide) and of
m(mgen—musmrd (8,1 dxchlomdxcthyl methylamine) was ncarly all held
up in the nose, phosgene (carbonyl chloride) largely passed through the
nasal cavity and affected the lower respiratory tract.

Having been deposited on the walls of the respiratory tract, these
droplets or particles may be dealt with in different ways and the part
played by the lymphatics will vary with the circumstances. The particles
may be soluble, in which case the smaller molecules may be absorbed ;
they may be irritant in which case the secretion of mucus will be increased
but at the same time the membrane may be damaged; they may be
Inving orgamisms, as in the case of viruses or bactetia, and so may multiply
n the membrane,

The role of the lymphatics g the e flular fluid and
protein and 1n absorption from the outside air will be considered firstly
1n the upper respiratory tract where the air is largely filtered, moistened
and warmed, and then 1n the lungs where the gaseous exchange occurs.

The Upper Respiratory Tract

() The ﬂawphnrynx Anatomucally, the nasal mucous membrane
differs in different regions. The resp y patt of the E is
columnar and ahiated and in man these nll:\ direct the entire mucous
dratnage toward the nasopharynx (Lucas and Douglas, 1934) In the
olfactory region, however, which consists of the supertor masal concha
and the opposed part of the septum, the mucous membrane consists of
the bipolar alfactory cells and supporting epithelial cells which are not
cihated. Much attention has been focussed on absorption through the
olfactory membrane because of the possible communications by way of
the olfactory nerve fibres, with the central nervous system It has been
thought that some viruses may gain entry to the body in this way, but
this will be considered in more detail later.

Beneath the epithelium 1n the submucosa is a very rich lymphatic
plexus, Figs. 56 and 57 (of Yoffey and Drinker, 1939~1940; Yoffey,
1949). The lymph from these vessels drains into the deep cervical
lymphatics, which after passing through the deep cervical nodes enter
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concentration of this fluid may vary from very Intle as in nephrosis to
the level 1n the plasma as in thermal burns. In all these conditions the
lymph vessels play a part in restoring the flurd balance to normal. In
many other circumstances such as infection, injury and inoculations the
lymphatics are involved , further discussion of these topics will be found
1 Chapter 8

Tue RespiraToRY TRACT

We are concerned here with the passage of plasma protein through
the capillaries of the systemic circulation in the upper respiratory tract
and through the capillaries of the low pressure lesser circulation in the
alveolt. In addition there is always the possibility of absorption of sub-
stances from the outside air into the Iymph vessels. The surfaces of
the respiratory tract are continually in contact with the atmospheric 2ir
which often contams particles of different sizes, both inammate and
ling  These particles may be arrested in one or other part of the
resprratory tree where vanous lines of defence must be overcome before
the substance can gan entrance to the lymphatics (Fenton and Larsell,
1937) In the upper respiratory tract, which is, in the mam, lined by
columnar ciliated epithelium, the first barrier is a layer of mucus and
the action of the cilia ; the second is the eprthelum itself. In the alveo}l
these barrers are not present—the existence even of an attenuated epi-
thelium has been hotly debated—but here phagocytosis plays an impor-
tant réle 1n preventing the entrance of particles into the body (cf. Robert-
son, 1941). Particles or other substances which do penetrate these
barriers come into close association with the lymphatic capillaries forming
the next hine of defence.

The site of deposition of inhaled particles in the respiratory tree
depends to a large extent on their size. Boyland, Gaddum and McDonald
(1947) showed that 1n man and 1n various experimental animals the larger
the particle the more it is held up by the nose  Practically all particles
larger than 15 ¢ 1n drameter were deposited on the nasal mucous mem-
brane, whereas those of the order of 1 g 1n drameter passed through
the nose. Davies (1946, 1949) concluded that nearly all droplet particles
greater than 12 g i diameter were retained in the nose, while those of
4 # diameter were deposited manly 1n the nose, bronchi and bronchioles
Smaller particles, however, from 0-8-1-6 s in diameter were deposited
mainly in the alveol and fine bronchioles, whereas those of g2-03 )t
in diameter were 11 part retained in the alveolt but in the main were
breathed out again. Yet smaller particles deposited 1 the alveoli and
small bronchioles because of their Brownian motion. X

The type of breathing was also found to affect the degree of deposi-
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the veins at the base of the neck with, or close by the entrance of, the
thoracic duct on the left side and of the right lymph duct on the nght
side (¢f Blumgart, 1924, Larsell and Fenton, 1936 ; Yoffey and Drinker,
1938, 1939-1940; Yoffey, 1941). In the cat and dog the deep cervical
nodes consist of one large gland on erther side close to the bifurcation
of the common carotid artery, while in the rabbit there are frequently
two nodes and 1n the monkey a chain of five or more on each side.
The rich lymphatic plexus in the nasal mycosa is no doubt necessary
to ensure the removal of tissue fluid and so to provide a clear airway
This membrane 15 also very vascular ; great changes in blood flow may
be brought about by varations in the air breathed and by nasal irritants,
leading to changes in the amount of tissue fluid formed. Not only may
the vascularity be altered, but the permeability of the capillary membrane

b

'-l'.
.

Fi€. 56 —One of the turbinate bones showing the lymphatics of the nose
The smaller vessels are completely filled wath 10k, whereas 1n the larger vessels the lumen 13 slmost
empey, and the ink has adhered to the walls
{From Yoffey, 1949}

to proteins may be increased by many irntants, resulting in oedema.
The role of the lymphatics 1n removing oedema fluid has been observed
Xperi y ing the deep cervical duct and collecung
lymph before and after the application of an irritant to the nose (Cameron,
Courtice and Short, 1947) When the arsenical vesicant, lewisite, was
applied to the nasal mucous membrane, the resulting oedema greatly
increased the tissue tension, so that the lymph flow often became spon-
taneous without passive movement of the head. The protein content
of the lymph rose until 1t reached the level in the plasma, Fig. 58 In
any nasal infection or xrritation the lymph flow will no doub't be ncreased
by the increased tissue tension produced and by the pulsati of the
dilated blood vessels (Robison, 1950) The close approximation of the
mucous membrane to the rigid bony surfaces of the nose ensures a steep
rise in tissue pressure as SOON as excess tissue fluid is formed, and it is
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normal physiological saline (NcCarrell, 1939) solutions of prussian blue
(Blumgart, 19245 Clark, 19293 Rake, 1937), phenolsulphonphthalein
and potassium iodide {Blumgart, 1924), pituitrin (Blumgart, 1922), lead
carbonate (Blumgart, 1923) and mecholyl (van Dellen, Bruger and Wright,
1937) have been found to penetrate the normal nasal mucosa.

The rapid absorption of water through the nasal mucosa was shown
by McCarrell, who cannufated the cervical ducts in cats and collected
the lymph before and during the wrigation of the nose with disuiled
water. ‘The lymph flow rapidly increased and the protein level 1 the
lymph fell, indicating that some of the water, after penetrating the mucosa,
entered the lymphatic vessels. The ahsorption of isotonic saline was
very much slower and was scarcely detectable by this methad The
uptake from the nose of other small molecules into the body, presumably
by both the blood and lymphatic vessels, has been ascertained tn various
ways, Phenolsulphonphthalein and f ium 1odide were observed 1n
the unine ; pituitnin prevented polyuna in patients with diabetes insiprdus
and mecholyl was shawn to cause a fall in blood pressure. The exact
pathmay of entrance of these substances was not ascertained, but it
would seem that they penetrated the mucosa by diffusion.  With prussian
blue, however, the pathway could be followed, for, on acdifying the
tissue post mortem, the prussian blue showed up as blue granules It
was found by Blumgart in the cat, by Clark in the rabbit and by Rake
1n muce that prussian blue penetrated the olfactory region of the mucosa
‘The blue granules were observed both in and between the olfactory cells,
1n the loose connective tissue of the submucosa and in the lumen of
some of the thin-walled lymphatic vessels and in the blood vessels,
These expeniments suggest that the small crystalloids enter the body by
diffusion matnly through the olfactory region of the mucosa,

Collods.  'The diffusion rate of collords 15 very much less than that
of the smaller erystalloids, so we would expect them to enter the lym-
phatics with much less ease  Yoffey and Drinker (1938) studied the
absorption of Trypan blue and of Evans blue {T1824), molecules with
a molecular weight of about 3,000, when apphed to the normal nasal
mucosa of animals. By cannulating the cervical lymph ducts they found
that these dyes appeared in the lymph in 15-30 minutes m the cat and
monkey, 51-53 minutes in the dog and 14 minutes 1n the rabbit ~ Although
these mofecules penetrated the nasal mucosa and stained the lymph blue,
the amount of absorption was probably small,

Using larger molecules, Yoffey, Sulliwan and Dnnker {1938) found
that egg albumin passed into the lymph; serum albumin did not appear
in the lymph of the cat but 1t did in the rabbut, while horse serum was
not detected in any amimal  Nor did the dye T1824 appear i the lymph
when it was added to horse serum to form a dye-protein complex. It




156 PHYSIOLOGY OF REGIONAL LYMPHATICS

this rise in tissue pressure that increases the lymph flow and so clears
the mucous membrane of the excess fluid and extravascular protein,
Besides fluid which filters through the capillaries of the nasal mucoss,
some cerebrosprnal fluid also passes into the nasal mucosa to be absorbed
in part at least by the nasal lymphatics.

Although the most prominent function of the lymphatics of the nasal
mucosa is to remove any excess extravascular fluid and protem, as in
any other region of the body, attention has been focussed on the absorp-
tion of substances and particles which have been deposited on the nasdl
mucosa from the outside air. This is especially the case regarding the
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Fia 58 —The flow and proten compositton of lymph from the cervical duct of the
dog, before and after the application of the arsenical veswcant, lewssite, to the
nasal mucosa

(From Cameron, Courtice and Short, 1947)

portal of entry into the body of certain viruses and bacteria, Viruses,
themselves, are very small particles varying in drameter from o o1-0 015 ¢
1 the case of poliomyelitis virus to 0 25-0-275 # in the case of psittacosis
virus (Mueller, 1941)  As such they would not to any extent be deposited
in the nose; but they are generally inhaled in droplets which have a
very much larger size, so ensuring that they will be deposited largely
on the nasal mucosa.

In an endeavour to ascertain the pathways of entrance into the body
of these particles, substances of varying molecular or particle size have
been applied to the nasal mucosa and their penetration of the membrane

studied. .
Water, crystalloids and other small molecules. Besides water and
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When poliomyelitis vitus, which is only o o100 015 s 1t diameter,
was npphcd to the nose, howeser, Yoffey and Drinker (1939) could not
detect 1t in the cenvical jymph of monkeys even though these amimals
later developed paralysis. They collected lymph at several different
stages from the first few hours after instillation up to the development
of paralysis. Yrom these expeniments they concluded that the stram of
virus used did not spread by way of the lymphatic vessels and nodes,
or, if it did, it was present 1n concentrations below the minimal infective
dose,

So far as viruses are concerned, it is fair to conclude that penetration
of the nasal mucous membrane cannot be predicted on the basis of virus
size, and that only viruses which multiply in the membrane enter the
Iymph in amounts great enough for detection.

Bacteria  1f size alone were the only significant factor, bacteria, like
inanimate particles, would not penetrate the mucosa and enter the fym-
phatics  Blumgart (1924), using a fixed suspension of staphylococcus
aureus, found that these organisms were not absorbed through the nasal
mucosa.  Living organisms, howeser, such as memngococcus and haemo-
phulus influenzae, apparently muluply on and within the nasal mucosa,
from which they spread to other parts of the body. Schulz, Warren
and Drinker (1938) using rabbits anaesthetized with nembutal, instilled
rabbit-virulent type 111 pneumococet into the nose, the trachea being
cannulated to preclude lung absarption  The orgamsms were frequently
collected from the cervical lymph at the end of one hour, and rarely
falled to be present in four hours. The pneumococa also entered the
blood, but imanably were found first 1n the lymph, The orgamism
:mpluyed was not mgcs(ed by phagacytes in the rabbit and apparently

d the nasal b only after
damaging 1t. Rake (1937), m\es!lgntmg the poss:hlc pathway from the
nose through the enibnform pla(e to the brain, in mlcc, nstilfed cultures
of virulent type III p and of sal ditss 1nto the
nasal cavity, He found in as short a time as 1 to 30 minutes that the olfac-
tory area of the bram gave in most cases a positive culture of these

He luded that these could rapidly p
the olfactory mucosa by passing between the olfactory cells.
(n) The Accessory Sinuses  'The frontal, ethmoidal

P
sphenoidal and maxillary—are all lined with ciliated columnar epithelium
which 15 continuous through openings with the mucesa of the naso-
pharynx  Absorption of substances through the normal mucosa is
probably very slow, McCarrell (lg.;o) injected a solution of T1824 mnto
the frontal sinuses of the dog, but in 4 hours obtained no dye from the

lated cervical lymph When sub: are actually injected
nto the mucosa, ho“cvcr, they are readily transferred by the lymphatic
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would seem, therefore, that molecules up to the size of those of egg
albumin will normally penctrate the nasal mucosa, whercas larger ones
such as serum proteins are excluded.

Inammate particles. Blumgart (1923) mnsuffiated lead carbonate into
the noses of dogs and cats, in which he had previously cannulated the
trachea and tied the oesophagus so as to preclude the possibility of
absorption from the lungs and digestive tract. Free particles of lead
carbonate deposited on the mucous membrane were dissolved very slowly,
if at all. It is well known that such particles are dissolved after phago-
cytosss, and Blumgart’s finding of considerable lead absorption after
intranasal instillation of lead carbonate would scem to ndicate penetra-
tion of the mucosa by lead carried within the numerous phagocytes
present on the surface of this membrane, On the other hand, powdered
wory black consisting of particles as small as 2 x 1 diameter did not
penctrate the mucosa. Yoffey and Drinker (1938) instilled a suspension
of hydrokollag (carbon particles) into the nose of the cat but none of
the particles appeared in the cervical lymph  Inert particles, therefore,
unless they are soluble, do not penetrate the nasal mucosa.

Viruses.  All viruses are much larger than the serum protein molecules
and would not therefore be expected to penetrate the normal mucous
membrane of the nose unless they damaged the epithelium  Yoffey and
Sullivan (1939) instilled vaccinia virus into the noses of the monkey, cat
and rabbit and collected the lymph from the deep cervical ducts. In
the first twelve hours after instiflation they did not find any of the vrus
in the lymph. This indicates that vaccinia virus which has a diameter
of 0:125~0 175 1 (1250-1750 A, compared with serum protemns of 30-40 é)
does not readily penetrate the nasal mucosa. In the rabbit, which is
susceptible to vaccinia, the virus becomes established in and on the nasal
mucosa and then at periods from 12 hours up to 7 days (or longer) the
virus was consistently found in the cervical lymph in association with
the lymphocytes.

These experiments indicate that although a virus may be too large
to gain rapid entrance 1nto the body through the nasal mucosa, 1t may
establish itself and later enter the lymphatics to be disseminated by the
Iymphocytes throughout the body. Having escaped from the blood
vessels the Iymphocytes will re-enter the Iymphatics and so may dis-
tribute the virus to all the Iymph nodes of the body. It seems that it
man some of the viruses, such as those of measles, chicken-pox, small-
pox and the common cold, gain entrance to the body in this way If
this is so, the lymphatic system plays an important part in the general
dissemination of the virus (cf Yoffey, 194g). It is probable, however,
that other viruses such as the virus of serum hepatitis may be present
in the plasma other than in it with the lymphocy
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surface and embedded in the | hial mucous \ By analogy

with the situation in the alveoli, one would expect such phagocytes to
migrate along lymphatic routes, and to come to rest in lymph nodes,
principally at the root of the lung. The great mayority of particles that
adhere to the surface of the bronchial mucosa, however, are chiminated
from the lung by ciliary action and by coughing (cf. Robertson, 194r)

Pulmonary Alveols
Lymphatic pathways

ded b

The lungs are p with an supply of lymph a
superficial network in the pleura pulmonalis and deeper vessels which
accompany the bronchi, pul y artery and its and the
pulmonary veins, Fig. 59 These two sets are in communication with
each other in the pleura and at the hilum of the lung (Miller, 1937)
The Iymphatics of the pulmonary pleura will be dealt with 1n a subse-
quent section. ‘The respiratory portion of the lung is dramed by the
deep vessels which present certain anatomical features of interest physio-
logically. One such feature 1s the absence of lymphatics in the walls
of the atna and alveoli. The bronchual tree and the pulmonary arterial
tree are loped by nsive inter ing plexuses up to the
distal ends of the alveolar duct, At these points, the lymphatics com-
munieate freely with the plexuses surrounding pulmonary venous radicles,
but extend no further along the respiratory tree  Another feature of
physiological interest is the scaraity of valves in the deep lymphatics
except where the pulmonary venous lymphatics jon the pleural set, and
where the deep lymphatics converge on the hitar nodes In the hilar
region the valves point towards the nodes.

Lymph from the lungs may flow i1n two directions. Some, probably
from the periphery of the lung only, flows outwards mto the pulmonary
pleural lymphatics, as shown by small deposits of carbon i these vessels
after exposure to carbon dusts  Most of the lymph, however, seems to
flow mnwards towards the hilum. The onward movement of lymph into
the hifar nodes must depend on a gradient of pulmonary pressure together
with the centrally pomnting valves in the hular region  There 13 no evi-
dence for specialized absorptive areas as in the serous cavities 'The
lymphatic drainage seems to be equally nich in all parts of the lung and
Muller was unable to confirm suggestions that lymph arculation was
defective at the apex of the lung

Until fairly recently lttle was known of the volume or composition
of the lymph from the lungs  Although anatomists had earlier shown
that the lymphatics of the lung dram to the right lymph duct 1n man
(cf. Sappey, 1874) 1t was not until 1942 that Warren and Drinker

demonstrated that lymph from both right and left lungs i dogs could
L—M
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vessels to the retropharyngeal and deep cervical nodes. Larsell and
Fenton (1936) injected prussian blue, trypan blue and potassium ferro-
cyanide into the frontal sinuses of the cat; Larsell, Veazie and Fenton
(r938) injected cultures of streptococer into the frontal sinuses of the cat
and maxillary sinuses of the rabbit; Mullin (1926) injected the mucosa
of these same sinuses with India ink and tubercle baalli, while Dixon
and Hoerr (1944) injected India ink into the mucous membrane of the
maxillary sinus of the rabbit. In all cases the lymphatic pathway was
the same  When fairly large amounts were used the substances injected
could be found in the lungs, liver and spleen. Some of the bacteria
may, therefore, pass through the cervical lymph nodes to enter the blood
stream and so reach the lungs, and later other organs such as the lver
and spleen.

The method of spread of infection from these sinuses to the lungs
is probably by one of two routes—direct spread by inhalation or by the
lymphatics and then the blood stream.

Although the Iymph flow from the normal sinus mucosa is probably
small, as soon as the brane b i and congested
from inflammatory processes, the Iymph vessels dilate and the flow
increases. Because the membrane is tightly attached to the ngid bone
the tissue tension nses rapidly in inflammation as in the nose.

(ui) Larynx, Trachea and Bronchi. 1Tt is generally believed that direct
absorption through the mucous membrane hning the larynx, trachea and
bronchi is shight, The lymphatic supply—as in the nasopharynx and
in the lung—is large, one network of capillary lymphatics being in the
mucosa, and another 1 the submucous tissue. This prolific supply of
absorbing vessels may perhaps best be related to the fact that the whole
upper respiratory tract 1s so often subjected to inflammation, both fmfn
disease and from irritants of vanous sorts While lymph movement in
the tracheal lymphatics is slight under perfectly normal conditions, the

hanism for lymph port is there, and can be utilized whenever
transudation and exudation from blood vessels require 1t.

Drnker and hus colleagues (Drinker and Yoffey, 1941) flooded the
mucous membrane of the trachea with the dye Ti8zy which readily
penetrates the nasopharyngeal mucosa At autopsy five hours later
several fine lymphatics on the outer surface of the trachea were seen
to be stained blue, and the colour had reached several of the small nodes
along the trachea. The amount of dye absorbed, however, was very
small

That particulate material on the surface of the mucosa may be carric.d
into the depths of the membrane is shown from experiments by Duthle
(rg30) who allowed mice to inhale soot for a week, On histological
examination, this investigator found phagocytes containing soot on the
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The formation and flow of lung lymph in the anaesthetized dog with
unopened chest have been studied by collecting lymph from the right
Ilymph duct in various circumstances (Warren, Peterson and Drmber,
1942 ; Drinker, 1945 ; Cameron and Courtice, 1946 ; Cameron, Courtice
and Short, 19473 Drinker and Hardenbergh, 1947, 1949) While it is
very convenient to collect lung lymph from the nghl Iymph duct \\nhout
the necessity of applying artificial iration, it must be

that the lymph from the heart and from the pleural and peritoneal cavities

Fic 60 —Semidiagrammatic fepresentation of the essential drainage
paths for lung lymph m the dog

1 Antenor view  The tnlr:m of the nght lymph duct 1nta the tubclasian vein Cuvu:a.l lvmvhlnn
R and L sbove the ven. 13 frequen ly:m umannl \eu( nat st hnwn n the hgure, be
the nghl Iymph duu and the lhurlnc durt horac:

tymcal arrangement of lht lun( ’\'“\phlllﬂ at the roat nl‘ the lungs and 2 vhort
duum -bon T‘ traches
{Redrawn from Dninker, 1945)

also largely drains into this duct (\Warren and Drinker, 1942 ; Courtice
and Simmonds, 19495; Courtice and Steinbeck, 19302). In some
mstances, too, there are anastomotic connexions in the thorax between
the thoracic and right lymph ducts. The presence of mitky or opalcscent
lymph 1 the nght duct 1nd that such are

and the lymph i3 to some extent coming from the intestines  This may
occur with normal breathing or may only become apparent when respira-
tory is greatly bined with these difficul

15 the fact that cannulation of the nght lymph duct 1s not an easy pro-
cedure, so that information concerning lymph from the lungs can only
be ganed by patient and hat tedious experi

Normal lung lymph

In collecting lymph from a duct draining the lungs in dogs with open
chest and positive artificial respiration, Warren and Drinker found that
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be collected from a vessel runming to a Iymph node on the night side
of the traches, between it and the aorta, Fig, 6a. They investigated
Iymph dramage from the various parts of the lung by injecting the dye,
T1824, ntrabronchially under anaesthesia and noting which lymph nodes

hatics of lung

FiG 50 —Di of
A, pulmonary artery , I”, putmonary vein, B, bronchiole , L, lymphates, a, stum 5 &, alveolar
sac, it , aheolus
(Redrana from Miller, 1937)
and efferent vessels subsequently became dyed. They concluded that
lymph finally entered the nght lymph duct from all parts of the lungs
except the upper section of the Jeft Jung, which drained into the thoracic
duct. In these expeniments they cannulated the lung lymphatic m_the
thoracic cavity, thus necessitating the use of positive artificial respiration.
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demonstrated, but Short and Potter and Loosh: (1951) descnbed changes
m the later embryonic period which resulted in the alieolar wall, at
birth, consisting almost entirely of capillanies and of ground substance
and reticulum in which they lay. ‘Their accounts differ concerning the
way in which this was brought about. The affirmative side of the con-
troversy was taken by Miller (1937) who called attention to a continuous
lining of swollen cells seen when oedema of the alveolar walls was present
The relevance of this observation has been questioned since insufficient
nuclei could be counted in normal alveolar walls to supply the lming
seen in pathological conditions  Recently, Low (1952, 1953) has demon-
strated a continuous cytoplasmic Ining, in some places exceedingly thin
and in others expanding to enclose an epithelial nucleus, by electron
microscopy of rat’s lung fixed in 1 per cent osmic acad. Mackhn (1954)
has postulated that this alveolar membrane demonstrated by Low 1s
coated wath a very thin mucoid film. The papers cited should be con-

sulted for details of the controversy and for further references to the
literature,

Remoral of particles

We have seen that while the larger inhaled particles are held up in
the nose and bronchi, the smaller ones may be depostted in the alveols.
The pnncipal means of remosal of inhaled dust particles reaching the
alveoli is that of phagocytosis by large amoeboid cells, the alveolar phago-
cytes or “dust cells™ (cf. Robertson, 1941; Mackhn, 1951) After
engulfing particulate material these cells migrate to the cilia bearing areas
of the bronchial tree, whence they are transported up the “mucus
escalator ” by olary action to the pharynx and swallowed Some
macrophages with engulfed particles, however, slowly penetrate the
alveotar wall, especially in the region of the alveolar duct, pass into the
tissue flusd and lymphatics and ultimately reach the hilar nodes  Nearly
all the intracellular particulate matenal dnfung slowly to the hilar nodes
appears to be arrested there. If particles such as carbon (Lemon and
Higgins, 19324, Carleton, 1933-1934) or silicate of nickel and magnesia
(Fang, Freld and Duinker, 1933) are introduced 1nto the lung 1n aqueous
suspenston, some of the particles after being taken up by the alveolar
macrophages may appear 1n the lymphatics much more quichly—within
a few hours—than do inhaled particles. For more detarled information
the review by Robertson should be consulted

Recently, interest 1n the problem has been stimulated by the thera-
peutic posstbility of irradiating regronal lymph nodes by radioactive
colloids given tratracheally, and by the need for data on the rate and
pathways of elmination from the lungs of radioactive dust, Hahn,
Meneely and therr coll have d rad in hilar lymph
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in 18 animals the average lymph flow was 11 ml/hr. and the protein
content of the lymph was 3+ per cent They pomted out, however,
that this was not the only lymph vessel coming from the lungs; others
were hgated. This, therefore, 1s probably not the total protein and fluid
returned by the lung lymphatics. The output from the right lymph
duct cannulated at the base of the neck should include nearly all the
lung lymph, but also, unfortunately, lymph from other tissues too In
a sertes of 21 anaesthetized dogs breathing normally, Coustice (1951)
found that the average lymph flow from the right lymph duct was
2:3 ml./hr. with a protein concentration of 3-7 per cent. In a day this
would amount to about 2 grams of protein or 3-6 per cent of the cir-
culating plasma protein. In similar experiments the thoracic duct Iymph
per day contained 475 per cent of the circulating plasma protein. It is
impossible to say in these experiments how much of the protein in the
lymph from the right lymph duct came from the respiratory portions
of the lung and how much from the bronchial mucosa, heart or serous
cavities. It 1s evident, nevertheless, that despite the very large blood
flow through the pulmonary circulation, relatively little protein normally
escapes from the pulmonary capillaries in anaesthetized animals. Were
this protein not efficiently removed, however, protein-rich fluid \\ol'ﬂd
soon accumulate in amounts great enough to hinder the proper acration
of the alveolr. Whether this leakage of protein is greater or less in 2n
unanaesthetized animal has not been determned.

The protein concentration tn the normal lymph is always fairly high
As pointed out in Chapter 2 the protein concentration of lymph 15 not
by itself a guide to the permeability of the capillary membrane. The
low flow and high protein concentration of the lymph are probably
associated with the low capillary pressure and not with a high perme-
ability of the capillary membrane.

Lymphatic absorption from the alveoli

When tissue flnd 15 formed in excess, the lymphatics may be ca.ll.ed
upon to remove extravascular protem, not only from the anterstitial
tissue but also from the alveol. Particles from the outside air, too, may
be deposited in the alveoll. Before any fluid or particles in the alveolt
can reach the lymphatic capillaries, they must pass through the alveolar
membrane. The existence of an alveolar membrane n the adult animn!
has, however, been controversial. In adult animals and man, Loosli
(1935) and Short (150) were unable to detect an epithelium, nucleated
or non-nucleated, covering the pulmonary capillaries, despite efforts to
make any such lining more apparent by prior collapse of lung Jobes or
the production of oedema of alveolar walls. The existence of a complete
respiratory epithelium during early embryonic life has been repeatedly
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Removal of fluid and protein

Since Colin 1872) found that a horse tolerated the intratracheal
administration of 21 litres of water in 3} hours without apparent ill
effect, 2 number of invesugators have confirmed the rapid absorption by
the lower respiratory tract of protein-free saline ot water. Courtice and
Thipps {1946) showed that distilled water was absorbed more rapidly
than 0. per cent NaCl solution, whife Courtice and Simmonds (1949}
observed that the blue dye T1824 was more rapudly absorbed from the
alveoli when it was dissolyed in water than in 0 9 per cent NaCl. Qualls,
Curtis and Mencely (1953) found that labelled fons (11 or Na®!)
appeated in the blood stream more rapdly after admimistration in dis-
tifled water than in 0:g per cent NaCl solution  T'reely ditfusible sofutes
appear rapidly in the blood stream after intratracheat admunistration, and
drugs, antibiotics and sulphonamides have been effectively admimstered
by inhalation as aerosols (cf. Mutch and Hoskins, 1944, Mutch and
Rewell, 1945} Pringal, 1948). In such circumstances absorption mataly
takes place directly into the pulmonary blood capillanes, although some
of the substance introduced will also enter the lymphatics.

Proteinrich fluid in the alveoh, on the other hand, despite the pro-
fuseness of the pul y lympt and the 1] to
which they are sub; d by evpansion and rel. of the lungs 18
only slowly removed, much more slowly, for example, than from the
serous cawities, Whereas 6 ml./kg. of homologous plasma can be re~
moved by the fymphatics of the rabbt s §-8 hours from the perstoneat
cavity and in 16-24 hours from the pleural cavity, it takes 3-5 days for
1ts remonal from the lungs (cf Caurtice, 1939)  Fox (1936} concluded,
fram his own experiments and from g ressew of the lerature, that the
fungs were only shightly permeable to antibody protem, homolagous or

PSR MR PN

hetertlnomie iniamtat fncuasomntsanils

'
lymph movement, and lymph was collected from thoracic and nght
fymph ducts, No dog plasma albumin and only traces of foreign alburmn
were detectable 1n nght duct lymph, none in thoracic duct lymph or
the blaod stream. Courtice and Simmonds (19494) confirmed this by
oserving thae absarption of dye-labefled homofogous plasma protetnt
from the lungs was neghgible in rabbits under nembutal anaesthessa.
However, on recovery from anaesthesia, or in rabbits anaesthetized only
for ntratracheal injection, sbsorption, though slow, was not inconsider-
able and could account for thc]rat: of disappearance of protein-nch
h h

pul v oedema fluid ob in d animals and man,
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nodes after intratracheal or intrabronchial injection in dogs of radioactive
colloidal gold and silver (Hahn and Carothers, 1953 ; Hahn et ol , 1952;
Meneely et al, 1951, 1953). They found that neghgible amounts of
colloidal gold reached the hilar lymph nodes after injection of radwactne
collordal gold, or passed through them to be trapped in liver and spleen;
almost all the colloidal suspension was fixed locally. Colloidal silver, or
gold coated with silver passed to the hilar lymph nodes more readily
but did not pass further on into the main lymphatic trunks and blood
stream.  Although quite high concentrations of radiwactivity per umt
mass of lymphoid tissue were achieved in this way, the percentage of
injected dose recoverable mn regional lymph nodes was small-—about
2 per cent. Particles of plutontum, uranium and their fission products,
inhaled as aerosols and deposited in the alveoli, were subsequently
removed slowly but steadily, almost entirely by way of the bronchal
tree (Scott et al., 1949). There was no evidence of considerable absorp-
tion into the lymphatic system. Insoluble particles seemed to be retained
on the air side of the alveolar lining and were still being removed via the
bronclal tree as late as 8 months after exposure to radioactive dust.
The particles used by both these groups of workers were small, average
diameter 005 s and less than 1 x respectively.

*  The removal of homologous red cells from the lungs has not been
studied quantitauvely, but histological studies do not suggest that lym-
phatsc absorption 1s important (Magarey, 1951). Experiments concern-
ing the quantitative lymphatic removal of bacteria from the alveoli are
also few 1 number and were made before it was recognized that the
lung lymphatics drain mainly into the right lymph duct. Those m}}aled
non-pathogenic bacteria which reach the alveoli appear to be quickly
taken up by phagocytes and digested. Small numbers of inhaled patho-
genic organisms are also no doubt partly dealt with 1n this way Some,
however, rapidly penetrate the alveolar membrane and enter the lympl.l'
atics. Shulz, Warren and Drinker (1938) collected thoracic duct lymph in
rabbits after instilling cultures of type III pneumococct into the traches,
and they were able to culture these organtsms from the lymph within
as short a time as one hour. It would seem, therefore, that some
organisms are absorbed directly into the lymphatics without first bemg
ingested by phagocytes; probably more would have been collected
from the right lymph duct, had this been cannulated. The chief defence
against Jarge numbers of pathogenic orgarusms, however, 15 the ;')hagt?-
cytic actity of the polymorph lear leu which N in
the alveoli, By ingesting the bacteria they lessen the absorption mto
the lymphatics and help to localize the infection
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tissue 1t readily entered the right lymph duct (Drinker and Hardenbergh,
1947). When red cells or the very much smaller protein molecules
were introduced through the trachea into the alvcoli, however, absorption
into the {ymphatics of the anaesthetized dog was pracucally nit  These
experimental findings led Drinker and Hardenbergh to conclude that the
chief barrier to absorption from the als coli was the alveolar membrane.

Another factor, however, is probably the inadequacy of normal intra-
pulmonary pressure gradients to propel fluid rapidly from alveol or
interstitial spaces into lymphatics and along them. The intra-alveolar
pressure aries little from atmospheric dunng the normal respiratory
cycle with the subject at rest, and pressure changes 1n the alveolar septa
should be similar. In the early stages of pulmonary oedema an excess
of interstitial flud is formed, and only a slight increase in tissue tension
18 necessary for the spilling over and accumulation of this fluid 1n the
alveol, Before there is any appreciable accumulation of fluid in the
alveoli, the ventilation of these alveols 1s normal, and, although fusto-
fogically the lymphatic vessels are seen to be dilated, there 15 no appre-
cuable increase in [ymph flow from the nght lymph duct (Cameron and
Courtice, 1946)  This suggests that in the absence of appreciable pres-
sure changes within the lung tissue, fymph flow 15 sluggsh, for the
excess fluid can quite as easily enter the alveoh as the lymphatics. In
the later stages of acute pulmonary vedema when the previously spongy
lungs become almost solid, the pressures within these tssues may be
increased very considerably by the violent expiratory efforts, and result
n high rates of flow of lymph from the nght lymph duct. These effects
in the various stages of acute pulmonary oedema can readily be observed
over a period of several hours n dogs exposed ta various doses of phasgene
(ef. Cameron and Courtice, 1946)

The lymphatics and pulmonary oedema

The h of prod of pul y oedema has been the
subject of a great deal of experimental work and has been frequently
reviewed (cf. Luisada, 1940 ; Drinker, 1945 ; Cameron, 1948 ; Courtice,
1953).  Oedema will arise from an increased permeability of the capillary
b or from an imbal of the p lhing the fluid
ge across this b In all condi of pul y oedema,
however, the oedema fluid contains a high conceatration of protein.
The resoution of pulmonary oedema, however induced, therefore imphes
the removal from the Jungs of flud containing a considerable amount
of protein  Large volumes of this flud may be excreted by coughing,
and by ciliary propulsion (Boyd, Perry and Stevens, 1943) In amount

this 15 the most effective way of cleanng the lungs of excess flud.
As far as the lymphatics are concerned, we have seen that in the
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Fig. 61 Anaesthesia and the recumbent posture thus have a consider-
able slowing effect on the removal of protein from the alveoli.

A number of suggestions have been made to explain the sluggishness
of lymphatic absorption from the lungs compared with that from the
serous cavittes, The distance between the nearest lymphatics, in the
walls of the alveolar ducts, and the proter-rich fluid 1n the alveol: may
reduce the rate of absorption, especially 1f intrapulmonary pressures are
inadequate to squeeze flurd from alveoli into interstitial tissues or if the
alveolar epithelum acts as a barner to movement of protein into the
ussue fluids. That the alveolar epitheltum acts as an efficient barrier
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Fic 61 —The of dye 1n the plasma of rabbits after the mtro-
duction 1nto the lungs through the trachea of 1 ml /kg homologous plasma, lzbelled

with the blue dye, T1824

“Two groups of animals are represented, one anaesthetized for only a brief ﬁenod 10 enable the ingection
10 be made, and the other kept under nembutal anaesthesia tor ¢ hours and then allowed to recover

(From Courtice and Stmmonds, 1949a)
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would seem unlikely since in pulmonary oedema protein and fluid pass
readily mto the alveoli from the tissue flmds In the absence of a
restriction to protemn movement imposed by an alveolar barrer, flud
and protein would probably pass i bulk from alveoli mnto tissue spaces
and lymphatics when pressure differences were adequate. The distance
to the nearest lymphatics would matter less in this case than if transfer
of protein molecules occurred only by diffuston

Some expertments, however, suggest that the alveolar membrane
does act as a barrier  Warren and Dninker (1942) rased the pulmonary
blood pressure by compressing the pulmonary veins Not only dxd.the
Iymph collected from a lung lymphatic increase m quantity, but it raplc}ly
became bloody. Red cells escaped from the blood capillaries and readily
entered the lymphatics. Also when protein was mjected into the lung
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oedema, the removal of the protein in the recovery phase is very slow,
and in those animals that recover it usually takes about a week for the
excess protein to be absorbed from the alveoli. While lymph flow has
not been measured during this

stage, 1t is unhhely that it s o o ‘oo ' © g
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a part, the findings by Courtice

and Simmonds (19494} that fabelled protein molecules are absorbed

for several days, and that in the unanaesthetized animal the absorption

of labelled protein 1s very much greater than 1n anaesthetized animals,

make this hypothesis unnecessary.  I'brinoiysins must be important 1n

digesting fibrin, but there 13 no conclusive evidence that albumin and

globulin molecules are also broken down.

CeNTrRAL NER\OUS SysTEM

In the formation of cerebrospinal flud the capillary vessels of the
choroid plexuses permit the passage of water, electrolytes and small
molecules but hold the blood proteins back  These vessels differ from
typical capillaries in the fact that fluid leaving them must pass not only
through the capillary wall but through a layer of epithelium on the out-
side of the capillary. Normal cerebrospinal fluid contains but traces of
proten,  Although lymphatics 1n their development do not mvade the
central nervous system, there are certain regions where the cerebrospinal
fluid may escape from the meninges and come imto close association with
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acute stage of oedema formation the lymph flow is increased, especially
when areas of the lung become fairly solid with oedema, With exposure
to phosgene, after a period of 2 to 4 hours the lymph flow from the nght
Iymph duct began to increase, and atdeath when the lungs were massively
oedematous the lymph flow had risen considerably, Fig. 62. Histo-
logically, the lymphatic vessels were widely dilated and there was no
evidence of lymphatic blockage, since in a series of eight experiments
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Fic 62 —The flow and protein composition of lymph from the right lymph duct of 8
dog, after exposure to phosgene The exposure caused Mmassive pulmonary oedema
and death m g} hours

(Courtice, unpublished)

the lymph flow from the right Iymph duct rose on an average from 18
to 11°4 ml /hr., a six- to seven-fold increase,

When pulmonary oedema was produced by the application of the
arsentcal vesicant, lewsite, to the skin or by the intravenous mjection
of lewssite oxide, similar changes m lymph flow were observed as pul-
monasy oedema formed (Cameron, Courtice and Short, 1947). Drinker
and Hardenbergh (1949) produced pulmonary oedema by the ntravenous
injection of a-naphthyl thiourea (ANTU) into dogs and found widely-
dilated lymphatics and a nise mn lymph flow from the right Iymph duct,
Fig. 63 In these experiments there was not at post mortem the massive
oedema observed after phosgene poisomng, but a pleural exudate was
usual Some of the increase i lymph flow may have come from the
pleural cavities as well as from the Jungs themselves

In contrast to the lymph flow in the acute stage of massive pulmonary
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globulin molecules are also broken down.

CextraL Nervous System

In the formation of cerebrospinal fluid the capiffary vessels of the
choroid plexuses permit the passage of water, electrolytes and small
molecules but hold the blood proteins back. These vessels differ fm;n

e e back.. oy

) . . -t
) : \ .
blotein, ~ Although Iymphatics in their development do not mvade the
central nervous system, there are certain regions where the cerebrospinal
Ruid may escape from the meninges and come into close association with
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nearby lymphatic capillaries. At the head end, 1t has long been known
that cerebrospinal flmd may pass by way of the arachnoid sheaths of
the olfactory nerves mto the nasal submucosa and ultimately into the
cervical Iymph ducts (cf. Weed, 1914, 1922 ; Le Gros Clark, 1929;
Faber, 1937, Brierley and Field, 1948). “When a dye such as Ti824
or Trypan blue is injected 1nto the subarachnoid space one may observe
that, after fifteen to thirty minutes, not only does the mucous membrane
of the olfactory area become very blue, but that the colour also extends
down the deep lymphatics and through the cervical lymph nodes
In these experiments substances
% with relattvely  small - molecules
were used and the tnjection pressure
4 was not always hept within physio-
logical limits. It has also been
lusively shown, however, that
after the introduction into the
cerebrospinal flurd, under normal
tnfusion pressures, of India
ink particles, o4 to 1-5 p
diameter (Brierley and Fueld,
1948), of labelled plasma protein

& I

Fic 64 —Digram of olfactory merve and
Iymphatic associations in niasal mucosa
after imection_of India ik mto the
cerebrospmal fluid 1n the rabbat

3, sub-arachnoid space , ¢, nasal

noid , ¢, ik particles in sub-

le- . ok paruicles in nasal sub-
mucosa, g, fine lymph channels draung nasal
submucosa, 1, olfactory nenve, sal mucous
membrane, I, enbnform plate, m, dura mater
(From Brierley and Field, 1948)

(Courtice and Simmonds, 1951),
of ted bload cells (Simmonds,
1952, 1953a) and of thoracic duct
chyle containing chylomicrons
{Courtice and Morrss, 1955), these
substances may pass through the
cribriform plate into the nasal
mucosa where they enter the
lymphatic vessels draming into the

cervical lymph ducts. The path-

way i d is shown digr lly m Fig. 64.
The escape of such substances from the spinal and bramn-stem sub-
arachnoid 1s not so apparent, but evidence suggests that injected particles
may pass out 1n the regron of the posterior nerve root ganglia and enter
the lymphatics in the epidural fat pads. Brierley and Field (1948) and
Brierley (1950) have demonstrated the escape of mjected India ik particles
in these regions especially around the cervical and lumbosacral nerve roots.
The subarachnord space ends near the proumal pole of the posterior root
lion as a well-defined cul-d 1n which India ink particles accumu-
Tate and from which some of the particles escape. Field and Brierley
(19484) by retrograde injection of the lymphatics have traced the lymphatic
capillaries from therr origin around the posterior nerve root to thew
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ultimate entry into the thoracic duct, Tig. 65. Using plasma protein
labelled with the dye T 1824, Courtice and Simmonds obsenved sometimes
a shight blue staining of the epidural pads of fat and of the lymphatics
draining them, but Simmonds (1952) did not abtain evidence of anv
significant leakage of red cells in these arcas,

‘There are thus two regions where the so-called * feaky-spots ™ of the
arachnoid space oceut, along the olfactory nerve fibres into the nose and
in association with the sensory gangha.

In the normal animal some of the ¢ ba
cerebrospinal fluid escapes this way.
Weed (1922) concludes that the
absorption of cerebrospinal fluid is
“a twofold process, being chiefly a
rapid drainage into the great dural
sinuses, and in small part a slow
indirect escape into the true lym-
phatic vessels .

These lymphatic associations may
be of dlinical significance in clearing
the cerebrospinal fluid of plasma
protens and cells in meningitis and
haemorthage and in providing
channels of entry for bacteria and
viruses into the central nervous
system In meningitis the proten
con ion in the cerebrospinal o 65 —Diagram of spioal nerve root
fluid may rise considerably, Merntt and associated Ivmphancs m the
and Fremont.Smith (1937) in a series Tabbut after mecuon of India ink

< | SEnEs snto the cercbrospinat flu
o 157 cases of purulent meningitis . swnatcord b subarachnond

|

'

:

i

i
]
/

o ipace © e
. Jury 1%+ , durs-arachnocd
showed that 1n two thirds of the ',’,,ﬁ‘.u‘,"“ﬁ"fnk‘ et Guparacinad <ol

garn
paticnts the protein concentrations foe: fimey Te b N g epvatursl
were between 100 and 500 mg. per hav
cent, while in a ‘smaller series of 32 (From Brerley 1nd Field, 1948)
patients with meningococeal or pneu-

mococcal memngitis the average protein concentration was 460 mg per
Cent {Simmonds, 19535) The distnbution of proten 1s not uniform
throughout the cerebrospinal fluid, being much higher 1 the lumbar
tegion than 1n the cisterna magna and ventncles. Nesertheless, if we
assume that the yolume of cerebrospinal flud m man 1s go to 150 ml,
there might be in these diseases as much as 500 mg. of protein (equiv-
dlent 10 about 7 ml, plasma) in the cerebrospinal fluid at any one time
The amount exuded and removed during the course of the disease
would be much greater than this. In subarachnoid haemorrhage the
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distribution of red blood cells is less uniform than that of protein,
because of the effect of gravity on their sedimentation. The determina-
tion of the volume of blood lost i such a haemorrhage is, therefore,
difficult, but ro ml. of free blood would probably be a reasonable estimate.
We see, therefore, that although it is difficult to determine the amounts
of protein or of red cells exuded into the cerebrospinal fluid in disease,
they are probably not inconsiderable.

The experiments described so far define the Iymphatic routes for
absorption, but do not indicate how much of a naturally-occurring con-
taminant of the cerebrospinal fluid, such as plasma protein or blood,
may be removed in this way. Courtice and Simmonds (1951) introduced
into the cisterna magna of the cat dye-labelled plasma protein, to give
concentrations in the cerebrospinal fluid of the same order as that observed
in patients with meningitis By collecting the lymph from the cervical
and thoracic ducts, they showed that 1n 4 to 5 hours o4 per cent of the
njected amount of the dye-protein was collected in the thoracic duct
lymph, 5 per cent in the cervical duct lymph and 15 per cent 1n the blood
stream  The greater part of the injected protein thus entered the blood
stream by a route other than by the Iymph, an appreciable part passed
through the cribriform plate 1nto the nasal lymphatics, but only a neghgtble
amount escaped from the spinal arachnord. Even this small amount of
dye-protein in the thoracic duct could have come from that which entered
the blood stream directly and later escaped from the normal capillaries of
the alimentary viscera, = Similar results were obtamed when the labelled
protein was injected into the lumbar sac to give high concentrations of
dyeinthisregion  In rabbits, unanaesthetized except for the introduction
of plasma into the subarachnoid space, o 5 ml /kg. body weight of the
animal’s own plasma was cleared from the cerebrospinal fluid within 2{
hours ‘There is, therefore, a rapid removal from the cerebrospinal flurd
of mjected protein, and by far the greatest part of thus protein is removed
by direct absorption into the blood stream

Not only plasma-protem, but red cells also, enter the blood manly
by a pathway not involving the lymphatics (Sunmonds, 1952). The
posttion of the head affects the number of red cells appeanng m the
cervical lymph, more appearing when the ammal is kept in the head-down
than in the horizontal position, Gravity affects the pooling of red cells,
and if this pooling occurs mn the anterior fossa, the cervical lymph readily
becomes bloody. After the introduction of o § ml /kg. of whole blood
into the asterna magna of rabbats, the cerebrospinal fluid was almost
cleared of red cells m 48 hours Similar rates of removal of red cells
have been shown mn dogs (Sprong, 1934; Meredith, 1941) With
repeated injections of whole blood into the cisterna magna of rabbts,
three times weekly for three to five weeks, Simmonds (1952) found that
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6 to 10 ml. of blood had disapy d from the subarachnoid space leaving
virtually no trace, By labelling the red cells with D3 before myection,
Simmonds (1933a) showed in rabbits that on an average 6 per cent of
injected cells entered the cireulation 1n 5 hours, pared with 20 per

cent of labelled protein.  Quanttatisely the volume of red cells removed
feato . v, oo it

b

. TR
the cervical ducts intact or ligated,

‘The mode of entry of protein and red cells from the cerebrospimal
fluid directly into the blood stream is not known for certain. It seems
probable, however, that absorpiion takhes place through the arachnoud villi,
This is interesting because it is one place where protemns and red ceils
may return to the blood stream through the vascular endothelium  Sweet
and Locksley (1953) also suggest that protein 1s absorbed largely through
the arachnoid illi which senve the function 1n the cerebrospinal fluid
%ystern analogous to the lymphatics of the general lation. The rapd
absorption of protein and red cells into the blood stream can account for
the removal of these substances in disease. Whenever there is tissue
damage and blood clot, however, removal of fibrin and enmeshed red
celfs wifl depend on cellular mechanisms; but when the red cells are
free in the cerebrospinal fluid 1t seems that phagocytosss plays httle part
in their removal (cf. Simmonds, 19535).

In the eye, too, there are no fymphatics ; the capilfanes are normally
sery impermeable to protein and fluid balance is maintamed by absorption
into blood-vessels When any proten or particles enter the aqueous
humour they Toay be ingested by the endothehiat cells of the s or
hydrolysed to ammo-acids by ferrents present in the aqueous  Evidence
suggests that such materials are not drained away through the canal of
Schlemm. For detals of fluid exchange 1n the eye, Davson (1949) should
be consulted

_ The second major jssue is whether or not the lymphatic connexions
#ith the cerebrospinal fluid form channels of entry for bactena and viruses
into the central nervous system, In particular, much attention has for
many years been given to the possible entry of neurotropie viruses, such
as poliomyelitis virus, from the nose along the olfactory fibres  We have
already seen that a solution of P fum e deand 1r
¢tteate will diffuse along this pathway (Le Gros Clark, 1929) and that some
bacteria introduced into the nose have been found 1 the olfactory bulb
(Rake, 1937) No conclusive evidence, however, has been produced to
demufls!ﬂie that neurotropic viruses enter the central nervous system
by this route  When one endeavours to force a solution of T1824 from
the nasal mucosa up into the crantum, 1t 1s practically smpossible to
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distribution of red blood cells js less uniform than that of proten
because of the effect of gravity on their sedimentation. The determinz-
tion of the volume of blood Jost in such a haemorrhage is, theco
difficult, but 10 ml. of free blood would probably be a reasonable stmste
We see, therefore, that although it is dufficult to determiine the amoutts
of protein or of red cells exuded into the cerebrospinal uid in dsus,
they are probably not inconsiderable.

The experiments described so far define the Jymphatic rods o
absorption, but do not indicate how much of 2 naturally-occurring ¢t
taminant of the cerebrospinal fluid, such as plasma Pm“’".mb\m
may be removed in this way. Courtice and Simmonds {1951) ’f‘""duc,d
mto the cisterna magna of the cat dye-labelled plasma Pmm'wg“;
concentrations in the ¢erebrospinal fluid of the same order asthat obsm‘;!
in patients with meningitis. By collecting the lymph from the m[h
and thoracic ducts, they showed that in 4 to 5 hours 0% per cent ol
mjected amount of the dye-protein wis collected in the ‘.‘;:m@a"i“‘T
Iymph, 5 per cent in the cervical duct Iymph and 13 per cent ﬁ“bimf
stream.  The greater past of the injected protein thus gntered m:bo::
stream by a route other than by the Iymph, an “PP"MW L
through the eribriform plate into the nasal lymphatics, but onty 3 7¢8 !
amount escaped from the spinal arachnoid. Even this smolt amee®
dye-protein in the thoracic duct could have come from that which ,m“‘:
the blood stream directly and later escaped from the normal “P‘mﬁt
the ahmentary viscers. Similar results were obtained when the i «
protein was njected jnto the lumbar szc t0 give igh cmtt.mm‘émzk
dye n this segron, In rabbits, unanaesthetized except fos the 1S ’
of plasma into the subarachnoid space, o-5 ml./kg body “E\g&“: ;
animal’s own plasma was cleared from the cerebrospins! fld vt lg‘
hours  There is, therefore, a rapid removal from the cmb!"?}’wﬁ n:
of injected protein, and by far the greatest part of this protein Is T
by direct absorption into the blood stream. e

Not only plasma-protein, but red cells also, enter the blood 27
by a pathway not involving the lymphatics (Simmoﬂdsv ’9.51)~ ¢
position of the head affects the number of red cells appeai™® 130“
cervical lymph, more appearing when the animal is kept 11 et
thanvm t.he horizontal position. Gravity affects the pochng of red C;
and if this pooling occurs in the anterjor fossa, the cervical Iymph "t:\m
becomes bloody. ~ After the introduction of o5 ml/kg: of whole
into the cisterna magna of tabhits, the cerebrospinal fluid was 4
cleared of red cells tn 48 hours  Similar rates of removal of 1ed &
fhave been shown in dogs (Sprong, rgzq¢; Meredith, 194 o
repeated njections of whole blood into the cisterna magnd of b ;
three times weekly for three to five weeks, Stmmonds (1952) found !
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6 to 10 ml. of blood had disapp d from the sul hnod space leaving
virtually no trace. By labelling the red cells with P22 before njection,
Simmonds (19334) showed in rabbits that on an average 6 per cent of
wjected cells entered the circulation in g hours, compared with 20 per
cent of labelled protein. Quantitatively the volume of red cells removed
by the cervical lymphatics was probably sery small, for in rabbits, although
red cells appear in the cervical lymphatics as in cats, no significant differ-
ence could be observed in the absorption of labelled eells 1 animals with
the cenical ducts intact or ligated.

‘The mode of entry of protein and red cells from the cerebrospinal
fluid directly into the blood stream is not known for certain. It scems
probable, however, that absarption tahes place through the arachnord sille.
"This is interesting because 1t 18 one place where proteins and red cells
may return to the blood stream through the vascular endothelium  Sweet
and Locksley (1953) also suggest that protemn is absorbed largely through
the arachnoid villi which serve the function 1 the cerebrospinal flud
system analogous to the lymphatics of the general circulation  The rapid
absorption of protein and red cells into the blood stream can account for
the removal of these substances sn disease. Whenever there 15 tissue
damage and blood clot, however, removal of fibrin and enmeshed red
cells will depend on cellular mecharusms ; but when the red cells are
free in the cerebrospinal fluid 1t scems that phagocytosis plays little part
i their removal (cf. Simmonds, 19535)

In the eye, too, there ate no lymphatics ; the capillaries are normally
very impermeable to protein and fluid balance 1s maintained by absorption
o blood-vessels. When any protein or particles enter the aqueous
humour they may be ingested by the endothelial cells of the tns or
hydrolysed to amino-acids by ferments present in the aqueous  Evidence
suggests that such materials are not drained away through the canal of
Schlemm  For details of flurd exchange in the eye, Davson (1949) should
be consulted

The second major issue 1s whether or not the lymphatic connexions
with the cerebrospinal fluid form channels of entry for bacteria and viruses
into the central nervous system, In particular, much attention has for
many years been given to the possible entry of neurotropsc viruses, such
as poliomyelitis virus, from the nose along the olfactory fibres  We have
already seen that a solution of p ium fer deand i
citrate will diffuse along this pathway (Le Gros Clark, 1929) and that some
bactena sntroduced into the nose have been found 1n the olfactory bulb
{Rake, 1937). No conclusive evidence, however, has been produced to
demonstrate that neurotropic viruses enter the central nervous system
by this route. When one endeavours to force a solution of T1824 from

the nasal mucosa up nto the cranivm, it 15 practically impossible to




174 PHYSIOLOGY OF REGIONAL LYMPHATICS

distribution of red blood cells 15 less uniform than that of protein,
because of the effect of grawity on thewr sedimentation, The determina.
tion of the volume of blood lost 1n such a haemorrhage 1s, therefore,
difficult, but 10 ml of free blood would probably be a reasonable estimate.
We see, therefore, that although it is difficult to determme the amounts
of protein or of red cells exuded into the cerebrospinal fluid in disease,
they are probably not inconstderable,

The experiments described so far define the lymphatic routes for
absorption, but do not indicate how much of a naturally-occurring con-
taminant of the cerebrospinal fluid, such as plasma protem or blood,
may be removed in this way. Courtice and Simmonds (1951) introduced
into the cisterna magna of the cat dye-labelled plasma protein, to give
concentrations in the cerebrospimal fluid of the same order as that observed
1n patients with meningitis By collecting the lymph from the cervical
and thoracic ducts, they showed that in 4 to 5 hours o-4 per cent of the
injected amount of the dye-protein was collected in the thoracic duct
Iymph, 5 per cent 1n the cervical duct lymph and 15 per cent in the blood
stream. ‘The greater part of the injected protein thus entered the blood
stream by a route other than by the lymph, an appreciable part passed
through the cribriform plate into the nasal lymphatics, but only a negligible
amount escaped from the spinal arachnoid. Even this small amount of
dye-protemn in the thoracic duct could have come from that which entered
the blood stream directly and later escaped from the normal capillaries of
the alimentary viscera  Similar results were obtained when the labelled
protein was mjected into the lumbar sac to give high concentrations of
dyein this regron.  In rabbuts, unanaesthetized except for the ntroduction
of plasma into the subarachnotd space, o § ml./kg. body wexghg of the
animal’s own plasma was cleared from the cerebrospinal fluid within 24
hours  There 15, therefore, a rapid removal from the cerebrospinal fluid
of injected protein, and by far the greatest part of this protein is removed
by direct absorption into the blood stream., .

Not only plasma-protein, but red cells also, enter the blood mainly
by a pathway not mvolving the lymphatics (Simmonds, 1952) The
positton of the head affects the number of red cells appeartng 1n the
cervical lymph, more appearing when the ammal 15 kept mn the head-down
than 1 the hortzontal position, Gravity affects the pooling of red cells,
and 1f this pooling occurs i the anterior fossa, the cervical lymph readily
becomes bloody ~ After the introduction of o-5 ml /kg. of whole blood
into the cisterna magna of rabbuts, the cerebrospinal fluid was almost
cleared of red cells 1n 48 hours  Similar rates of removal of red cells
have been shown in dogs (Sprong, 1934; .Mcreduh, 1941). With
repeated injections of whole blood into thc.cxstema magna of ﬂ:ibbll]tst.
three times weekly for three to five weeks, Simmonds (1952) found tha
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Iymphatic vessels in the diaphragm but not to any extent the vessels in
other parts of the parietal or visceral penitoneum (cf. von Rechlinghausen,
1862 ; Muscatello, 1895 ; Durham, 1897 ; MacCallum, 1903 ; Buxton
and Torrey, 1906 ; Bolton, 1921 ; Tlorey, 1927; Higgins and Graham,
1929; Allen, 1936; Simer, 1944, 1948). Moreoser, the absorption of
these particles does not take place evenly over the whole diaphragmatic
sutface but is more extensive on the right side overlying the liver (Hliggins
and Graham, 1929)

The lymphatics of the diaphragm arc arranged as a plexus on the
pentoneal surface, the lymph from which drains by mtercommunicating
vessels into a plexus on the pleural surface. Thelymphatic capillanes are
not, however, evenly distributed, and the distnbution vanes in different
ammals, In man, dog and mouse the lymphatics are practically confined
to the muscular portion (MacCallum, 1903, Allen and Vogt, 1937); n
the rabbit the tendinous plexus is more 1mportant (MacCallum, 1903 ;
Florey, 1927; Allen and Vogt, 1937); 1n the cat (Higgins, Beaver and
Lemon, 1930) and rat (Florey, 1927) a tendinous plexus is absent , 1n the
guinea-pig a tendinous plexus 15 present, but less important than 1 the
rabbit (Florey, 1927)

After leaving the diaphragm the lymph enters mainly the large collect-
ing ducts which run with the internal mammary blood vessels on either
side of the sternum to reach the anterior mediastinal lymphatic nodes
the region of the thymus. From these nodes efferent lymphatic vessels
Ppass, as a rule, to the nght side to join the nght lymphatic duct  In some
mstances, however, the efferent vessels may enter the veins on the left
side, sometimes 1n association with but often separate from the thoracic
duct. This lymphatic route through the antenor mediastinum accounts
for about 8o per cent of the lymph from the diaphragm (Higgins and
Graham, 1929 ; Courtice and Steinbeck, 1950a) There are subsidiary
routes, viz, vessels running up in the mediastinum to the bronchial lymph
nodes, and channels emptying directly into the thoracic duct above the
diaphragm or running down to lymph nodes 1n the retroperitoneal fat
or the mesenteries and thence to the asterna chyl:  In many expersmental
animals and 1n man, 1t seems that the substernal pathway 1s by far the
largest and most important  The subsidiary pathways, however, vary 1n
sigmficance in different anumals {Brown, 1927-1928 , Courtice and Stein-
beck, 19500, 1951a) It 1s clear that, in general, the thoracte duct plays
a small part 1n the lymph drainage from the pertoneal cavity Courtice
and Steinbeck (1950a), by collecting lymph from the nght lymph duct and
from the thoracic duct of cats, found that on an average only about 20 per
cent of labelled plasma protein introduced 1nto the peritoneal cavity passed
into the thoracic duct.  Again when whole blood was used, most of 1t was

absorbed through the rnight lymphatc duct and only small amounts
L—N
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succeed Likewise when dye-labelled plasma protein is injected under
pressure 1nto the vertebral column just outside the dura, no dye-protein
enters the cerebrospinal fluid (Courtice and Simmonds, 1951).

Field and Brierley (1948) have discussed their experiments as an
anatomical basis for invasion of the nervous system along direct lymphatic
communtcations.  Since poliomyelitis virus 15 now thought to enter the
body through the alimentary tract, the olfactory pathway is regarded as
being of less significance for the mode of entry of this virus into the brain
than 1t was earhier, The retrograde filling of the lymphatics draming the
posterior root regions, after rendering the valves incompetent by ligating
the thoracic duct, has suggested that perhaps viruses could enter the spinal
cord along these lymphatics 1n certamn circumstances. No direct evidence,
however, has as yet been produced to prove ths.

'THE SEROUS CAVITIES

"The serous cavities—peritoneal, pleural and pericardial—are all derived
in the embryo from one body cavity and their functions and reactions
are similar.  Each cavity 1s lined by a membrane which is reflected every-
where over the viscera. This mesothelial lining consists of a layer of flat,
pavement cells supported by a basement membrane of connective tissue.
Any fluid or other matenals 1n a serous cavity must, therefore, pass through
the mesothelial ining and the supporting connective tissue before reaching
the lymphatic or blood capillaries. In studying the physiological sigmfi-
cance of the lymphatic plexuses which drain the serous cavities, we must
consider not only their functron in the normal animal but also their capacity
to clear these cavittes of abnormal accumulations 1n tumes of emergency
Large molecules such as the plasma proteins which are present all
effusions or exudates readily enter the lymphatic capillaries once they pass
through the mesothelium, while particles such as red cells or bacterta may
be ingested by phagocytes or enter the lymphatic vessels in the free state.
For detailed reviews of the physiology of the serous membranes reference
should be made to Cunmngham (rg26) and Courtice and Stmmonds

(1954)

The Peritoneal Cavity

Lymphatic pathways of absorption

Although the peritoneum 15 extenstve, lymphatic absorption of sub-
stances injected 1nto the peritoneal cavity takes place almost wholly thr9ugh
one small area, the surface of the diaph When a susp ot: inert
particles, such as India ink, hydrokelag 300 or collordal silver, 1s intro-
duced mto the peritoneal cavity, these particles may be seen to enter the
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such as milk or casein (Kjbllerfeldt, 1917) or with such substances as
phenolsulphonphthalein, indigo-carmine and potassium  ferrocyanide
which enter the blood capiflanes by diffusion (Starling and Tubby, 189,
Meltzer, 1897; Mendel, 18g9; Dandy and Rowntree, 1914, Shipley
and C ham, 19165) 1n hetized ammals and on the assumption
that the diaphragmatic lymphatics drained almost entirely into the thoracic
duct, have led to the erroncous conclusion that the lymphatic remoral of
fluid from the peritoneal cavity is slow and 1s not responsible for absorption
of Cunningham, 1926, Wathins and Fulton, 1938)

The naturally occurring fluids in the peritoneal cavity resemble plasma
in_composition, but with varying protein concentrations  In normal
animals Maurer, Warren and Drinker (1940) found average protein levels
m the peritoneal fluid collected to be 2 56 per cent in the dog, 1 84 per
cent in the rabbit and 254 per cent 1n the cat.  In pathological states 1
human beings average protein levels in the asciic fluid were 12 per cent
m cases of cirrhosis of the Inver, 31 per cent 1n heart failure and 3:6 per
cent in carcinoma (James, 1949). Inflammatory exudates contain protein
m higher concentrations approximating those in plasma  The natural
function of the diaph ic lymph 15, theref to remove a flud

g varable of plasma protemn, and occasionally,
when haemorrhage occurs 1nto the perttoneal canity, to remone red cells
as well,

In unanaesthetized experimental ammals the capacity of the diaphrag-
matic lymphatics to remote such fluids 1s considerable, Fig 66 Courtice
and Steinbeck (19505, 19514) found that 20 m! kg of homologous
Plasta could be removed from the pentoneal cavity of the rat in 3 to 5
hours, the rabbit in 8 hours and the guinea-pig 1n 16 to 24 hours and that
whole plasma was remosed as quickly as or even more quichly than 1sotonic
sodum chloride or Ringer-Locke Solution  These results are in general
agreement with similar expeniments done on larger anumals (Orlow, 1895 ;
Bolton, 1921). Hypotomc salt solutions are of course mitially absorbed
much more rapidly by diffusion of water nto the blood vessels, but once
equilibrium 1s reached and the fiud becomes isotome with normal tissue
fluid, the rate decreases (Clark, 1920~1921) When any flud 1s 1ntro-
duced nto the pentoneal cavity, equilibrium between the smaller, readily
diffusible molecules and electrolytes of the blood and injected flmd 15
rapudly attained, but the protemn level reaches an equilibrium much more
slowly. If a flud of high protein content 15 used the concentration of
Protein in the petitoneal flurd falls, whereas when fluid with a Iintle or no
Protein 1s introduced, the protein level nses; but before a steady level
18 reached all the peritoneal flwid 1s generally absorbed (Courtice and
Steinbeck, 1950 ; 19514)  While the process of diffusion 1s proceeding
the diaphragmatic lymphatics will be absorbing as & whole whatever flud
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through the thoracic duct (Courtice, Harding and Steinbeck, 1953).
Abdou, Remnhardt and Tarver (1952), however, were able to collect from
the thoracic duct the greater part of the labelled protemn which they had
mtroduced mto the pentoneal cavity of the rat,

Although there 1s now no doubt that lymphatic absorption of matetials
free i the pentoneal cavity takes place almost entirely through the
draphragm, the part played by the omentum has always been a subject for
debate.  Buxton and Torrey (1906) observed in the guinea-pig after the
intrapenitoneal mjection of lamp-black that the lymphatics of the omentum
took up particles, although phagocytosis by the macrophages on the surface
of the omentum was a more promunent feature, The particles became
entangled m a deposit of fibnn before being engulfed. The action of the
macrophages which are present throughout the omentum both as scattered
cells and as round or oval aggregates, called “ milky spots ”, forms 1n
ttself an efficient defenice mechanism against bacteria, While some have
doubted the extstence of I lymphatics (Shipley and Cunningham,
19162, Serfert, 1923), others have demonstrated clearly a fairly rich plexus
of lymphatics, generally associated with the blood vessels, 1n the omentum
of cats, rabbuts, dogs, rats and man, the lymph from which enters the
crsterna chyli or thoracic duct (Caspans, 1918-19, Simer, 19344 and b,
1935)  Although there appears to be no doubt that the omentum contatns
Iyraphatics, the amount of absorption by these vessels 1s in no way com-
parable with that of the diaphragm ; nor does the removal of the omentum
affect the absorptive capacity of the draphragm (Higgins, Beaver and
Lemon, 1930, Higgins and Ban, 1930, Stmer, 1944).

Rate of lymphatic absorption

Experiments with particles have indrcated that suspensions mtroduced
nto the peritoneal cavity may enter the diaphragmatic lymphatics exceed-
mgly rapidly. For example, Florey (1927) found that all the diaphrag-
matic lymphatics were evenly injected and the mediastinal Jymph glands
were Jet black five minutes after the intrapenitoneal injection of hydrohollag
300 1nto a rabbit, In the anacsthetized dog Higgins, Beaver and Lemon
(1930), by means of 2 window 1n the lateral wall of the chest, observed
that particles mtroduced mnto the peritoneal cavity appeared in the pleurz}l
Iymphatics of the draphragm within two to three mmutes, These experi-
ments, however, do not tell us the quantity of these materials which the
lymphatics are capable of removing.

The natural matertals which the lymphatics are generally called upon
to absorb, moreover, are not foreign wmert particles, but ascitic flud,
inflammatory exudates or red cells  The rate at which such fluids as these
can be absorbed gves an mdication of the normal function of reserve of
function of the diaphragmatic vessels  Experments with foreign proteins
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such as milk or cacein (Kjollerfeldt, 1917) or with such substances as
phenalsulphonphthalein, indigo-carmine and potassium ferrocyamide
which enter the blood capillaries by diffusion (Starling and Tubby, 1894 ;
Meltzer, 1897: Mendel, 1899; Dandy and Rowntree, 1914; Shipley
and Cunningham, 1916b) in anaesthetized animals and on the assumption
that the diaphragmatic lymphatics drained almost entirely into the thoracic
duct, have Jed to the erroncous conclusion that the lymphatic remosal of
fluid from the peritoneal cavity is slow and is not responaible for absorption
of significant amounts (C h 1926; \Watkins and Fulton, 1938)
The naturally occurring fluids in the peritoneal cavity resemble plasma
in composition, but with arying protein concentrations. In normal
ammals Maurer, Warren and Drinker (1940) found average protetn levels
in the peritoneal fluid collected to be 2-56 per cent in the dog, t 84 per
cent in the rabbit and 254 per cent in the eat. In pathological states in
human beings average protein levels 1n the asaitic flud were 1 2 per cent
in cases of aitrhosis of the liser, 31 per cent in heart failurc and 3 6 per
cent in carcinoma (James, 1949)  Inflammatory exudates contain protein
in higher concentrations approximating those 1n plasma  The natural
function of the d ph ic lymphatics 1s, therefore, to remove a flud
¢ variable i of plasma protetn, and occasonally,
when hatmﬂﬂhage occurs 1nto the pentoneal cavity, to remove red cells
as wefl
In unanaesthetized experimental animals the capacity of the diaphrag-
matic lymphatics to remove such flurds 1s considerable, Tig 66 Courttce
and Steinbeck (19506; 1951a) found that 20 ml kg of homologous
plasma could be removed from the pentoneal cavity of the rat in 3 to §
hours, the rabbit 1n § hours and the guinea-pig 1n 16 to 24 hours and that
whole plasma was removed as quickly as or even more quickly than isotonic
sodium chloride or Ringer-Locke Solution, These results are 1n general
agreement with similar expeniments done on larger animals (Orlow, 1895,
Bolton, 1921). Hypotonic salt solutions are of course mitially absorbed
much more rapidly by diffusion of water 1nto the blood vessels, but once
€quilibrium is reached and the fluid becomes 1sotontc with normal tissue
fluid, the rate decreases {Clark, 1920-1921) When any flud 15 1ntro-
duced into the Pentoneal cavity, equilibrium between the smaller, readily
diffusible molecules and electrolytes of the blood and injected flud 15
rapidly attained, but the protein level reaches an equiltbrium much more
slowly. 1f a flud of high protein content is used the concentration of
Protem in the pentoneal fluid falls, whereas when fluid with a litle or no
Protein s introduced, the protein level rises; but before a steady level
& reached all the pentoneal flwd is generally absorbed (Courtice and
Steinbeck, 1950h; 19514) While the process of diffusion is proceeding
the diaphragmatc lymphatics will be absorbing as a whole whatever flud
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1s presented to them, protein molecules as readily as the smaller electrolytes
and water.
The introduction of a foreign plasma into the peritoneal cavity to
determine the power of the lymphatics to remove fluid may lead to an
1

this factor is not so effective and
the foreign plasma is absorbed as
rapidly as homologous plasma
(Courtice and Stemnbeck, 19514;

Guinea-plg
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Fic 66 —The rate of absorption from the .
peritoneal cavity of zo mi /kg homo- be removed fairly rapidly from

',Zﬁ“é:u‘;‘“f‘,';’:, (2'?‘;;; /‘}(';”';;“’3‘0‘;::0:: lh? pentoneal cavity.  Florey and
Witts (1928) by collecting lymph

e TSR, L TR 32,4055 qage of e from the thoracic duct before and
(From Courtice, Ilarding and Steinbeck, 19533 after the intraperitoneal njection
of whole blood in cats were not

mmpressed by the power of the Iymphatics to remove red cells from the
pentoneal cavity, When the nght lymph duct in these amumals 15
cannulated, however, 1t 1s found that most of the red cells are absorbed
along this pathway, Table 26 It 1s remarkable to watch the clear lymph
from this duct rapidly resemble whole blood with a red cell count nsing
10 4 to 6 million per mm.3, while the thoracic duct lymph becomes only
famntly pink  The red cells in the lymph appear perfectly normal and do
not undergo haemolysts. It has also been shown in other ways that the
red cells enter the blood stream intact. Hahn ez al (1944) and McKee
and Stewart (1950) used red cells with radio-active iron incorporated in
the h globin, while Hed, it (1947) used blood containing ellipto-
cytes.
In the unanaesthetized amimal, 20 ml/kg. of whole blood can be
removed from the perttoneal cavity of the rat in 24 hours, rabbit in 48 hours
and guinea-pig in 72 hours. 'The plasma is absorbed more rapidly than
the red cells leading to a progressive concentration of the injected blood
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Tante 26

"The red cell count in the lymph from the right lymph duct and thoracic duct
of 2 cat before and after the intrapenitoncal injection of to mi kg homologous
blood contaiming 8,020,000 red cells/c mm

Rught lymph duct Thoracese duct
A Lymph florr Red ¢elis in Lymph flore Red cells n
breathed ml thre.  lymphiemm. mljhr,  Bymphic mm.
Room air 07 8o 75 430
Room mir o8 90 52 1,300
" (3 503,000 - -
" o8 2,650,000 7z 1,625
" 12 3,680,000 72 1,950
" 10 4,170,000 8o 2,180
" e 4,530,000 70 5:7%
spc. CO, 28 5,550,000 144 68,000
" 44 5,560,000 44 90,000
Room air z0 51550,000 34 108,000
” 22 4,840,000 43 93,500

From Courtice, Harding and Stemnbeck (1953}

and ultimately to a stichy Jayer of red ceils covering the entire visceral and
parietal peritoneumn  Within the umes stated above, however, this sticky
mass of cells 1s absorbed by the lymphatics, leaving no trace of the injected
blood 1n the cavity. In larger animals Hahn et al. found that 20 to 100
per cent of the injected red cells (20 to 25 ml 1n dogs) were absorbed in
24 hours.

Whenever any fluid is introduced 1nto the perstoneal cavity, there is a
cellular response 1in which sc\cml types of cells, but manly neutrophil
leucocytes and large late 1n the free
flud (cf. Buxton and Torrey, 1906, chb 1931-1932) These phago-
cytes play a part in the removal of particulate matter. Buxtonand Torrey
described 1n g how, after the 1 injection of chicken
red corpuscles, the m‘.\crophagcs became stuﬂ'cd full of these cells Quanti~
tatively, however, although some of the red cells are mgested by macro~
phages while in the pentoneal cavity, and further macrophages engorged
with red cells are seen 1n the anterior mediastinal lymph nodes, the number
ngested 13 neghgible compared with those passing intact thmugh the
lymphatics 1nto the blood strcam No significant difference is observed
1 the nse 1n the 1 of the lating blood in
groups of rats given blood int ly and i 1 (Couruce,
Harding and beck, 1953)  Itisr Kable how readily the red cells
pass through the lymph nodes,

The ease with which free red cells are absorbed from the peritoneal
cavity by the lymphatics and ultimately reach the blood stream intact has
suggested this route for blood transfusions in certain cases, especially in
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children (Siperstein and Sansby, 1923 ; Stperstein, 1923 ; Cole and Mont-
gomery, 1929; Clausen, 1940)

Although red cells nearly all pass into the lymphatics, bacteria are more
readily ingested locally by phagocytes. Durham (1897) and Buxton and
Torrey (1906) have shown that bacterra may be destroyed rapidly by
phagocytosts, especially in the omentum, 1n which case few orgamsms are
absorbed into the lymphatics, or more slowly, when larger numbers of
bacilli are absorbed through the lymphatics 1nto the blood stream to be
deposited m various organs of the body. In man, Durham showed that
1n 30 cases of perrtonitss the mediastinal lymph nodes contamed bactera.
The lymphatics of the diaphragm 1n these inflammatory conditions are
apparently not blocked by thrombi as 1s the case often in localized m-
flammatory lestons  Bangham, Magee and Osborn (1953) studied the
Iymphatic absorption of radiv-active glass partieles containing caestum™
from the peritoneal cavity of the rat and found that peritomuis produced
by turpentine caused no mechantcal obstruction to the lymphatic drainage
of these particles through the diaphragmatic vessels.

Mechanism of Lymphatic absorption

The rapidity with which large particles up to the size of red blood cells
gain access to the diaphragmatic lymphatics has for many years aroused
1nterest 1n the actual mechanssm of absorption,  Three stages i absorption
must be considered ; movement to the absorbing surface, passage actoss
the penitoneal mesothelium and the lymphatic endothelium, and propulsion
along the lymphatic channels. In all three stages the movements and
changes i pressure associated with respiration, particularly with the
excurstons of the diaphragm, are of paramount importance, Experi-
mentally, these effects have been shown in many ways

One of the reasons why 1t was once believed that the lymphatic removal
of fluiids from the peritoneal cavity was slow, was that experiments were
done on anaesthetized amimals ~ Florey (1927) showed that in the anaesthe-
tized rabbt, the absorption of hydrokollag particles through the diaphrag-
matic lymphatics was very much slower than in an unanaesthetized
ammal.” Mornis (1953) by measunng the rate of absorption of plasma
proteins labelled with the dye T18z4 and of red cells labelled with P,
has shown that 1n the rat nembutal anaesthesia reduces the rate of absorp-
t10n to only 20 t0 40 per cent of normal, Fig 67, Thus effect of anaesthesia
is probably due partly to decreased activity of the diaphragm (Davis and
Morns, 1953) and partly to decreased intra-abdominal pressure caused
by Aaccsdity of the abdominal muscles Paralysts of the draphragm pro-
duced by acute phrentc neurectomy also gives rise to a considerable
decrease in the rate of absorption of particles m the dog (Higgins, Beaver
and Lemon, 1930) and of labelled protein and of red cells 1n the rat
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(Morris, 1953)  In both these groups of experiments the rate of absorption
increased to normal or abose, tho or more weeks after neurectomy when
the diaphragmatic muscle became atrophted. Higgins ef ol considered
that progressive atrophy of the muscle tissue facilitated the passage of
patticles through the diaph and thus | d absory Morrns,
however, associated the return to normal with the changes in respiratory
function,  After phrenic neurectomy the accessory muscles of resprration,
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intercostal and abdominal muscles, mncrease enormously 1n activity and
in about 2 weeks these muscles are able to restore the pulmonary ventilation
and the intrapleural pressure to normal limts (Davis and Morns, 1953)
It therefore seems likely that the excessive activity of these accessory
muscles causes suffici passive of the diap pecrall
where 1t 15 attached to the ribs, to increase the lymphatic absorption
Inereased respiratory activity i the normal ammal induced by the breath-
g of 5 per cent CO, also causes a great increase 1n lymphatic absorption
by the diaphragm (Courtice and Steinbeck, 1g50a, Morms, 1953).
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Diaphragmauc movement, then, plays a major réle i the transfer of
materials within the pentoneal cavity to the peritoneum covering this
muscle ; but there are probably other factors involved, too, Since lym-
phatic absorption from the peritoneal cavity occurs mainly through the
diaphragm, posture would seem to play an important part  Fowler (1900)
made use of this fact 1 his treatment of peritonitis in human patients by
posture. He mamtained that 1 the pelvis the [ymphatics were fewer
than 1n the diaphragm and soon became blocked with thrombr, so that,
if the flnud could be kept in the pelvis, absorption would be minimized
The absorption of labelled protein (Courtice and Steinbeck, 19515) and
of radio-active glass particles (Bangham, Magee and Osborn, 1953) are
mutially slowed when the animals are kept in the pelvis-down position.
It 1s remarkable, however, how quickly m this position some of the
materals injected 1nito the pelvis will reach the diaphragm and be absorbed.
Some forces cause a drift of material, even of 2 layer of sticky red cells
adhering to the whole of the visceral and parietal perstoneum, to the undet
surface of the diaphragm against the force of gravity. The movements of
the intestines as well as those of the draphragm probably have a mixing
effect on any contents of the pentoneal cavity. Higgins, Beaver ajld
Lemon (1930) showed that, 1 dogs, opening the abdomen and handling
the mntestines delayed the arrnival of graphite particles at the diaphragmatic
surface, and paralytic ileus in rabbits delayed the movement of radio-
opaque matertal from the site of mjection (Efskind, 1940).

‘The manner 1n which particles, having reached the diaphragm, pass
through the mesothelum has led to much controversy since von Reckhng-
hausen (1863) gave evidence for the existence of stomata between the
cells, through which the particles passed. He placed ink, milk and other
substances on the peritoneal surface of the excised diaphragm, and under
the dissecting microscope observed vortices in the suspensions t?le
region of the so-called stomata, and 2 flowing of the absorbed material
along subserous lymphatics. This concept of the anatomical arrangement
of the diaphragmatic peritoneum could not be confirmed by Kalossow
(1893), Muscatello (1895) or MacCallum (1go3) ~MacCallum describes
the lymphatic vessels on the peritoneal surface of the draphragm as running
for the most part parallel with one another in the connective tissue between
the muscle bundles. These lymphatic canals are abundantly connected
by anastomosmg channels which run obliquely or transversely across the
muscle bundles, often arching toward the peritoneum to form sac-lihe
channels or lacunae. ‘The roof of such a lacuna consists of the endothelial
lining of the lymphatic and the mesothelium of the peritoneum with On[y
2 lattice of fibnls as a basement membrane, Fig. 68. Elsewhere there 13
a complete basement membrane to the mesothelial cells which impedes
the passage of particles into the lymphatic vessels.
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Diaphragmatic movement, then, plays a major réle in the transfer of
materials within the peritoneal cavity to the peritoncum covering this
muscle ; but there are probably other factars involved, too, Stnce lym-
phatic absorption from the peritoneal cavity occurs mainly through the
diaphragm, posture would seem to play an important part. Fowler (1900)
made use of this fact 1n his treatment of peritomtis in human pattents by
posture.  Ie maintained that in the pelvis the lymphatics were fewer
than 1o the daphragm and soon became blocked with thrombi, so that,
if the flurd could be kept in the pelvis, absorption would be minimized.
The absorption of labelled protein (Courtice and Steinbeck, 19518) and
of radio-active glass particles (Bangham, Magee and Osborn, 1953) are
mutially slowed when the animals are kept in the pelvis-down position
It 1s remarkable, however, how quickly m this positton some of the
materials injected 1nto the pelvis will reach the diaphragm and be absorbed.
Some forces cause a dnft of material, even of a layer of sticky red cells
adhering to the whole of the visceral and parietal peritoneum, to the under
surface of the diaphragm agamst the force of gravity. The movements of
the intestines as well as those of the diaphragm probably have a mrting
effect on any contents of the penitoneal cavity, Higgins, Beaver and
Lemon (1930) showed that, in dogs, opening the abdomen and handlng
the intestines delayed the arrival of graphite particles at the draphragmatic
surface, and paralytic ileus i rabbits delayed the movement of radio-
opaque material from the site of njection (Efskind, 1940).

The manner in which particles, having reached the diaphragm, pass
through the mesothelium has led to much controversy since von Reckling-
hausen (1863) gave evidence for the existence of stomata between the
cells, through which the particles passed. He placed 1nk, milk and other
substances on the pentoneal surface of the excised diaphragm, and under
the dissecting microscope observed vortices 1n the suspensions in the
region of the so-called stomata, and a flowing of the absorbed material
along subserous lymphatics. ‘This concept of the anatomrcal arrangement
of the diaphragmatic peritoneurn could not be confirmed by Kolossow
(1893), Muscatello (1895) or MacCallum (1go3) MacCallum describes
the lymphatic vessels on the penitoneal surface of the diaphragm as running
for the most part parallel with one another mn the connective tissue betweett
the muscle bundles. These lymphatic canals are abundantl d
by anastomosing channels which run obliquely or transversely across the
muscle bundles, often arching toward the peritoneum to form sac-like
channels or lacunze. The roof of such a lacuna consists of the endothehat
Lining of the lymphatic and the mesothelium of the peritoneum with only
2 lattice of fibrils as 2 basement membrane, Fig. 6§  Elsewhere there 18
a complete basement membrane to the mesothelal cells which mmpedes
the passage of particles into the lymphatic vessels.
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stretching, as in relaxation, increased the solume of the lymphatics,
brought about by a pulling action on the connective tissue fibres attached
to the walls of the vesscls  Because of the resultant decreased intra-
1ymphatic pressure, fuid and particles entered from the peritoneal cavity,
but there was no reflux from the Jarger lymphatc channels because of
valves. When the stretch on these fibres 13 dimimshed, #s 1 duaphrag-
matic the lymph 1k decrease m s:ze and the lymph
they ¢contain is expelled furwzrd into the larger valved vessels

Besides the effect of contraction :md relzranon of the dmphrzgm on
the volume of the lymph is also im-
portant, for it 15 the gradient bcmccn the pressure mamcdm:ly under the
duphragm and the pressure within the lacunae which provides the force
for absorption  ‘The mtra.abdaminal pressure has been determuned m
ammals by the ssertion of balloons under the diaphragm and has been
shawn ta saty greatly in different conditions such as anaesthess, posture,
conghing, somiting and stramng (Florey, 1927, Drye, 1948, Lam,
1936} The effect of intra-sbdorminal pressure on the entrance of matenals
mto the tymphatic lacunae s, therefare, prabably very sasable i aa
unanaesthehized amimal, and 1t cannot be determined with accuracy.

The evidence for the passage of materials between the mesathelal cells
concerns particles anly  There 13 no ditect evidence that protess mole-
cules and the smaller molecules and tytes present in p { fluid
pass between these cells. In the previous chapter, however, evidence
suggests that these substances pass through the blood capitlary memsbrane
between the cells, so by analogy it would seem reasonable to beheve that
they would also pass between the heltal cells of the p and
the endothehal cells of the lymph and nat through therr cytoplasm.
The fact that red cells and plasma protemn molecules are both ramdly
absurbed: at rates not proportional to therr size supgests that these sub-
stances are passing through gaps of constderable sze relanve to the proten
molecule  Morns (19365) has shown, t0o, that fat particles up to 1 g 1
duameter are absarbed from the perttaneal cavity as rapidly as plasma
protesn  Yet McKee et 2/ {1952) found that alouaun left the pentoneat
cavity tmare raprdly than globulin i asaitie dogs  Thes would supgest
that the protein s passing through submucroscopic pores, m which case
1t 15 not easy to explatn why isotome Ringer-Lacke salutian ts not absarbed
more quickly than plasma

Lymph propulsion

Onee the flud enters the fymphatics st 13 propelled along the lymphatic
trunks mamly by forces set up by resprratory movement. ‘These forces
will be considered in more detail i the next chapter.

Dunng the passage of the lymph along the large trunks in the thoracie
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One reason for the easy passage of particles through the diaphragmatic
peritoneal barrier 15, no doubt, the absence of a complete basement
membrane. To explain the passage through the roof of 2 lacuns,
MacCallum postulated that ““ the connexions of the endothelial cells are
so lax that the violent pumping action of the respiratory movement is
enough to force material between them when they come to form the only
obstructton to its entrance. In reality, this is very near practically tovon
Recklinghausen’s idea of stomata, but 1t differs in holding the peritoneal
epithelium as a complete layer of cells distinct from the lymphatic endo-
thelwm and not passing over into them through any communicating
channel.”

Since the work of MacCallum, the manner in which large particles
so easily gain access to the diaphragmatic lymphatics has intrigued many

and phystol, Cunningham (1926) in reviewing ths
subject wrote  * The earlier work all tended to establish the concept of
the presence of actual preformed physical openings between the peritoneal
cavity and the diaphragmatic lymphatics. This idea was gradually
ehminated, and in its place the concept of potential physical openings
between cells was offered. In turn this hypothesis is bemg replaced by
one which assumes that most, 1f not all, the particulate matenal that is
absorbed from the peritoneal cawity passes directly through the Tiving
cytoplasm of the mesothelial cells.” ‘This latter concept seems most
unlikely. Florey (1927) and, later, Simer (1944, 1948) confirmed Mac-
Callum’s observation that the cell boundartes of the diapt peri-
toneum are outlined by carbon particles during absorption with hitle
evidence of passage through the cytoplasm  Allen (1936) went a step
further back towards von Reckhinghausen’s concept of preformed stomata

In the investigation of the presence or not of preformed stomata, the
maximum size of particles that can be absorbed has been determined. All

. ' roorr ' -e-- a1y pain access.
ameter were
lei, 7-9 p in

diameter did not enter, These cells were fixed and stained before 10~
jection  Courtice, Harding and Stemnbeck (1953) observed that in the
rat, fresh rat, rabbit or human red cells ranging in diameter from 6-8
readily entered the lymphatics. Maybe fresh red cells could by their
elasticity pass through spaces which fixed cells could not.

1t is now generally accepted that particles up to about 7 g in dizmeter
pass through the mesothellum between the cells, but the ques.tion of
preformed stomata or of potentral spaces caused by the contraction and
relaxation of the diaphragm is still debatable. The forces required for
fluid and particles to enter the lymphatic lacunae have been discussed
by Allen and Vogt (1937). In the excised diaphragm they showed that
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stretching, as in relaxation, increased the volume of the lymphatics,
brought about by a pulling action en the connective tissue fibres attached
to the walls of the vessels. DBecause of the resultant decreased intra-
Iymphatic pressure, fluid and particles entered from the penitoneal cavity,
but there was no reflux from the larger lymphatic channels because of
sahes, When the stretch on these fibres is diminished, as in diaphrag-
matic contraction, the lymphatic capillanies decrease in size and the lymph
they contain is expelled forward into the larger valved vessels,

Besides the effect of contraction and relaxation of the diaphragm on
the volume of the lymphatics, intra-abdominal pressure 1s also m-
portant, for it is the gradient between the pressure immediately under the
duphragm and the pressure within the lacunac which provides the force
for absorpti The intra-abdominal pressure has been determined n
animals by the insertion of balloons under the diaphragm and has been
shown to vary greatly in different conditions such as anaesthesta, posture,
coughing, vomiting and straining (Florey, 1927; Drye, 1948, Lam,
1939)  The effect of intra-abdominal pressure on the entrance of matenals
into the lymphatic lacunae is, therefore, probably very sarable m an
unanaesthetized animal, and it cannot be determined with accuracy.

The evidence for the passage of materials between the mesothelial cells
concerns particles only. There is no direct evidence that protein mole-
cules and the smaller molecules and electrolytes present in peritoneal flurd
pass between these cells  In the previous chapter, howeser, evtdence

)
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the endothelial cells of the lymphatics, and not through their cytoplasm.
The fact that red cells and plasma protein molecules are both raprdly
absorbed at rates not proportional to their size suggests that these sub-
Stances are passing through gaps of considerable size relative to the protein
molecule, Morrss (19568) has shown, too, that fat particles up to 1 s 10
dnmgm are absorbed from the pentoneal cauty as rapidly as plasma
protein. - Yet McKee ef al. (1952) found that alburmn left the pentoneal
ity more rapidly than globulin mn ascitic dogs. This would suggest
that the protein is passing through submucroscoptc pores, m which case
115 not easy to explain why isotonic Ringer-Locke solution 1s not absorbed
more quickly than plasma.

Lymph propulsion
Once the fluid enters the lymphatics it is propelled along the lymphatic
trunks mainly by forces set up by respiratory morement. These forces

will be 'cunsldexcd m more detail in the next chapter. X
During the passage of the lymph along the large trunks 1in the thoracic
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cavity, some flurd escapes into the mediastinal tissues and the pleural cavity
(Courtice and Steinbeck, 19505, 19512). When whole blood is being
absorbed, red cells also sometimes escape, The points of eut of the
fluid and cells appear to be in the smaller tributaries which drain inte
the large channels, When the lymphatics are functioning maximally and
are widely difated, the negative pressure in the thorax together with the
resistance of the lymph nodes to flow cause the lymph to escape along the
tributaries in the parsetal pleura and into the mediastinum, When foreign
plasma 1s used, the escape into the pleural cavity may be very considerable,
Ultimately the fluid that escapes into the pleural cavity and meduastinum
is absorbed by the local lymphatics When the parasternal lymphatic
trunks are obstructed by a ligature passed around the sternum to include
these vessels, fluid introduced into the peritoneal cavity and absorbed into
the diaphragmatic lymphatics escapes from the Iymph trunks into the
pleural cavity 1n the same way (Courtice and Steinbeck, 19518). From
a practical viewpoint 1t seems that fluid in the pleural cavity may some-
times originate in this way from the peritoneal cavity.

So far we have considered the capacity of the lymphatics to deal with
the 1ntroduction of a fairly large quantity of sotonic fluid containing
plasma protemn, of whole blood or of a suspension of particles. These
experiments give an ndication of the functional sigmificance of the peri-
toneal lymphatics 1n an emergency, such as the resolution of an inflam-
matory of traumatic exudate Another common pathological condition
15 ascites, 1 which it 1s now realized that there may be a very considerable
turnover of flurd and of protein. In such a condition the Iymphatics must
play an important réle. McKee, Whipple and their co-workers found
that the exchange between plasma and ascitic lud of C'-labelled plasma
proteins was very high in dogs actively formmg ascitic flud after con-
striction of the inferior vena cava above the dizphragm, e g. about 6 per
cent of circulating albumin passed each hour from the blood stream to
ascitic fld and sumular amounts left the peritoneal cavity, presumably
by way of the lymphatics. Volwiler, Grndlay and Bollman (1950) feund
a somewhat slower turnover in experimental ascites produced by plasma-
phaerests and constriction of the portal vein and inferior vena cava.

In ascites, the lymphatics are important, not only in the part they play
1n returning protein and fluid to the blood-stream, but also in the produc-
tion of the ascitic fluid Bolton and Barnard (1931) observed greatly
distended lymphatics under the Iiver capsule m experimental ascites 1
cats, but they considered that flurd feaked into the peritoneal cavity from
the pericapillary spaces rather than through the Iymphatic wnll.s.
Volwiler ¢t al. showed that liver lymph flow was greatly increased in this
condition and they postulated that Iymph leaked from the hilar and
subcapsular lymphatics as well as tisste fluid through the liver capsule.
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Hull et al. (1953) suggested that ascites 1n serous hepatosts, a liver disease
in Jamaican children, may also be produced m this way. This would mean
that ene of the sources of ascitic flud is the lymphatic vessels of the liver,
while the fluid is at the same time being rapidly absorbed by another set
of lymphatics, those of the duphragm.
The Pleural Cavity

Lymphatic pathways of absorption

As in the peritoneal cavity, the absorption of colloidal molecules and
of partscles from the pleural sacs takes place in certain areas in peeference
to others, In considering the physwological function of the pleural
Iymphatics, the pleura may be divided into the visceral pleura covering
the lungs, the parietal pleura adherent to the intercostal muscles and nbs,
the diaphragmatic pleura covering the superior surface of the diaphragm
and the medastinal pleura. The cephalic portion of the mediastinal
pleura 1s closely adherent to the cellular tissue surrounding the trachea,
oesophagus, and great vessels, while caudally between the heart and
diaphragm are two folds of pleura, one on each side of the midline, reflected
from the diaphragm to the pertcardium and pulmonary roots

‘The lymphatics of the pleura covering the lungs are arranged as a
single plexus, the smaller vessels uniting to form a vartable number of
trunks which drain into the lymph nodes at the hilum after passing around
the surface of the lung  Within the pleura the lymphatics are provided
with valves which open in all directions, thus allowing free circulation of
lymph within the himuts of the pleura These superficial vessels are in
communication with the deeper pulmonary lymphatics 1n the interlobular
septa which anse from the pleura. The movement of lymph from the
pleural vessels through these communications with the deep vessels
depends upon the presence or absence of valves in the communicating
vessels  Dliller (1937) maintains that the valves 1n these vessels pomnt
towards the pleura, which precludes the flow 1n the pleural lymphatics
from entering the lungs.  Others, however, mantan that lymph can flow
£t fenmm b s o round-

19323

The lymphatics of the parietal pleura exist as 2 plexus over the muscles,
but not covering the ribs, with collecting trunks running at the upper and
lower borders of each intercostal space, Fig. 69, 'These larger channels
drain the lymph n part ventrally to the parasternal lymph trunhs accom-
panying the internal mammary blood vessels, and 1 part dorsally to vessels
which run cephalically to upper medustinal lymph nodes The vessels
of the pleural surface of the diaphragm collect the lymph from the peri-
toneal surface and dram nto the large parasternal lymphaties, which



Fic 69 —Ds of the lymphaties of (4) the
panetal and (B) the mediastinal pleura in the dog

{A)y—r1, M Jongus collr, 2, Oesophagus, 3, Trachea, 4, Internal m; artery and sein, s, Fint
b6, Siermal Toenph 2land ; 7, Crumal medisctnal Tyngh glands » &, Draphragm, 9. M. transsersus
thoractt {cut
B)—1, Thoraa duct, z, Aorta, 3, Diaphragm ; 5 Lymph glands of the bifurcaton, s, Brechio-
cephalic wrtery , 6, Left subclivian arfery’, 7, Cranial medsastnal lymph glands , 8, Juncrion of subclavian,
axillary and jugular veins
(From Baum, 19t8)
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ultimately enter the upper antetior mediastinal lymph nodes near the
thymus. ‘The upper mediastinal pleura drains cephalically nto nearby
lymph nodes. ‘The pleural folds between the heart and diaphragm contain
Iymphatics which apy 1y drain cephalically to upper med 1 lymph
nodes, Fig. 69 These folds are important 1n the absorption of particles
because of their incessant movement and stretching and because they
contain Kampmeier foci (Kampmeier, 19285 ; Cooray, 1949) These foci
are clusters of cells traversed by blood vessels derived from the fairly large
trunks of the adjacent fatty lobules. ‘The cells are phagocytic 1n function.

Lymphatic absorption from the pleural cavity occurs mamnly through
two regions of the pleura, the lower mediastinal folds and the panetal
intercostal pleura. In contrast to the p 1 aspect of the daph
the pleural aspect has little absorptive capacity , por does the visceral
pleura covering the lungs seem of much importance 1n removing free
particles or fluid from the pleural sacs (Lemon and Higgins, 19325
Courtice and Simmonds, 1g49h, Cooray, 1939, Courtice and Morrs,
1933)-

The relative impartance of the meduastinal and of the 1ntercostal pleura
in ahsorption is difficult to assess. When dye-labelled plasma proteins
or suspenstons of particles are injected into the pleural cavities, the medi-
astinal pleura is the site of deepest staimung or of adhesion of particles
In Cooray’s experiments practically all the particles followed this course
nrespective of the posture of the ammal; the costal, diaphragmatic and
wisceral pleura played only a minor part. With dye-labelled plasma
proteins (T1824 1n plasma), however, the intercostal lymphatics of the
partetal pleura were also deeply outhmed in blue, although the lower
meduastinal region appeared to be the region of maximum accumulation
(Courtice and Simmonds, 19495; Courtice and Morms, 1953)

The ulumate pathways for the lymph draitung the pleural cavity are
the right lymph duct and the thoracic duct  Of these, n the cat, more
labelled plasma protein passes nto the night lymph duct than mto the
thoracic duct following sntrapleural injection (Courtice and Simmonds,
1949b). Wrong conclusions may, therefore, be drawn 1f lymph from the
thoracic duct only 13 considered.

Mechanism of absorption

Karsner and Swanbeck (1921) considered that, in anaestheuized cats,
particles in the pleural cavity moved under the mfluence of gravity
Cooray (1949), however, found in rabbts, rats and guinea-pigs that yected
fhud, collord and particles followed an invanable course, caudally towards
the diaph and then cephalically along the med: 1 pleural folds
to the lung roots, Posture had no cffect on the direction of spread, but
paralysis of the diaph caused a derable delay. He luded
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that the movement was due to an aspirating effect of the diaphragm on
mnspiration greater than propulsion in the reverse direction during expiration

The mechanisms 1nvolved 1n the entry of material into the lymphatics
are probably similar to those suggested for the peritoneal cavty.
Dybkowsky (1866) considered that in rabbits and dogs particles were
mainly absorbed mto the intercostal lymphaties through permanent
stomata ‘The terminal lymphatics were filled during inspiration when
the inward drag of the elastic lungs on the pleura and the outward drag
of the intercostal muscles pulled the walls of the lymphatics apart and
material was sucked in  During expiration the tension was relaxed and
the superficial lymphatics collapsed, expressing their contents into the
deeper efferent vessels It 1s now believed that communications between
lymphatics and pleural cavity, if they exist, are not permanent but are
due to temporary dehiscence of adjoining mesothelial cells when the pleura
isstretched  Allen and Vogt (1937) showed that the intercostal lymphaties
could be filled by placing carbon suspenston over the pleural aspect of
excised parts of the chest wall and stretching the tissues, Cooray observed
particles in the cytoplasm of the mesothehal cells and concluded that the
particles passed both between the mesothelial cells and through their
cytoplasm. In killed animals with artificial respiration the particles then
entered the lymphatics, but in living amimals all the particles were ingested
by polymorphs or the phages of Kamp ’s foct, and the lymph
nodes showed no particles. Karsner and Swanbeck considered that most
of the particles were ingested by phagocytes. Although they invariably
found pigment 1n the lymph nodes of the mediastinum, this prgment was
always 1n mononuclear cells 1n the lymph smnuses.

The evidence suggests, therefore, that particles such as India ink and
lalled or living bactera introduced 1nto the pleural cavities may be 1ngested
by polymorphs in the pleural sacs or may pass mainly through the nferior
mediastinal folds of pleura where they are taken up by the macrophages
of the specialized Kampmeser's foct.  As far as the lymphatics are con-
cerned, some of the particles entering the mediastinal folds may enter the
Iymphatic vessels and appear in macrophages in the lymph nodes, while
others may enker the intercostal lymphatics.  Cootay has ascribed to the
Kampmerer foci a defensive function to prevent the spread of bactera
through the mediastinum. .

Although bacteria and foreign mert particles such as India ink are

largely ingested, especially 1 Kamg s foci, plasma protein molecules
and red cells farrly rapidly pass into the Iymphatic vessels. Some of the
red cells will be engulfed by the phages of Kampmeier’s foci and of

the lymphatic nodes, as in the absorption from the peritoneal cavity, but
this represents only a very small fraction of the absorbed cells (Courtice

and Morns, 1953)-



THE PLEURAL CAVITY 193

1t is difficult to understand why little or no material is absorbed into
the lymphatics on the pleural aspect of the diaphragm or the visceral
pleura covering the lungs, for these b are subjected to id
able movement and stretching too.  The structure of the basement mem-
brane may be important since 1t 1s thin and fenestrated only over the
intercostal spaces and in certain junctional regions of parietal and medi-
astinal pleura (Dyblowsky, 1866; Policard and Galy, 1941) The
arrangement of the lymphatics may also be significant, since the vessels
connecting the pleural lymphatics with those of the lungs have valves
pomnting towards the pleura (Mller) or have no definite valvular arrange-
ment (Simer). Thus any stretching of the pulmonary subpleural plexus
would be as likely to aspirate fymph from the lungs as to such flwd 1
from the pleural cavity. In pulmonary oedema aspiration of flwd from
the lung to the pleural cavity may occur (Graham, 1921}, which suggests
that the tendency for lymph to pass outwards is greater than the inward
passage of pleural flmd,  In the diaphragm, 1n the same way, the stretch-
ing of the lymphatics may aspirate lymph from the peritoneal lymphatics
In the intercostal vessels, on the other hand, valves prevent the backward
aspiration of lymph.

Rate of Iymphatic absorption

Starking and Tubby (1894) injected solutions of carnune and methylene
blue into the pleural sacs of dogs, and found that the urine became coloured
before the thoracic duct lymph, indicating a predominance 1n blood
absorption of these substances  As with the perstoneal cavity, however,
such experiments guve no indication of the capacity of the lymphatics to
remove naturally occurring effusions or exudates, for sub such as
Starhng and Tubby used will readily diffuse through the walls of blood
capillaries.  Pleural fluid, on the other hand, always contains protemn, as
does peritoneal fluid, and this protein will only be absorbed by the lym-
phaues. Yamada and his associates (1933) collected flud by pleural
puncture from the pleural sacs of several hundred healthy soldiers  When
the men had been quiet before puncture, flud was obtatned from 2g per
cent of the subjects, but after severe work, 1t was secured m 70 per cent
of the group. 'The amount of fluid vaned from a drop to 20 g. and the
protein concentration varied from 1-38 to 335 per cent. In normal
amumals, too, whenes er pleural fluid can be collected the protemn content 1s

ppreciabl hological conditions, when derable q of
fluid may be present 1. the pleural eavities, the proten content 1s bagh,
Ia.mcs (1949) found 1n man average concentrations of 2 1 per cent n heart
failure, 42 per cent 1n carcinoma and 53 per cent 1 tuberculosts

The capacity of the lymphatics to absorb protein-rich flutds such as
occur naturally has received little attention.  Starling and Tubby observed

L—0
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that blood serum was absorbed with * extreme slowness ”, but they used
only anaesthetized dogs and kept the experiment going only 2 to 3 hours,
Courtice and Simmonds (19498}, hawever, found that in unanaesthetized
rabbits 2 considerable amount of plasma, 6 ml./kg., was absorbed within
24 hours, while in rats the same quantity could be removed in 8 to 16
hours (Lake, Simmonds and Steinbeck, 1953). Although this rate of
removal is much less than from the peritoneal cavity, it should not be
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(Redrawn from Courtice und Morrs, 1953}

regarded as slow. Red cells, too, are readily absorbed into the Iymphatic
vessels, Courtice and Morns (1953) mnjected 1 ml./kg. \vholc. !)luod
{homologous) with the cells labelled with P22 into the pleural cavities of
the rat and found that 70 per cent of the injected cells were absorbed
through the lymphatics into the blood stream in 5 hours.

As in the perstoneal cavity, lymphatic absorption (s.grcatly aﬂccgcd
by respiratory movement ; nembutal anaesthesia stows while the inhalation
of 5 per cent carbon dioxide considerably increases the rate of absorption
of both labelled proteins and red cells from the pleural cavity, Fig. 70
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Diaphragmatic movement seems to play an important part in the
absorption of various particles. . Cooray (1949), using radio-opaque dye-
stuffs of various yiscosities, studied the path of the material injected into the
pleural cavity of the normal rat and of rats with the diaphragm paralysed.
He found that loss of diaphragmatic movement caused by phrenic neurec-
tomy, p h orp peritoneum definitely delayed absorption.
s critetia of retarded absorption were based on the visual record of a
slowing 1n movement of the contrast agents towards the retro-cardiac
mediastinal folds, which he regarded as the pleural absorbing surfaces.
Courtice and Mornis (1933) by quantitative methods found that phrenic
neurectomy 1n the acute stage also caused a decreased absorption of red
cells labelled with P32, On the other hand, these authors showed clearly
that labelled plasma protemn was absorbed more rapidly than normal after
the diaphragm had been acutely paralysed. This they attributed to the
greatly increased absorption by the lymphatics of the parietal pleura
When the phrenic nerves in rats were severed and the diaphragm paralysed,
the intercostal and abdominal muscles very greatly increased their contrac-
tions 1 an endeavour to maintain an adequate pulmonary ventilation
{Davis and Mornss, 1953) Such an increased respiratory effort on the
part of the mtercostal muscles could increase absorption of protein even
though absorption by the mediastinal route was decreased. The differ-
ence 1n the behaviour of the absorption of red cells and of plasma protein
suggests that the red cells cannot so readily gain access to the lymphatics
of the parietal pleura 2s can the much smaller protein molecules. After
2 or more weeks of diaphragmatic paralysis the absorption of both red
cells and of plasma was approxtmately normal. A similar effect was seen
1n absorption from the peritoneal cavity. This can probably be explained
by the gradually i d ments of the i ! and sbdominal
muscles necessary to restore the correct intrapleural pressures. The re-
storation of lung movement, together with the tremendous exertion of the
abdominal muscles, probably move the diaphragm passively and so increase
the absorption of injected red cells through the mediastinal folds,

The Pencardial Cauity

The lymphatics of the parictal pericardium have not been ivel
nvestigated,  Drinker and Field (1931) showed that 1n the rabbit near the
base of the heart where this membrane is heavily loaded with fat, lym-
phatics are abundant and drain into several small lymph nodes embedded
in the basal cardiac tissue  In the thin, transparent, pericardium towards
the apex of the heart, however, no lymphatic vessels were seen, but 1t was
pointed out that a few might be present as in the case of the thinnest parts
of the omenturn,

The visceral pericardium, or epicardium, on the other hand, contains
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that blood serum was absorbed with * extreme slowness , but they used
only anaesthetized dogs and kept the experiment going only 2 to 3 hours,
Courtice and Simmonds (19495), however, found that in unanaesthetized
rabbits a considerable amount of plasma, 6 ml./kg , was absorbed within
24 hours, while in rats the same quantity could be removed in 8 to 16
hours (Lake, Simmonds and Steinbeck, 1953). Although this rate of
removal is much less than from the peritoneal cavity, it should not be
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regarded as slow. Red cells, too, are readily absorbed into the Iymphatic
vessels. Courtice and Morrss (1953) injected 1 ml /kg. whole ?Iood
(homologous) with the cells labelled with P#2 into the pleural cavitics of
the rat and found that 7o per cent of the injected cells were absorbed
through the lymphatics into the blood stream in § hc!urs.

As 1n the pentoneal cavity, lymphatic sbsorption is greatly affected
by respiratory t; butal hesia slows while the mhala!fon
of 5 per cent carbon dioxide considerably increases the rate .Of absorption
of both labelled proteins and red cells from the pleural cavity, Fig. 70-
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unite to form a single vessel which leaves the heart on the anterior surface
of the pulmonary artery. Very few valves are found in any of the three
capillary systems.

Patek found that when the lymphatics in the beating heart were filled
with India ink, the ink was pmmptly washed away This led him to
thimk that lymph movement in the heart must be quite rapid. Of the
mechanism of lymph movement in and from the heart he writes: It
scems probable that the pressure of the blood in the ventricle during
diastole drives lymph from the subendocardial lymphatics into the myo-
cardial lymphattes. During systole the contraction of the myocardum,
as pomnted out by Kampmeier, pmbnbly furccs the lymph from the
myocardial lymphatics into the subep phatics and the pressure
of the dilated heart against the pericardium mward the end of diastole
may reasonably be expected to drive the lymph from the subepicardeal
Iymphatics into the main lymphatic trunk leaving the heart,”

Drinker, Warren, Maurer and McCarrell {1940) cannulated the lymph
trunk at the base of the heart in dogs, and collected cardiac lymph for long
periods of time Table 27 shows the average flow of lymph from the

‘TABLE 27

Average flow of cardiac lymph 1n ten dogs

Heart Blood Arerage lymph

Weight Weght Pressure flow

Kg F4 mm Hg mi thour
80 770 142 a3r
8 mio 129 © 46
us 940 94 o5z
18 910 130 056
146 1143 112 o359
o 850 160 063
140 1020 104 095
144 oro 120 095
1o 975 140 163
s 915 12 163

From Drinker, Warren, Maurer and McCarrell (1940)

hearts of ten dogs. On an average the lymph flow was 0 8 ml per hour,
but there was no correlation between dog weight, heart weight, blood
pressure and lymph flow.  The Iymph always contained a high concentra-
tion of protem ; in 18 dogs the range was 2 50 to 4 73 per cent with a
mean of 3 69 per cent This was somewhat higher than the protemn level
of pericardial fluid m those animals 1n which free fluid was found 1n the
percardial cavity. ‘There 1s 1n the heart, therefore, a continual leakage
of protein from the capillaties of the coronary circulation, and the rhythmic

contractions of the cardiac muscle ensure 1ts rapid removal by the lymphatic
plexuses.
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a plexus of lymphatic capillaries as well as larger collecting vessels which
ultimately enter the lymph nodes at the base of the heart. Pateh (1939)
has shown that in the dog there are no collecting trunks in the endocardum
or the myocardium, but the subendocardial and myocardial plexuses of
lymphatic capillaries drain 1nto the subepicardial vessels. After entering
the lymph nodes the lymph emerges m a single trunk which may be
cannulated and a muxture of lymph from all parts of the heart collected
(Drinker ef al. 1940). Valves are numerous in the larger subepicardial
vessels but only a few have been found 1n the capillary plexuses.

When fluid was mjected into the pericardial sac, lymphatic absorption
occurred mainly at the base of the heart and not uniformly through the
vessels of the pericardium (Drinher and Field, 1931).  Asinthe pentoneal
and pleural cavities, the naturally occurring fluid in the pericardial cavity
contains a high concentration of protein, Maurer, Warren and Drinker
(1940) found average protein values for normal pericardial fluid of 1-j0
per cent in dogs, 2-16 per cent n rabbits, 1-71 per cent in monheys and
2-42 per cent in cats, while 1n disease in man they found that the protein
concentration was usually 3 to 4 per cent, but varied from 078 to 668
per cent. These fluids would therefore be removed by way of the lym-
phatics  Information concerning the rate of absorption of fluids from the
pericarcial cavity 1s, however, very scanty  Drinker and Field injected
Ringer solution and serum into the pencardial cavity of rabbits They
found that when 3 to 7 ml. of Ringer solution was introduced, the average
absorption in 1} to 2 hours was 1 3 ml per hour. With serum (rabbit
or horse) they found that in four animals there was no absorptioninz to 4
hours, while 1n two animals there was 100 per cent abserption On the
basts of these experiments the authors concluded that absorption of serum
from the pericardial cavity of rabbuts was negligible It would seem,
however, that further nvestigations are required ta determine the capacity
of the pencardial lymphatics to remove a protein-rich flud from the
pericardial cavity.

Heart

According to Patek (1939), the lymphatics of the heart are distributed
as three plexuses, subendocardial, myocardial and subepicardial. The
subendocardial vessels comprise capillaries which ke in a single planc.
They dran 1nto the myocardial plexus which is a profuse system of inter-
connected capillartes,  There are no draining trunks in either the sub-
endocardial or myocardial tissues. The Iymph from these plexuses

Iti ly reaches the subepicardral network which covers the whole of
each ventricle. ‘The vessels 1 the subepicardial system unite to form
drainage trunks, which accompany the coronary vessels and eventually
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and ied by a Iymph flow of 400 mg. /min.
or 24 ml./hr. It is, hm\cvcr. doubtful if a flow of lymph above 300
mg /mm could be maintained under the circulatory condi that would
eust in a dog during a long run. At the rate of 300 mg./min., the flow
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of cardiac lymph 1 a hound engaged in a twelve hours’ chase would be
approximately 18 ml, of lymph per hour, or 216 ml. for the twelve hours.
In a dog, such as the one 1n the expeniment cited, with a heart weighing

91 g., this would mean 2 4 ml of lymph per gram of heart during the
twelve hours

Joints

The nature of the synowvial tissue hning joint spaces has been widely
debated. In reviewing the luerature Bauer, Ropes and Wae (1940)
conclude that the joint is a tissue space rather than a body cavity. The
so-called synovial b f in to tissue
with cell aggregations near the lumen, rather than 2 continuous lining
membrane. In this synovial tissue are two plexuses of lymphatics, one
near the lumen and one deeper. These lymphatics do not communicate
directly with the cavity, but on the other hand, no barrier exists separating
the articular cavity from the intercellular spaces of the synowvial tissue.

The joint cavity normally contains varying amounts of synosial flud.
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When the work of the heart was increased by means of adrenaline or
ephednine, lymph flow at once became greater, and the effect continued
as long as the drug acted. Fig. 71 shows such an experiment  After 2
normal period of lymph collection of over an hour's duration, 130 mg
of sodwm mitrite were given intravenously, Lymph flow decreased
slowly with the gradual fall in blood pressure, An intravenous injection
of 13 mg of ephedrine sulphate raised the blood pressure and increased
cardiac work, with an immediate augmentation of lymph flow. Lymph
flow also increased, as it does in other tissues, when the tissue fluid
formation was rapidly raised by acute plasmaphaeresis,
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Fic 71 —Cardiac lymph flow, blood pressure, and percentage of lymph protem m a
dog given soditm mitrite and ephednine.

Atarrow 1, 130 mg of sodwum nitnte were given wntravenowly , at srrow 2, 13 g of ephedrine aulphate
{From Drunker, Warren, Maurer and McCarrell, 1930)

In order to obtain an 1dea of the possible volume of lymph flow from
the heart under circulatory condttions simulating those of hard exercise,
lymph was collected from the heart of a dog in a Starling hcnrt-h{ng
preg In this preparation, hepanmzed blood entered the superior
vena cava, was driven by the right ventricle through the Jungs and was
delivered to an artificial peripheral circulation via the left subclavian artery.
Under such circumstances, it is easy to increase the inflow of blood to the
heart, the arterial resistance, and—by adding adrenaline to the venous
resersoir—the vigour and completeness of each cardiac centraction. .Thc
conditions imposed are thus a crude representation of the cardiac activity
accompanying heavy physical exercise. Fig. 72 is a chart of such an
experiment. The dog weighed 11-3 kg.; the heart gr g. The com-
Banation of increased inflow of blood to the heart, increased blood pressure
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and adrenali m_|ecuon“ iedby 2 lymph flow of 4oo mg /min.

or 24 ml./hr. It is, ho“ewcr, doubtful if a flow of Iymph above 300
mg./min, could be maintained under the circulatory conditions that would
exist in a dog during a long run. At the rate of 300 mg./mn, the flow
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of cardiac lymph 1n a hound engaged in 2 twelve hours’ chase would be
approximately 18 ml. of lymph per hour, or 216 ml, for the twelve hours.
In a dog, such as the one 1n the expenment cited, with 2 heart weighing

91 g. this would mean 2 4 ml, of lymph per gram of heart during the
twehve hours,

Joints

The nature of the synovial tissue lining jomnt spaces has been widely
debated. In reviewing the literature Bauer, Ropes and Wane (1940)
conclude that the joint 1s a tissue space rather than a body cawnty. The
so-called synovial membrane conforms 1n structure to connective tissue
with cell aggregations near the lumen, rather than 2 continuous hning
membrane, In this synovial tissue are two plexuses of lymphatics, one
near the lumen and one deeper. These lymphatics do not communicate
durectly with the cavity, but on the other hand, no barrier exists separating
the articular cavity from the intercellular spaces of the synovial tissue.

‘The joint cavity normally contains varying amounts of synovial flurd.
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From the chemical analyses of joint fluid obtained from cattle, Ropes,
Bennett and Bauer {1939) concluded that synovial fuid is a dialysate of
blood plasma to which mucin has 1n some way been added. On an
average they found that the total protein concentration of this fluid was
1'02 g. per cent, of which 071 was albumin, o'17 globulin and 014 mucin.
One of the several theories postulated for the formation of synovial fluid
is that this flurd 1s the hquid matrix of the connective tissue lining an
enlarged tissue space, the mucin corresponding to the mucoid constituent
of other connective tissues. A similar concept is that the synovial fluid
1s a dialysate of blood plasma to which mucin is added as the fluid diffuses
through the connectve tissue surrounding the joint cavity.

If we accept this concept, we would expect that the exchange of sub-
stances between the blood and synovial flud and the réle of the [ymphatics
are the same as in any connective tissue flud. There is in fact a farly
rapid exchange of materials of small molecular size between the blood
and the synovial fluid. For example thiocyanate and glucose readily
diffuse 1nto the joint cavities when injected mtravenously (cf. Bauer,
Ropes and Waine, 1940) and mecholyl is readily absorbed directly into
the blood stream when injected 1nto a joint cavity (Rhinelander, Bennett
and Bauer, 1939). Large protein molecules introduced nto the jomt
cavity, on the other hand, are absorbed only into the [ymphatics. They
presumably diffuse between the cells of the synovial tissue to enter the
underlying lymphatcs. Bauer, Short and Bennett (1933) showed that
egg white and horse serum albumin readily entered the lymphatics and
that passive movement of the jomnt greatly accelerated their remosal.
Horse serum globulin, on the other hand, did not leave the joints in these
experiments. We may regard synovial fluid, therefore, as 2 some\vh.a!
spectalized tissue fluid, which nourishes the articular cartilages  As in
other regtons, there is an extravascular circulation of protein in which the
Jymphatics play an essential réle, In pathological lesions of joints, there-
fore, when the protein content of the synovial fluid approaches that of the
plasma (Allison et al., 1926) we should expect the lymphatics to play
a major part 1n the resolution of the excess flurd.

When particulate matter, such as India ink or graphite, is introdflccd
into a jownt cavity, the particles slowly enter the lymphatics, sometimes
apparently carried by phagocytes, and at other times without such assist-
ance ; but in any event removal is extremely slow (Key, 1926 ; Rynearson,
1931). It would be interesting, 1n view of the work done on the serous
cavities, to investigate the removal of particles such as red blood cells
which may be present in the synovial fluid in large numbers after trauma.
Maybe they would gain access to the lymphatics without first under-
, aided by of the joint.

going phagocy
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SPLEEN

The exact structure of the walls of the venous sinuses of the spleen
is still debatable. One view is that the sinus wall is a network of longi-
tudinal, rod-shaped fixed macrophages and circular reticular fibres and
that this wall is therefore perforated by many permanent openings, or
fatticed  Another view is that these sinuses are not open structures in
this latticed sense, but that their walls are extremcly permeable to blood
plasma, thus permutting them to store cells 1n large numbers (Knisely,
1936). Whatever view is correct, 1t i3 apparent that the vessels of the
spleen are very permeable to the plasma proteins.

Lymphatics have, in general, not been found in the stroma of the
spleen, but are present in the capsule and 1n the thickest trabeculae,
Snook (1946), however, has described lymphatic vessels accompanying
the arteries 1n the white pulp of the spleen in certain animals, the guinea~
pig, mole, mouse and horse. In the absence of lymphatics in the red
pulp, the fluid that passes through the walls of the capillaries and sinuses
must permeate the splenic stroma before reaching the lymphatics 1n the
trabeculae and capsule. In this respect the formation of lymph in the
spleen resembles that in the liver. Recently, Hatta, Okada, Morita and
Mishima (1935) have collected splenic lymph in dogs under methane
anzesthesia, In seven dogs of 7 to 13 kg, body weight and 31 to 68 g.
splenic weight, the lymph flow varied from o 12 to 0 g4 ml /hr, and the
average protein concentration of the lymph was 61 per cent of that in
the plasma,

When the splenic veins are higated in the dog to produce venous
congestion, the escape of fiuid from the splenic vessels increases and some
red cells also escape so that the lymph entering the cisterna chyli from the
spleen may be seen to be blood-staned (Barcroft and Florey, 1928).
Trypan blue mjected 1nto the splenic artery was also soon observed 1n the
cisterna chyli. These experiments show that the fluid escaping from the
splenic vessels rapidly finds 1ts way into the lymphatics.

GENITO-URINARY SysTEM
Kidneys

‘There 13 little direct information concemmg the formation, amount
and composition of lymph from the urinary tract  Clinicians have been
mterested n the spread of infections and of malignant disease, and the
gross fines of lymph drainage are farly well understood, but there 15
comparatively little material dealing with the finer aspects of lymphatic
function 1 this area

There 15 2 profuse network of lymphaties in the capsule of the kidney,
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and g rich supply in the parenchyma (cf. Poirer, Cuneo and Delamere,
1904, Bartels, rgog; Kumita, 190g; Rouvitre, 1932; Abeshouse,
1934). The capsular vessels drain into collecting trunks which either
perforate the fibrous capsule to with the lymphatics of the
perirenal fat capsule or connect with the deep collecting trunks of the
parenchyma The evidence suggests that the parenchymal Iymphatics
surround both the glomeruli and tubules, but are not present within the
glomeruli  Those vessels surrounding the glomerult and the tubules in
the cortical zone may communicate with the plexus situated beneath the
fibrous capsule In the medullary zone the lymph capillaries surround
the loops of Henle and the collecting tubules, and give rise to larger vessels
which pass up to the base of the pyrarmds to unite with trunks from the
cortical network, The so-formed larger collecting ducts accompany the
arteries and veins and finally reach the hulum, where they pass along with
the other elements of the pedicle to the juxta-aortic and pre-aortic lymph
glands. Peirce (1944), however, was unable to demonstrate the presence
of a lymphatic network about Bowman'’s capsule or lying 1n the medullary
rays.
Schmidt and Hayman (1929-1930) showed, in the dog, that flud
steadily leaves the kidney by lymphatics, in addition to that going out
by the ureter ; and that diurettcs augment both Iymph and urine forma-
tion. 'They measured the flow m the thoracic duct and 1n the abdominal
receptaculum of dogs after prelimnary evisceration, unilateral nephrec-
tomy, ligation of aorta and infertor vena cava below the remamng kidney,
and ligation of the portal vemn and hepatic actery.

More recently, Sugarman, Friedman, Barrett and Addis (1942) and
Kaplan, Friedman and Kruger (1943) cannulated both capsular and hilar
lymphatic vessels of the kidney of dogs, other visible ducts being Tigated.
When they injected the dye, T1824, into the medullary region 1t readily
appeared 1n the hilar lymph vessels but not n those of the capsule, when
the dye was mjected into the cortical area 1t often appeared n both 'the
capsular and hilar vessels, These experiments confirmed the gnatomical
connexions of the cortical and medullary lymphatics already mentioned.
In several experiments these authors measured the flow and composttiont
of the renal lymph  The mean values and ranges 1n their experiments re
given in Table 28

From thus table 1t 1s seen that the average amount of glomerular filtrate
formed per hour was on an average 3,456 ml. of which 75 ml passed
into the unne and 3,381 ml. was reabsorbed. Compared with this large
volume of reabsorbed fluid the cannulated lymphatic drained only 1 4 ml.
Even 1f we assume that the total lymph flow from the kidney is ten times
this, since in some hidneys up to 10 efferent vessels were ligated, the volume
of fluid drained by the lymphatics is but 2 small fraction of the fluid
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TanLe 28
Flow and composition of renal lymph 1n the dog
Flow from single cannulated trunk (t1) 0 0232 g /min. (o 0054-0 0550),
e 14 mi/hr.

Protein concentration (1) Lymph 18yg % (o56-421)
Renal attery s81g % (518-688)
Renal vein 58a¢g % {518-660)

Urea concentration (11) Lymph 697 mg. % (38 7-1640)
Renal artery syrmg % (228-1546)
Renal vein strmg ° (22 8-1512)

Glucose concentration (9) Plasma 103 5 mg. %% (70-135)
Renal lymph 927mg °; (70-115)
Cervical lymph 1otgmg % (By-125)

Inulin concentration during
1V infusions of mulin

Plasma
Cervical duct

147 6 mg

o
1388 mg “,:}5 expts

Plasma
Renal lymph
Inulin clearance
Urine volume

1212 mg %
825 mg. %}8 e

576 ml /min/
1 25 ml.,min f8 ©PtS

Modified from Sugarman et af (1942} and Kaplan et al. (1943)

filtered and reabsorbed. It 1s evident, therefore, that in these experiments
the lymphatics played hittle part in tubular reabsorption. The higher
urea concentration in the renal lymph and the lower inulin concentration

{obtained during the infusion of inulin to ascertain the inulin clearance)
e o [ AR P P SRR St

the renal lymphatics 1s a mixture of tissue fluid from various regions of
the hidney, and that this tissue flud 1s formed 1n part from capillary
filtrate and 1n part from reabsorbed tubular fluid It 1s quite probable that
the composition of tissue fluid and so of lymph varies considerably 1n
different regions of the kidney.

Chyluria. Although the renal lymphatics play Iittle part in normal
tubular reabsorption, on rare occasions thoracic duct chyle may enter the
unne through 2 fistulous communication between the lymphatic and
urinary systems. This is usually caused by lymphatic obstruction of the
thoracic duct by the filania parasite or other pathological states, so that
the mtestinal chyle is forced from the lacteals in a retrograde directron
towards the pelvis of the kidney, thence through lymphatics of the
abdominal wall to anastomose with vessels of the upper half of the body.
In this collateral Iymphatic circulation one or more of the vessels may
rupture into the pelvis of the kidney, into the ureter or into the bladder,
giving nse to chyluna (cf. Abeshouse, 1934)
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and & rich supply 1n the parenchyma (cf. Poirier, Cuneo and Delamere,
1904; Bartels, 1909, Kumita, 1909; Rouviére, 1932; Abeshouse,
1934) The capsular vessels drain into collecting trunhs which either
perforate the fibrous capsule to communicate with the lymphatics of the
perirenal fat capsule or connect with the deep collecting trunks of the
parenchyma The evidence suggests that the parenchymal lymphatics
surround both the glomeruli and tubules, but are not present within the
glomeruli, Those vessels surrounding the glomeruli and the tubules m
the cortical zone may communicate with the plexus situated beneath the
fibrous capsule. In the medullary zone the lymph capillaries surround
the loops of Henle and the collectingtubules, and give rise to larger vessels
which pass up to the base of the pyramids to unite with trunks from the
cortical network, The so-formed larger collecting ducts accompany the
artertes and vewns and finally reach the hilum, where they pass along with
the other elements of the pedicle to the juxta-aortic and pre-aortic lymph
glands. Peirce (1944), however, was unable to demonstrate the presence
of 2 lymphatic network about Bowman’s capsule or lying in the medullary
rays X
Schmidt and Hayman (1929-1930) showed, in the dog, that fluid
steadily leaves the kidney by lymphatics, in addition to that going out
by the ureter ; and that diuretics augment both lymph and urine forme:
tion. They measured the flow 1n the thoracic duct and in the abdominal
receptaculum of dogs after preli y ev ion, unilateral nephrec-
tomy, ligatton of aorta and mferior vena cava below the remaining kidney,
and ligation of the portal vein and hepatic artery.

More recently, Sugarman, Friedman, Barrett and Addis (1942) ‘i‘"d
Kaplan, Friedman and Kruger (1943) cannulated both capsular and hilar
Iymphatic vessels of the kidney of dogs, other visible ducts being Ilgatgd
When they njected the dye, T1824, mto the medullary regton 1t readily
appeared m the hilar lymph vessels but not 1n those of the capsule, when
the dye was injected into the cortical area 1t often appeared 1n both .thc
capsular and hilar vessels These expeniments confirmed the anatomical
connexions of the cortical and medullary lympt already A d
In several experiments these authors measured the flow and compositton
of the renal lymph. The mean values and ranges mn their experiments ar¢
given 1n Table 28.

£ e Tae flgrate
forr wssed
e e - large

volume of reabsorbed fluid the cannulated lymphatic dramned only 1-4 ml,
Even 1f we assume that the total lymph flow from the hidney is ten times
this, since in some hidneys up to 10 efferent vessels were higated, the volume
of fluid drained by the Iymphatics 1s but a small fraction of the flud
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Tavtr a8
Flow ond componition of rennl Jymph in the dog,

low from single ennnulated srunk (11) or0232 « /min. (o 00§ §-0 0§80},
fe. 14 ml i,

Protein eonentration (11} Lymph (o'st-g'at}
Renal artery (518 O BN)
Lennl veln (5:18-6:60)
Utea toncenteation (11} Tymph 67 g, P (3¥7-1640)
Iteninl artery 83t mpg o {228-184:0)
Renl vein st ", (a2 B-ig10a)
Glucose eoncentration (i) Dlasnia 1038 g, % (To-138)
Henal lymplh N2y my, ", {ro-118)
Cenviual lymph 1019 mg. ", (By-129)
Tnulin concenteation during Plyama 147'6 Nt ');,} expta
LY. infusions of inulin Cervical duct 138 8 my, ¥, f8 €
IMasina 1200 g,
Tenat lymph Hars g, }" €xple.
Inulin clenrmnce 76 ml /mm}
Urine valume 1138 ml./min, J8 €40

Modificd from Sugnrmion o af. (tgyad and Kuaplan et of. (1943)

filtered and reabeorbed. Tt is evident, therefore, that in those experiments
the lymphatica plaged fittle part in tubular reabeorption, *I'he higher
urca concentration in the renal fymph and the Jower hulin concentrution
(obtained during the infusion of inulin to ascertain the {nulin clearance)
sugpest that some of the lymph comen from reabsorbed fluid in the distal
nnd collecting tubulea,  “I'ie protein and glucose concentrations, however,
considdered together with these findinge show that lymph collected from
the renal Tymphatics ix a mixture of tiewie fluid from various regions of
the kidney, and that this tissuc fluid is formed 0 part from capiflary
filtrate and in part from reabsotbed tubular iluid, Tt quite probiable that
the composition of tissue fluid and so of lymph varies considerably in
different regiona of the kidacy,

Chyluria,  Although the reaal lymphatics play little part in normnl
tubular reabsorption, on rare oecnsions thoracic duct chyle may enter the
urine through o fisulous ication: between the lymphatic and
urinary systerns, 'I'his s ustially caused by lymphatie obstraction of the
thoracic duct by the filaria parasite or other pathological states, #o that
the intestinal chyle is foreed from the lacteals in o retrograde direction
towards the pelvis of the kidoey, thence through lymphaties of the
abdominal wall to gnastomose with vessels of thie upper half of the body,
In this collateral lymphatic eirculation one ot more of the vessels iy
rupture into the pelvis of the kidney, into the urcter ve into the bladder,
giving nise to chyluria (f, Abeslouse, 1934).
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and g rich supply in the parenchyma (cf. Poirier, Cuneo and Delamere,
1904 ; Bartels, 1909; Kumta, 1909; Rouviére, 1932; Abeshouse,
1934) The capsular vessels drain into collecting trunks which either
perforate the fibrous capsule to communicate with the lymphatics of the
perirenal fat capsule or connect with the deep collecting trunks of the
parenchyma  The evidence suggests that the parenchymal lymphatics
surround both the glomeruli and tubules, but are not present within the
glomeruli  Those vessels surrounding the glomeruli and the tubules m
the cortical zone may communicate with the plexus situated beneath the
fibrous capsule. In the medullary zone the lymph capillaries surround
the loops of Henle and the collecting tubules, and give rise to larger vessels
which pass up to the base of the pyramids to umte with trunks from the
cortical network. The so-formed larger collecting ducts accompany the
arteries and veins and finally reach the hilum, where they pass along with
the other elements of the pedicle to the juxta-aortic and pre-aortic lymph
glands. Perrce (1944), however, was unable to demonstrate the presence
of 2 lymphatic network about Bowman's capsule or lying in the medullary
rays.
Schmidt and Hayman (1929-1930) showed, in the dog, that fluid
steadily leaves the kidney by lymphatics, in addition to that going out
by the ureter; and that dwretics augment both lymph and urine forma-
tion  They measured the flow in the thoracic duct and i the abdominal
receptaculum of dogs after prelimmary evisceration, unilateral nephrec-
tomy, higation of aorta and inferior vena cava below the remairung Lidney,
and lgation of the portal vein and hepatic artery.

More recently, Sugarman, Friedman, Barrett and Addis (1942) and
Kaplan, Friedman and Kruger (1943) cannulated both capsular and hilar
lymphatic vessels of the kidney of dogs, other visible ducts being higated-
When they mected the dye, T1824, tmto the medullary region 1t readily
appeared in the hilar lymph vessels but not n those of the eapsule, when
the dye was mnjected nto the corucal area 1t often appeared in both fhc
capsular and hilar vessels, These experiments confirmed the anatomical
connevions of the cortical and medullary lymphatics already mentiun.ed-
In several experiments these authors measured the flow and composition
of the renal lymph  The mean values and ranges in their experiments are
given 1n Table 28.

From this table it is seen that the average amount of glomerular filtrate
formed per hour was on an average 3,456 ml. of which 75 ml. passed
into the urine and 3,381 ml. was reabsorbed. Compared with this large
volume of reabsorbed fluid the cannulated lymphatic drained only 14 ml
Even 1f we assume that the total Iymph flow from the kidney is ten times
this, since in some kidneys up to 10 efferent vessels were ligated, the volume
of fluid drained by the Iymphatics is but a small fraction of the fuid
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ascribable to lymphatic obstruction. In this condition the lymphatics of
testis and scrotum maintain their separate paths (Pnul 1930), so the testis
rarely becomes imvolved.  The lack of between the Jymp

of testicle and scrotum has also been shown by Barringer and Earl (1941)
who found no metastases in the inguinal glands in 37 cases of teratoma
of the testis until the growth had invaded the scrotal integuments.

Ozaries

“The stroma of the ovary contains a network of valved lymphatic vessels
which are often associated with the arteries as periarterial lymphatics,
These vessels drain into collecting vessels at the hilum,  Andersen (1926)
showed that 1n the sow the lymph vessels vary greatly in size in the
different stages of the oestrous cycle.  The very youngest ovarian follicles
hase no special vascular or lymphatic system of their own, but lie scattered
among the vessels of the stroma  As a follicle develops, 1t acquires a
wreath of blnod-cuplllnncs following which the growth of a wreath of
Iymphatic vessels is observed A lete network of
channels develops in the theca cxterna and a ttle later another completc
wreath of lymphatics between the theca interna and granulosa may be
seen

When the ovum is extruded, the follicle collapses and corrugations of
the theca interna and losa are produced  No new lymph have
been observed growing into the developing corpus luteum dunng the
first one or two days after ovulation, After this time, however, lymph
vessels grow into tongues of lutein tissue usually assocrated with the
arterioles as penarteriolar plexuses. At the hne where these tongues of
growing tissue meet, there deselops a central network of lymphatic vessels,
In the mature corpus luteum there 15, therefore, a central lymphatic sinus
with many branches, apparently ansmg from the subgranulosal network,
and alternaung with 1ts branches are smaller sinuses connected more
directly with the penphem\ network, 'I'hcsc two sets nf lymphatics, the

central and the are d by fine cap
As the corpus luteum regresses, lhe Iymphzmcs are among the first
structures to d and they disappear entirely, When

the next corpus luteum 1s mature, 1o vessels can be injected in the previous
one

No lymph has been collected from the vessels of the ovary during the
various phases of the ocestrous cycle, but Andersen suggests that the
lymphatics may be the pathway of drainage of the lutein secretory products

Fallopian Tubes

The general pattern of the lymphatics of the Fallopian tubes is the
same throughout and consists of a subserous and mucosal plexus  Lymph
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Ureters and Bladder

The ureters contan a well-developed network of lymph capilfaries in
the mucosa and in the muscular coat (Parker, 1940). The lymphatics of
the bladder form a complicated net of capillaries in the muscular coat and
tn the connective tissue yust outside it. Attempts to inject lymphatics in
the mucosa of the bladder have failed (Powell, 1944). The lymphatic
network begins i the submucosa from which small ducts pass to the
external surface to join collecting ducts in the adventitia covering the
bladder. As the unnary tract descends from the Lidney to the bladder
the lymphatics become further from the epithelial surface, and lymphatic
absorption of substances penetrating the epithelial surface becomes increas-
ingly difficult. Nothing 1s known, however, of the formation and character
of the lymph from the ureters or bladder.

Pemis and Urethra

The shin of the pens contarns dense meshworks of lymphatics, similar
to those found elsewhere in the skin. ‘The urethral mucosa is also heavily
supplied with lymphatics; but no one has measured the volume or
composition of lymph from these regtons.

Serotum and Testicles

The scrotal skin is profusely supplied with lymph capillaries ; and it
is of interest that 1t also contatns muscle, which by 1ts contraction causes
Iymph to move along draimng trunks. This lymph drains into t.hc
ingwnal lymph nodes. In the testis networks of lymphatic captllaries
can be d rated between the iniferous tubules. These vessels
drain into collecting ducts which ascend in the spermatic cord to reach
the aortic lymph nodes. Allen (1943) has also outhned in man, but not
1 other animals, a plexus of lymph capillaries 1n the parietal part of the
tunica vagmalis comparable to the sut plexuses of the diaphragm
and mtercostal pleura. This plexus joins with the collecting ducts drain-
ing the testis. There are no anastomotic connections between the
lymphatics of the scrotum and those of the testis .

In man there is 2 closed serous cavity surrounding the testis, while in
animals this cavity communicates with the peritoneal cavity. Normally
no fluid can be collected from 1t In 32 cases of hydrocele, however,
Vecchi (1912) reported the protein content as varying between 2:43 and

. Since {oubted! licated these find-
951 per cent. y p ed d
ings, they give us httle indication of the normal compesition of fluid
lubricating the serous surfaces about the testcle, Nor do we 'f"a“'
anything of the volume of lymph coming from the testis, under either
normal or abnormal conditions. A

“T'he scrotum may become the seat of elephantiatic change, a condition
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from these two plexuses dramns into lymph channels in the mesosalpinx
by 2 common set of valved collecting vessels in the connective tissue
between the longitudinal and circular muscle layers (Andersen, 1g27).
It has been suggested that the anatomical arrangement of the mucosa and
of the rich mucosal plexus of lymphatics provides a wide area for absorp-
tion. ‘There are, however, no experiments which show to what extent
substances from the peritoneal cavity or from the uterus may be absorbed
from the mucosa of the Fallopian tubes into the underlying lymphatics.

Uterus, Vagina and Vulvar region

Wislocki and Dempsey (1939) injected the lymphatics of the uterus,
vaging and sexual skin of rhesus monkeys with a suspension of India mk
In the walls of the vagina there 1s 2 rich network of lymphatics extending
from beneath the surface epithelium, throughout the tunica propria mto
the muscular and outer fibrous coats where collecting trunhs are formed
In the sexually mature animal the vessels are much larger, though no more
abundant than in the juvenile.

Injections 1n the uterus show that the endometrium contains Iymph
vessels which form characterstic arcades occupying only the deeper three‘-
quarters of the mucosa, At the junction of the mucosa and muscx{larfs
15 a dense plexus of lymph vessels which drain mto the rich mtrinsic
plexuses of the myometrum  During pregnancy these plexuses hyper-
trophy, and although probably not numerically increased the lymphatic
vessels are tremendously enlarged tn calibre.

In the sexual skin of the monkey 15 a very dense network of vessels of
relatrvely small calibre situated 1n the cormum. From this plexus Jymph 18
drained mto larger channels which run in the subjacent subcutaneous
tissue

The function of the rich lymphatic networks throughout the female
genttal tract is believed to be the removal of the phystologcal oedema or
hydration to which these tissues are subjected under the influence of the
sex hormones.  Aykroyd and Zuckerman (1938-1939), for example, fourfd
that the oedema fluid of the swollen sexual skin at oestrus had a protein
content of z 58 per cent A rich network of lymphatics would be necessary
to remove this flud and so allow the tissues to return to their resting
condition
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that in the mammal. Isayama, for example, estimated that an amount
of fluid equal to fifty times the blood volume of the frog passes out of the
blood and becomes lymph every twenty-four hours, Conklin found that,
though variable and depending on the circulatory state of the animal at
the time, the volume of lymph formed per day was many times the total
blood volume. Due to the capacious lymph spaces and the pulsating
hearts this large volume of fluid, which contained all fractions of the
plasma protens 1n fairly high i could be 1
transferred from the blood to the lymph and back to the blood agam.
When the lymph hearts were destroyed or were paralysed by prolonged
curanzation, oedema and death resulted

Although the lymph hearts are essential 1a the frog for the rapid
Iymph circulation, other factors, such as muscle movement and the
massaging effect of the pulsation of blood vessels, are also important.
1f one fills the lymphatic capillaries in the web with a graplute solution,
the particles floating 1n the flurd begin to move out of the web lymphatics
as soon as the injection pressure 1s released, There are two blood capil-
lary plexuses 1n the web, with the lymphatic plexus between them and
thus 1n an 1deal position to be affccted by the vigorous pulsation of the
small web arteries and capillaries

The frog has no lymph nodes, nor do we see nodes until we reach
certain diwving birds.  Scattered collections of lymphocytes are present
in frogs and snakes but there are no organized lymph filters to retard
Iymph flow, or to add to the lymphatic system other functions than the
sunple one of airculating flwid which has become extravascular

Lyaei Frow IN THE Masan

The lymphatic system 1n the mammal possesses no lymph hearts
simular to those in amphibra ' What intrinstc mechanism remains 1s seen,
in some antmals and 1n some circumstances, as rhythmic contraction of
the large collecting lymph ducts  Thus contractility of the lymph vessels
has been described in Chapter 1. The balance of the evidence suggests
that this intrinsic mechamsm plays only 2 mimor réle in lymph propulsion
m mammals Therefore, compared with the frog, the lymph flow 1n
general 1s very sluggish ~ As we have seen 1in Chapters 2 and 3, the total
lymph flow 15 normally less than the total blood volume per day ; so that
whereas 1 the frog interruption of the Iymph flow by destruction or
paralysis of the lymph hearts rapidly causes death, the effects of lymphatic
blockage in the mammal are somewhat more gradual In the dog, for
example, blockage of the lymphatics of a limb gives nise to elephantiasis
over a relatively prolonged périod (Drinker, Field and Homans, 1934),
but a complete blockage of all lymph return, which is extremely difficult



CHAPTER 4

LYMPH FLOW, LYMPH PRESSURE AND
LYMPH COMPOSITION

The flow of lymph from a regron may be rased, for a time at least,
by ing the ) I forces responsible for Iymph propulsion
along the lymphatic vessels. For example, pressure on the abdominal
wall will force lymph from the cisterna chylt along the thoracic duct with
a resultant sudden increase 1n flow. We have seen that lymph flow will
also be increased when the capillary filtratton rate is increased erther by
raising the filtration pressure or by increasing capillary permeability I
considering lymph flow, therefore, we must be careful to distinguish
between changes tn the forces of lymph propulsion and changes in Iymph
productton,

LynpH FLow IN AMPHIBIA

In Chapter 1 we have menttoned that the primary Iymph sacs of some
animals are converted to lymph hearts which by their thythmic con-
tractility propel the lymph back to the blood stream These lymph
hearts are best developed 1n amphibia and their physiological function
has been studied mamly in the frog (Conklin, 19304, b, ¢; Tsayama,
1924-1925¢ and b). In this animal, tissue fluid, ‘which 1s made up of
capillary filtrate and of water absorbed through the skin, enters the lymph
capillaries, passes into the larger lymphatic vessels and then into the
lymph sacs or spaces. ‘This lymph then enters the afferent pores of'lhc
Iymph hearts and is pumped through the efferent pores into the veins.
The anterior patr of Iymph hearts lie on the dorsal surface of the trans-
verse processes of the third vertebra and communicate by their efferent
pores with the anterior vertebral vein. The postertor pair of Jymph
hearts are more superficial, just lateral to the urostyle, and they com-
municate by their efferent pores with the transverse 1liac veins, The
pulsation of all four hearts 1s not synchronous, but the two hearts on
either side beat in unson Each heart possesses a spinal centre and
intraspinal connexions exist between the anterior and posterior hearts of
the same side (Pratt and Reid, 1939; Enderle, 1950-1951). Th? rate
is very variable, but in the majority of cases is about 5o to 6o per minute.

The normal outflow of fluid from the blood vessels and its return to

the blood through the lymphatic apparatus is very great compared with
220
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Although these experiments show that in a resting or immobilized
tissue, the Iymph flow is virtually nil, McMaster (1941~1942) has expressed
the belief that there is lymph flow from a quiescent part, In experiments
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(From McMaster, 1937, by kind permission of the author and the Journal of Exprrimental Medicane)

on the mouse’s ear, Hudack and McMaster (1932) outlined some of the
Iymphatics by njection of a small amount of dye. They observed that
a stream of dye-containing lymph was displaced, diluted and swept
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to achieve, will lead to death in a much shorter time (Blalock, Robinson,
Cunningham and Gray, 1937).

Movement of lymph from the periphery to the centre is effected by
pressure gradients brought about mainly by forces outside the lymphatic
system  McMaster (1947) found that in the skin of the mouse’s ear the
tissue pressure just outside a lymph capillary was normally higher than
the pressure in the lumen of the vessel. On an average the tissue pres-
sure was 1-g cm water while the pressure in the lumen of the capillary
was 12 cm. water. Tissue flud, therefore, enters lymphatic capillaries
because of this gradient of pressure. It seems reasonable to suppose
that once inside a capillary the retention of fluid 1s due to the higher
pressure of the interstitial tissue fluid outside. We have shown m
Chapter 3, however, that in certain conditions lymph may leak out of
the lymph vessels to form free fluid in the pleural or peritoneal cavities
Presumably in these cases the pressure inside the lymph vessels of the
pleura or of the liver 1s greater than that of the surrounding tissues,

Propulsion of lymph from one region to another can only be brought
about by some extrinsic forces raising the tissue pressure. The lymph
pressure in the vessels will, therefore, rise and the lymph wall move
centripetally to a region where the pressure 1s lower, A necessary adjunct
to this extrinsic method of lymph propulsion is the provision of numerous
valves which prevent the centrifugal movement of lymph from'ﬂny
region Lymph can, therefore, move only i the direction determined
by the anatomical dispesition of the valves.

When a tissue 1s at complete rest, the interstitial tension and the
pressure within the lymphatic vessels are neatly the same. Under these
conditions there is usually very little flow along the lymphatics. For
example, when the lymphatics are observed in the ear-chamber of the
rabbit movement of flud s extremely shight. Floatng cells the
1ymph may be watched for hours without progressing. In such a prepara-
tron the lack of movement of the ear would reduce the prapulsion of lymph
almost to zero  These observations led Clark (1936) to doubt whether
these lymphatics played any useful réle whatever. The movement of
lymph 1n the vessels of a normal ear of a rabbst, would, however, almost
certainly be very different from that in the vessels of a chamber.

The sluggishness of the lymph flow may also be seen when a cannula
1s inserted into a leg duct of an anaesthetized animal. No lymph as
a rule flows into the cannula, Tissue fluid enters the lymph vessels and
reaches an equilibrium in which lymph pressure and tissue tension must
be about the same. On raising the tissue tenston by massage or passive
movement the lymph 1s propelled along into the cannula, the intra-
lymphatic pressure then falls shghtly and the vessels again fill. (For the
cervical duct, see Chapter 6.)
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the passive movement of the head of dogs in the collection of cervical
duct lymph.

The volume of lymph obtained by this method also probably does
not give an accurate assessment of lymph flow in an unanaesthetized
animal, In experiments, however, where relative changes 1n lymph flow
due to different conditions are being determined, these devices for
unifarm passive movement are hkely to give more consistent results than
periodic massage,

The flow of lymph from the limb ducts or cervical ducts, using either
massage Or passive movement, is Tot very great With passive move-
ment of the foot, the lymph flow from the duct cannulated by Haynes
was o1 to 07 ml./hr., whereas Courtice (1951) 1n a group of 17 dogs
obtained by periodic massage from one of the lymph ducts of the hind
leg just above the ankle, an average flow of 11 ml./hr. With the cervical
ducts McCarrell (19408) in a sertes of 18 dogs and using passive motion
found an average lymph flow of 2:2 ml /hr, whereas Courtice (1951)
obtained an average flow of 1-1 ml/hr, from one cervical duct m 18
dogs.

Muscular actunty, The effect of muscle contraction in raising tissue
tension has been described in Chapter 2. ‘The height of this increase
will depend on the degree of muscle contraction and on the anatomical
disposition of fascial planes, The resultant changes n lymph flow may
be observed 1n lymph collected from cifferent parts of the body.

Muscular activity and Iymph flow from a Imb Whate, Field and
Drinker (1933) cannulated lymphatics 1n the fore and hind legs of dogs,
using only local anaesthesia, With the cannula mn place, the lymph flow
may be followed while the ammal rests, walks or runs A typical
experiment, taken from therr paper, is as follows

Dog 2—March 15, 1932 Standing, wallung and running

940-1020 Dog lying quietly on table Left fore paw lymphatic cannulated
under novocame
1020 Lymph protemn 1 98 per cent
1050 Lymph protemn 2 o4 per cent  There was no spontaneous flow of
Specimens were obtaned by hight massage of the foot,
11 01-11 12 Eﬁecl of wallung (see Table 20)
1t 12-1140 Lymph protein 1 61 per cent Lymg quietly.
11 91-11 3% Efiect of rammng (see Table 30).

55 Dog fed o5 kg lean meat
11 551245 Dog resting quietly
245 Lymph protein z 1z per cent

3245-145 Dog resting Occasional ot periods of motion
100 ymph protemn 1 9o per cent
145 Lymph protein r 48 per cent

L—q



224 FLOW, PRESSURE AND COMPOSITION OF LYMPH

away by another stream, itself unseen, draining from tissue remote from
the region of injection. Coming from a normal, uninjected region of
the ear, this clear lymph could not have been propelled by the pressure
of injection. 1In the skin of the forearm of man, Hudack and McMaster
(1933) and McMaster (1937) similarly showed some movement of lymph
The intracutaneous injection of very small volumes (0-01-0 02 ml) of
dye solution led to ** streamer "’ formation as the dye moved along the
lymphatics, Fig 73  Although this “ streamer ”* formation showed that
at rest there was in these experiments some lymph movement, the volume
of flow was probably extremely small. The point of chief interest,
however, 1s the fact that substances entening a lymphatic through 2
wound can be carried far in a short time. When the tissue tension was
raised by warming the arm or by muscle movement, the flow, assessed
by “streamer ” formation, was greatly increased

Extrinsic factors affecting lymph flow

Massage. In expertments on lymph formation, one of the difficulties
is to get a measure of lymph flow from relatively quiescent tissues 1f
the cervical lymphatic trunks in the anaesthetized dog are cannulated,
no lymph will flow spontaneously, but one can obtain 2 flow of Iymph
all day long by massaging the neck above the cannulae along the line of
the deep cervical ducts This massage emptics the collecting vessels,
which 1n due course fill again, when they can be emptied once more by
massage  Lymph obtained in this way has been very useful for chemical
studies It is difficult to assess, however, how the volume flow so obtained
would compare with the normal flow in an unanaesthetized anim'nl.
No doubt this latter would vary enormously throughout the day with
the degree of activity of the individual. In a similar way, the lymph
flow from the thoracic duct, although spontaneous, may for a time be
greatly increased by pressure on or by massage of the abdommal wall
over the cisterna chyli

Passive motion.  Passive movement of jornts will vary the tissue pres-
sure and so will propel lymph along lymph channels. Various mcchnm'cnl
devices have been used to produce a uniform, rhythmical passive
motion of either 2 limb or of the head and neck. Haynes (1932a) cannu-
lated lymphatics 1n the ankle of the dog, and attached the foot to a rotating
crank, so that flexion and extension of the foot and anhle occurred at
a rate of 40 times a minute This produced a slight but uniform flow
of lymph, sufficient for 2 number of experiments upon the effects on Iymph
flow of haemorrhage, venous pressure, etc,, but not yxeldm.g enough
lymph for chemical analysis unless very long collection periods were
employed. A similar device has been used by McCarrell (1939a) for

P
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tissue fluid are correspondingly more {. The effect of rest

n the hetized animal ill the read: with which protein
concentration in the lymph may be increased. In the protocol aited, at
1135, following four minutes’ running, the lymph protein was 1-42 per
cent. At the end of his run, the animal was fed and then rested fifty
minutes. Lymph obtained by light massage at 12.45 contained 2-12 per
cent of protein,

‘The effect of lar activity in d dogs has also been
determined on the lymph flow from the thoracic duct and from the liver.
Here the flow is normally spontaneous, and, as we have seen in the last
chapter, quite considerable; but mild exercise, walking at 4o yards per
minute, increased the thoracic duct flow by 270 per cent and the liver
Iymph flow by 86 per cent, This increase was observed durning only a
brief expertmental period and probably represented the effect of increased
tissue pressure 1n emptying the lymphatics rather than the actual increase
in lymph formation.

The effect of respiration on lymph flow. While most muscle activity
is sporadhc, and the effect on lymph flow 1s therefore very variable from
time to time during the course of a day, respiratory movement provides
a continuous, thythmic pumping action which has a considerable effect
on lymph propulsion from the thoracic and abdominal cavittes As a
result of this, we find that although at rest there 15 generally no spon-
taneous fymph flow from the limb and cervical ducts, lymph will flow
mm cannulae 10 the thoracic or mght lymph duct,

may 1nfl the propul of lymph in
different \\ays m different lymph vessels  The phasxc changes 1n intra-
pleural pressure are probably important in propelling lymph m thoracic
duct and mediastinal lymphatics through the thoracic cavity —Meltzer
(1892) showed that intrapleural pressure changes were transmutted to
the tissues of the lower mediastinum but not to the upper mediastinum.
Fry et al (1952) and others have shown that intrapleural pressure changes
may be registered within the oesophagus The phasic ‘znzhons m
mtrapleural pressure should, provide a pump
propelling lymph in valved lymphatics from lower to upper mediastinum
The amount pumped vanies, presumably, with the amphtude and fre-
quency of pressure changes For example, mcreased respiratory move~
ment brought about by mspmng 5 per cent carbon dioxide ncreases the
plitude of the intrapl pressure variations and at the same time
mcreases Iymphatic absorption from the pleural cavity (Davis and Morrs,
1953 ; Courtice and Morrss, 1953).  In everyday hife, too, sudden large
pressure changes, such as occur 1n coughing for example, are super~
imposed on the smaller and regular variations observed at rest.
The extent to which pressures measured between inner and outer

N
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TABLE 29
Flow and protemn concentration of lymph from Jeg duct of the dog dunng
walking
Dustance
travelled Lymph flore Protein
Time metres ml, concentration
%
11.01
1102 25 oo8 198
.03 100 o1z
1t 04 100 006
11.05 100 LY
11 66 100 005 T84
11.07 100 oo4
1109 100 co4 152
11 10 100 oo4
ot 100 oo4
1112 100 o004 152

From White, Field and Drinker (1933)

TABLE 30
Flow and protein concentration of lymph from leg duct of the dog during running
Dustance Protern
travelled Lymph flow concentration
Time metres ml. %
1131
I13z 200 oor
1133 200 ooy 1'58
1134 200 o005
1135 200 aos 142
11 36 200 005
1137 200 oo
1138 200 o o5

From White, Field and Drinker (1933)

These experiments show that whereas at rest there was no significant
lymph flow, an walking or running the flow from the cannulated duct
was appreciable. In the experiment quoted the flow was approvmately
004 ml /min. while walking 100 metres per minute and o-05 ml /min.
while running 200 metres per minute. Under these conditions, then,
the lymph flow was 2 to 3 ml. per hour from one cannulated vessel.
Dunng uniform actwity the Iymph flow soon became remarkably con-
stant. As the flow became uniform, so did the concentration of lymph
protemn. When constancy of protein was reached in 8 dogs, the concen-
trations were from I 52 to o-5 per cent with an average of o-gg per cent.
These are lower figures than those obtamed in anaesthetized dogs, where
Iymph from the foot is made to flow by means of passive motion or

massage. In the anaesthetized animal conditions are better for rc:\bsor::-
y the

tion than in the walking animal, and the Iymph and presumabl,
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when pressure proximal to the segment falls. It is quite possible that
the onward movement of lymph may be intermittent within the thorax
and the outflow into the yeins continuous or synchronous with a different
phase of respiration. It scems, then, that respiratory movement plays
an essential part in the constant return of lymph along the main lymph
channels from the abdominal and thoracic cavities. This extrinsic
mechanism more or less replaces the intunsic mechamsm in the amphibia,
In addition to this respiratory pump, sudden large changes of pressure
in the thoracic or abdominal cavity must also play a part 1n emptying
the lymph channels.

‘The conditions within the lung tissue are in some way different from
those in the walls of the thoracic and abdomunat cavities  With normal
resprration the pressure within the alveoli varies but little, and if this
pressure is transmitted to the nearby lung tissue, there will be very Lttle
pressure vanation with the different respiratory phases. In Chapter 3
the sluggishness of the lymph flow from the lungs has been fully discussed.

Pulsation of blood vessels. We have described 1 Chapter 3 how
cardac activity affects lymph flow from the heart atself. The pulsations
of the blood vessels, by their massaging effect on nearby lymph vessels,
also have an effect on lymph flow. Parsons and McMaster (1938) reported
experiments on the ear of the rabbit 1n which they assessed lymph flow
by the spread of injected dye along lymphatics. When the ear was per-
fused under constant pressure, there was almost no lymph flow, whereas
under pulsatile pressure lymph flow was far more rapid  In thin tissues,
such as the ear of the mouse, the web of the frog and the mammalan
lung, vascular pulsation probably produces a slight normal flow of lymph
Cressman and Blaloch (1939) have called attention to the fact that the
receptaculum chyl is so placed as to recewve pulsations from the aorta.
More recently Webb and Starzt {1953) have recorded the pulse waves 1n
the thoracie duct cannulated just above the diaphragm and at the root of
the neck. The lymphatic pul were synch with those of
adjacent arteries, and 1n the neck also with the venous pulses, while the
systolic-diastolic variation 1n pressure amounted to about 20 to 30 mm
water, eg 70 systolic and 4o diastolic.

While there seems no doubt that vascular pulsations cause some
Iymph , this is ly small when pared with the other
effects discussed above,

Pensstalsss and villows movement., The probable effects of villous

avarmant an sl 811 oL .

ideal conditions for lymph flow during peristaltic activity. Watkins and
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plearal layers are transmitted to efferent lymph trunks, such as the retro-
sternal vessels is unknown.  Such vessels might be affected more directly
by changes in tissue pressure or by traction and relaxation of connective
tissue attach A iated with s of the chest nall. Intra-
pleural pressure changes might give little indication of pumping pressures
developed in this way. Stretching and relaxation of mediastinal folds
coufd affect mediastinal efferent vessels in a similar way. These effects
on [ymph drainage have been shown in experiments where the diaphragm
was paralysed by phrenic avulsion in rats. Absorption of fluid mto the
Iymphatics from the peritoneal cavity and lower mediastinum was
decreased, because of the dimmished movement of the diaphragm ; but,
even though the respiratory fuctuations of intrapleural pressure were
small, the flow in the intercostal region was tncreased by the much greater
movement of the intercostal muscles (Morris, 1953; Courtice and
Morris, 1953).

Resprratory movements also affect the venous pressure against which
the thoracic and right lymph ducts empty their contents. It seems that
here the only measurements of the pressure gradient are those of Rouﬂ‘é{e
and Valette (1937). They measured the side pressure in the thoracic
duct in dogs without obstructing the flow, together with the venous
pressure near the point of lymphatic entry. ‘The thoracic duct pressure
was about 6 cm. water, with very small respiratory fluctuations, while
the venous pressure near the entry of the duct was z-4 cm, water. When
2 cannula filled with water was tied into the cephalic end of the divided
thoracic duct, water flowed into the vein during inspiration only. 'They
concluded that in the intact aimal lymph was aspirated into the veins
during inspiration, On the other hand, when the main theracic duct
is cannulated and all collateral vessels tied off, lymph flons, aganst
atmospheric pressure, into the cannula more rapidly during exprration,
with the animal supine, and may not flow at all during insprration when
the animal is tilted head upwards.

A factor of considerable importance, however, in the transfer of
Iymph along the thoracic duct through the thoracic cavity is the actual
pressure on the cisterna chyl. Pressure on the abdommal wall over the
cisterna chyli will, for a time, greatly accelerate the flow from a cannuld
in the duct Any iderable increase in abdominal p such as
coughing, straining or hfting, will therefore have a po“erfu[ effect on
propelling the lymph along the thoracic duct from the abdomx{l:l cavity
through the thotacic cavity to the base of the neck. This vis-a-tergo
transmitted from more distal segments is no doubt important in lymph
transfer along other channels too. The lymphatics are easily distended,
yet the valves will often remain competent in the face of high pressures-
This enables pressure to be stored in distended segments and released




INCREASED TISSUE FLUID AND LYMFI FLOW 231

in cervical lymph flow fnllmnng electrical stimulation of the chorda
tympani, although a copious flow of saliva was obtaned.

‘The intestinat lymph flow as a rule rises during activity of the digestive
tract. ‘This is due mn part to the absorption of fluid. \What réle the
activity of the glandular tissue plays in the increased lymph flow is not
clear. Tt is well known that the digestion and nbsurpuon of fat i increases

the flow, while a meal ing protein and carboh but
no fat, h:\s no npprccnble cﬁ'cct on lymph flow (Simmonds, 19,5) The
exact n the i d lymph flow during fat

digestion has not yet been :lumd:t:d.

Local temperature. ‘The blood flow through the skin varies greatly
with temperature.  When a limb is placed 1n a water bath at 4o to 45° C.
the blood flow and eapillary filtration increase, The flow of lymph at
the same time becomes greater. On lowering the temperature again, the
blood flow decreases and the lymph flow is reduced. Within physio-
logical limits, therefore, the lymph flow from the skin will vary with the
degree of vasodilatation and blood flow {Courtice, 1946). 1In the same
way, the lymph flow from the nasal mucosa may be increased by rrigation
with saline at 45° C. The flow falls again when the temperature 15
decreased (MeCarreli, 1939-1940) Temperatures higher than 50° C.
lead to irreversible changes due to damage to the capillary membrane
(see Chapter 8)

Other causes of alterations in the rate of formaton of tissue fluid,
such as venous obstruction, low plasma protein level, anoia, and tissue
myury have been discussed in some measure in Chapter z or will be
dlscussed in Chapter 8.

In 1891 H d the thoracic duct 1n
dogs, and found great increases in the solids of the lymph and in lymph
flow following the intravenous injection of such complex substances as
extracts of crayfish muscles, of leech heads, of the bodies of mussels, of
the intestine and liver of dogs as well as such substances as peptone and
egg white. He believed that these substances were capable of causing
a secretion of lymph by a specific sumulaung effect on the lymphatic
endotheltum, and he called these substances ** lymphagogues ”. Our
present knowledge of lymph formation, however, indicates that the
endothelial cells have no such secretory function. Substances injected
into the blood stream may increase lymph flow by increasing the rate
of capillary filtration This 15 brought about erther by damaging the
capillary membrane, by rasing the capillary blood flow and pressure
without any alteration 1n permeability, or by both. Most of the sub-
stances which Heidenhain called * first class ** lymphagogues were foreign
proteins or peptones which increased lymph flow by damaging the
capillary membrane. Drinker and Field (1933) have tabulated these
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Fulton (1938) observed increased thoracic duct lymph flow in anacsthetized
dogs given intravenous wmjections of prtuitrin and prlocarpine, Muscarin
produces the same result,

Beznak (1937) found that intravenous injectton of acetylcholine
caused 2 very prompt mncrease 1 thoracic duct lymph flow in cats and
dogs, Observing the villi directly under the microscope during the
action of the drug, he noted marked dilatation of the precapillary artenes
and small but distinct dilatation of the capillaries—a reaction calculated
to increase filtration and so increase the amount of tissue flud.  Though
acetylcholine caused contraction of the villi, this was not responsible for
lymph flow increase, since the drug still augmented lymph flaw when
the villt were paralysed by chlorazol skyblue.

Increased tissue flud formation and lymph flow

Tissue activity.  Other things being equal, the rate of capillary filtra-
tion in any tissue will be increased by an increase in the filtering head of
pressure, by an mcrease of blood flow through the tissue or by an increased
permeability of the capillary membrane, Under normal circumstances
the blood flow through a tissue may depend to a large extent upon Its
activity. Dninker ez al. (1940) showed that the lymph flow from the
heart rose when 1ts actiity was mcreased by adrenahine. In muscular
exercise we know that the lymph flow from a cannula, inserted 1n the
lymph duct just above the ankle or wrist, is increased {White, Field ai\fi
Drinker, 1933), likewise the lymph flow from the thoracic duct i
increased (Cain ef al, 3947) It is impossible to say, however, how rauch
of this increase actually comes from the muscles.

We have very little relisble evidence to show whether Iymph flow
from a glandular tissue is mcreased during actwvity. Asher (189g) can-
nulated the thoracic duct m dogs, and reported an increase i lymph fiow
as a result of intravenous injections of bile and other substances, “.hld‘
are inferred to have mcreased the production of lymph by the liver.
Bainbridge (1goz) reported symilar results following the injection of sodum
taurocholate, and declared that while thoracic duct lymph mcn:nsﬂ:l after
such intravenous injections, the result was negative if the periportd
tymphatics were ligated. Falloise (1903) and Banbridge (1gos) cannu-
Iated the thoracic duct in dogs and injected secretin imr::vcrgous\)"
They found an mcrease m lymph flow coinciding with secretion of
pancreatic juice ; and since this persisted after hgation of portal Iymph-
atics, they concluded that the increased lymph came from the paneress.
There is no reason, however, why the increased lymph may not h.ﬂ"’
come from the intestines. Leigh (1935) has reviewed the. conﬂnthB
Iterature concerning lymph flow from the salwvary glands during salivary
secretion, He also reported experiments in which he found no increase
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increases the lymph flow from the leg (Ifaynes, 19325}, and when injected
intravenously acetyl-choline may cause a rise in thoracic duct fymph flow
(Beznak, 1937). Noradrenaline has a complex action on lymph flow in
various regions of the body, by its action in redistributing the biood from
the high-p to the fow-p systems (Korner, 19535 Korner
and Courtice, 1954 ; see also Chapter 2)

It is clear, therefore, that the term * lymphagogue * should no fonger
be used in its original sense  Since the many substances, which increase
Iymph flow when injected into the blood stream, do so 1n many different
ways and not in any specific manner, as Heidenhain thought, it would
be better not to use the word at all,

Age. 'The total water content of the several tissues of the body is
greater 0 young than in adult animals (see Chapter 2) One of the
suggestions offered to explain the scant flow of lymph from some dogs as
contrasted with the copious flow from others is this factor of age, since
1t 1s reasonable to expect more lymph \‘hen there 15 a large supply of
tssue fluid. E h n 1873 lated ankle lymph in dogs,
and reported that he was unable to get reasonable quantities of lymph
except from young ammals; Holman (1937) collected lymph from the
wast and ankle lymphatics of dogs under local anaesthesia and found
that the lymph flow was about twice as great in growing 2s 1n mature
ammals, Once maturity was reached, however, there was no significant
change, even mn very old dogs. As we mentioned 1 Chapter 1, a small
young amimal will generally produce more lymph than a much larger,
old one,

Effect of anaesthesia on lymph flow

Most amimal experiments are complhicated 1n some way by the action
of the anaesthetic. Lymph flow may be affected by anaesthesia because
of the lack of muscle tone and muscle contraction, and a change m rate
or depth of respiration, That 15, the factors responsible for the propul-
ston of lymph along the lymphatic channels have been altered  Anaes-
thesia may also alter the filtration through the capillary membrane of a
region either by changing the capillary pressure or the capillary per-
meability. Changes 1 lymph flow will run parallel with degree of
capillary filtration, Polderman, McCarrell and Beecher (1943) investi-
gated the effect of ether and of barbiturate anaesthesia on the lymph flow
from the cervical ducts of dogs The flow was produced by umform
passive motion of the head by means of a head-rocker. Compared with
Tocal anaesthesia only (procaine HCI), ether increased the flow while
pentobarbitai sodium reduced it (Table 31) The changes 1n blood and
Iymph in Table 31 suggest that under barbiturates fluid moves from the
tissues into the blood stream, with the reverse process occurring under
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substances. Included in this table is histamine, which dilates the capil-
laries and nereases their permeability with a resultant increase in lymph
flow, Fig. 74 (Dale and Laidlaw, 1911-1912; Beck, 1924; Haynes,
19328 5 Paton, 1954). The importance of histamine lies 1n the fact that
in tissue imjury 1t 1s liberated from the damaged cells and plays a prominent
réle in the subsequent local hyperaemia and oedema formation (Lewis,
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Fic 74 —The effect of acetylchohine and histamine on the arterial blood pressure, skin
temperature, lymph flow and proten content of leg lymph i the dog
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(From Haynes, 19325, Amer 3 Phyviol)

1927; Dale, 19293 Rosenthal and Minard, 19395 Kellaway and Raw-
linson, 1944, Rawlinson and Kellaway, 1944).
Apart from this group of substances, there gre others which alter the
1y without affecting appreciably the permeability of the
capillaries. We have seen that iny transfusi of soluti 'of
sodm chlonde, glucose or even of plasma lead to increased filtration
and lymph flow (see Chapter 2).  Various drugs may also act in this way.
For example, acetyl choline, a vasodilator, injected into a leg artery

h
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widely as the muscles contract and relax. Duning musele contraction
the fymphatics empty while during refaxation they fill agam,  We must
reatize, therefore, that fymph pressure n any vessel, lhe lymph flow, 1s
very variable throughout the course of a day,  Measurements of lymph
pressure have been made, howeser, in standard conditions of rest, with
the animal under anaesthesia.

Thoractc duct pressure

Many of the measurements of lymph pressure in the thoracic duct
ate end pressure d i The p 50 ded are inter-
esting as showing what may happen 1f the duct is obstructed ; but they
do not measure the normal pressure of the flwd as it flows through the
duct, Lee (1923-1924) found an average end pressure 1n the cannulated
duct of dogs of 15 cm. water (11 mm Hg). The pressure 1s greatly
influenced by pressure upon the abdomen over the cisterna chyli or by
a sudden bout of coughing. Under forced breathing, it reached 35 cm
water (26 mm. Hg)

Rouvidre and Valette (1937) measured the side pressure by cannu-
lating a division of the thoracic duct, often found in the dog at the point
of entrance into the subctavian vewn, and obtaned a pressure of 6 4 em.
water. Pressure 1n the internsl jugular vemn of the same ammal was
24 em. water The difference between lymph pressure and venous
pressure promotes ready entrance of lymph inte the veins st the base of
the neck,  Weebb and Starzl (1953) found side pressures of 35 to §-5 cm.
water in the thoracic duct just above the diaphragm 1n anaesthetized
dogs. At this point, astenial pulsations affected the lymph pressure, the
difference between the pressures dunng systole and duastole being 2 to
3 em. water.

Cervscal Iymphatic pressure

MeCarrelt (19395) 1nserted a T-cannula 1n a cervical lymphatic
dogs and measured lateral pressures during passive motion of the head.
Pressures ranging from — 2-8 1o 32 cm. water were obtmned, with the
majority of readings falling between o 1 and 1 3cm  Venous congestion
produced by clamping the external yugular veins, though causing increased
fow, affected the pressure but shightly. End pressures, obtamed by end
fation of cervical Tympk reached values as hugh as 445 cm
water. Rouviére and Valette (1937) used an indirect method—~the
measutement of pressure sequired to collapse cervical lymphaties—and,
obtained pressures of 1 5 to 2 cm. water, Figures of simular range were
reported by Noll as long ago as 1850 and by Weiss sn 1861, Webb and

§mrz[ (1953) obtained side pressures of 2 § t0 10 em. water in anaesthetized
ogs.
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‘TABLE 31

‘The effect of pentobatbital sodium and of ether on the Iymph flow from the
sttt h aesthesia only. Flow
In the upper table,
, he lower table ether

anaesthesia was followed by barbiturate,

Procaine HCl  Pentobarbital Na Ether
Lymph fl : . D
Lymph protem g %5 T %6 h
Haematocnit 406 370 463
Plasma protemn g % 6 o1 570 626
Blood pressure mm Hg 132 132 138
Resprration rate 28 7 24

Procaine HC! Ether Pentobarbital Na
Lymph flow mg -
Lymph proten g & "5 % e
Haematocrit 41°4 500 478
Plasma protemn g °, 6:36 717 657
Blood pressure mm Hg 122 127 3
Resprration rate 28 66 66

From Polderman, McCarrell and Beecher (1943)

ether. Hungerford and Remhardt (1950) found that the thoracic duct
lymph flow of 4o-day old rats under ether anaesthesia was 30 per cent
greater than under pentobarbital sodium, but this difference was not
abserved in 6o-day old animals. In dogs, Cain et al. (1947) found that
ether anaesthesia increased the lymph flow from the liver and from the thor-
acic duct, but 1n another series of dogs Nix et al (1951) obtained larger
volumes of lymph after the animals had recovered from ether anaesthesia
In general, therefore, 1t seems that barbiturates reduce the lymph flow
and 1ncrease the concentration of lymph proteins whereas ether has the
reverse effect. These changes are probably brought about by alterations
1n the tone of the blood vessels and therefore 1n the distribution of blood
i the various tissues.

Thoracic duct lymph flow
The lymph flow from the thoracic duct, unlike that from other dl.lcts
of the body, 1s considerably affected by absorption from the small intestine.
This has been fully discussed in Chapter 3.

LymPit PRESSURES

It 15 clear that lymph flows centripetally along a duct from a2 region
of higher pressure to a region of lower pressure and that muscle contrac-
tion may greatly increase the tissue pressure and the lymph pressure in
any region. For example, in walking the pressures 1n the leg fluctuate



PROTEINS IN LYMPH 237

present only figures obtained in fairly recent times and by reliable methods
Wherever possible, data on both lymph and blood plasma or serum from
the same animal or the same groups of animals ate given, since com-
pansons of lymph with blood plasma are so often necessary in considering
the problems offered by lymph.

Proteins in Iymph

In the discussion, in Chapter 2, of the formation of lymph, we have
luded from chemical and electroph analyses that lymph con-
tains all the protein fractions of plasma, but at alower level. The concen-
trations of these fractions in lymph depend upon several factors which
have already been fully considered. In Table 32 are assembled some
of the recorded data for the total protein, albumin and globulin in iymph
collected from various lymphatic ducts of the body. The various authors
have used different methods for the estimation of protemn and for the
separation of albumin and globulin,  Most of the values fisted have been
obtaned with the animal under a barbiturate anaesthetic, although in
some cases ether was used or lymph was obtained from the unanaes~
thetized amimal. In general, however, the figures obtained are fauly
constant for any region of the body. We see that relative to the plasma
level the concentration of protein is highest in liver lymph and lowest
in lymph from the shin,

A preparation that has been used to a great extent tn recent years for
the study of lymph is the rat with a theraaic duct fistwla {Boltman, Camn
and Grindlay, 1948). In this preparation lymph may be collected for
several days, Thc cnncemmwn of protein 1 the lymph, however,
varies d ding on the )¢ and quantity of flud
the tat is allowed to dnak. 1 a salme solution 1s made frecly available,
the rat will drink copiously and produce a very large amount of lymph
with a fow protemn concentration (cf Shrewsbury and Remnhardt, 1932,
and Table 18 in Chapter 3) The larger the volume of saline solution
drunk, the greater the lymph flow and the lower the protein level. The
value of giving saline especially 1n the early stages is to promote flow and
prevent coagulation which would block the transflex tubing  The figures
obtained for the concentration of proten in the lymph from this prepara.
tion do not, therefore, necessarily represent the true vatues n the normal
amimal,

Coagulation properties. Lymph from all parts of the body clots, but
25 a rule less readily than does plasma. Howell (1914) studied the
coagulation of thoracic duct lymph from the dog, and found varying
coagulation times, the longest occutring \\h:n the lymph was heavlly
loaded with fat. The of £ and of proth
in lymph are always less than m plasma and vary consldcmb\y sn different
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Pressure m leg lymphatics
Drinker and Field (1933) placed a T-cannula in a lymphatic just
below the popliteal lymph node in a dog. No pressure was recorded
when the animal was at rest ; but when the foot was attached to a rotator
so that rapid flexion and extension occurred, the pressure rose to 68 cm
water  When the vessel was completely obstructed, pressures as high
as g9 cm. of water were obtained.

Cardiac lymphatic pressure
It has not been possible to obtain a lateral pressure determination
in the efferent cardiac lymphatic. End pressure has, however, been
measured (Drinker et al., 1940). With the dog’s heart beating normally
and with 2 mean blood pressure of 112 mm. Hg, lymph pressure became
steady at 155 cm. water. After jntr injection of adrenalin, the
pressure became 186 cm.

Pressure in lymphatics of villi

Komges and Otto (1937), using cats anaesthetized with dial, made
measurements by the direct techmque of Landis (1925-1926), with
modifications, of the pressure 1 the blood capillaries of the vill: and of
pressure 1n the central capillary lymphatic. They obtained interesting
figures, rather higher than one would have expected. The pressure
the precapillary of the villus was 50-7 cm. water (37-3 mm Hpg), in the
actual capillary 42+6 cm. water (31-3 mm. Hg); and in the postcapillary
33 cm water (24-3 mm. Hg) The pressure in the lymphatic of the
villus was 333 cm. water (24 § mm Hg).

CHEMICAL COMPOSITION OF Lyater

In previous chapters we have shown that lymph forms part of the
extracellular fluid or envir 1 fluid system of the body. The basic
chemical structure of lymph, therefore, closely resembles that of plasma
While discussing lymph formation 1n the various tissues of the body, W&
have repeatedly referred to the composition of the lymph. In this
chapter, however, we propose to assemble n 2 few tables some of the
reliable figures now avalable. Medical literature contains numerous
analyses of lymph, some of which are new more than a hundred years
old  Such data are of lustorical interest, but have been obtained by
methods long obsolete. Those interested in the early literature on the
composition of lymph in man and in different animals should consult
Nasse (1843), son Gorup-Bestnez (1874), Hoppe-Seyler (1881) and
Munk and Rosenstein (1891). In our tables we have endeavoured to
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regions, just as the concentrations of other proteins vary, Brinkhous
and Walker (1941) found that in eight dogs the mean prothrombin leve],
expressed as a percentage of that in the plasma, was g3-2 in the lwer
lymph, 512 1n thoracic duct lymph and 76 in leg lymph. The mean
fibrinogen level was 211 mg. per cent in the thoracic duct lymph compared
with 410 mg. per cent in the plasma. Fantl and Nelson (1953) found
similar figures in the thoractc duct lymph of the dog.

Of the other coagulation factors, calcium is slightly lower in the
lymph than in the plasma, but platelets, which are regarded as supplying
thromboplastin in blood lation, are absent. The lymphocytes, the
principal cells of the fluid, are not conspi for thromboplastic
activity, Fantl and Nelson found that thoracic duct lymph of dogs
clots in far shorter time when in contact with glass than when in contact
with a water-repellant siliconized surface. Since there are no platelets
in the lymph, they explain the imitial stages of the clotting process of
lymph by the presence of thromboplastin precursors whose rate .Of
conversion mto active thromboplastin depends on the surface properties
of the contamer.

Antibody content of lymph. Chemical fractionation of the plasma
protemns by the methods of Cohn and his associates mndtcates that tl.lc
antibodies are largely present in Fraction II and to some extent 1
Fraction III  Electrophoretically, they migrate mainly as y-globulins,
but some also migrate with the faster moving f-globulins. Ve have
observed n carlier chapters that all the fractions that can be distia-
guished by electrophoresis are present in the lymph as well as in the
plasma. We should expect, therefore, that, as with the other plﬂ{mf‘
proteins, the antibodies would take part in the extravascular circuhn.oﬂ
(see p. 83), and that the concentrations of antibodies in the lymph relative
to those 1 the plasma would correspond faurly well with the total protein
content.

Hughes and Carlson (19o8) found haemolysins for rabbit’s red cells
present in the following descending order : serum; thoracic duct lyn’lph ;
cervical lymph ; leg lymph; pencardial flud ; aqueous humour. This
arrangement 1s in direct relaton to protein concentration, Following the
intravenous mjection of antisera, Becht and Luckhardt {1916) fc\u}d
higher concentrations of antibodies in thoracic duct lymph than in
cervical lymph. Freund and Whitney (1929) found that when rabbit
serum contammng agglutinins 1s injected mto the ear vein of ra.bblts,
agglutinins accumulate in the lymph of the liver very rapidly, and in the
Iymph of the leg very slowly, . |

Although the antibodtes in the lymph come mainly from t}.u: bloo
stream and so form part of the extravascular circulation of proteins, they
in part originate in Iymph nodes (sce Chapter 5) and reach the blood
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stream by way of the fymphatic vessels, The fymph in the efferent
essels of a node may, thercfore, under certain circumstances, contan
a greater amount of antibody thon the lymph in the afferent vessels of a
Symph node (Ehrich and Harris, 1942). The efficacy of intravenously
injected antibodies will be discussed in Chapter 8.

Enzymes in lymph. Many enzymes have been recognized in the blood
plasma, but not in high concentrations “They comprise probably fess
thar ot per cent of the plasma proteins (Surgenor, Hunter and Brown,
1953). Lile the antibodies, these have most probably been
produced by cells and 1ransported to the blood stream  Once 1n the
biood stream they take part in the extravascular arculatton of plasma
proteins, so the lymph collected from varous regrons of the body has

‘TasLe 33
Enzymes i fymph
Enayme Source of Lymph Ammal Author
Amylase . L, . Chyle Man Mnngk and Rosenstein
{1895}
Maltse ., . . Thomec duct Dog Poal {2892}
Amylase snd fipase . Chyle Man  Hamill (1g06-1907)
Duastase . ., | Thoracic duct, neck Dog  Carison and Luckhardt
and leg tsmphatics (1908-1909)
Duntase and maltase . Thoraerc duet " Osato (1920}
Protesse and lipuse . N " - N 16}
lase .1 Lag'hmphates Rabbit  Istano (1933}
Lipase (Rutyrasc) " » " w1939
Peptidase | < - " » 11935-1938a)
Saccharase. N . N ., (193519306
Cholinesterase . “Thoracic duct and Dog  Frend and Krayer (1951)
cervical lymphatics
" + < Thoracte ducr, hver, .. Trsuer snd Hardenbergh
cery x§n1 m: mesen- (947
teric fymphatics
Alialine phosphatase. Thorace duct . Gonzalez-0d3one (1046}
" » . Intesnnad lymph Rat  Flock o;;:d Boltman (19483
1q5:
Hutsmnase ., Thorace duct st Carlsten and Wood (1951}

[
Amylase | ) Intesunal Iymph Rat Flack and Bollman {19507)
Trbutynnase | 15500,

been found to contain many enzymes, Table 33. The enzyme concen-
tration in the Iymph in general is therefore usnally lower than that m
the plasma and the concentration runs paraltel with the concentration of
proten,  The cholinestecase activttees of blood plasma and of lmph
from the liver, thoracic, intestinal and cervicat ducts of dogs were measured
by Brauer and Harderbergh {2547) while Friend and Krayer (1541)
dﬂefm{ncd the cholinesterase activity of plasma and of tharacic and
cervical duct Iymph. 'The level of cholinesterase actvity of the lymph
from these different regions of the body was, in general, proportional ta
the protein content, sugpesting that the lymph chohnesterase has mamly

difflused from the blood stresm. Carlson and Luckhardt (1g08-1g0g)
T—R
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studied the level of diastase in blood, lymph and other fluids of the dog.
They found that the concentration of diastase normally decreased in the
following order: Serum, thoracic duct lymph, cervical and leg lymph,
pericardial flurd, cerebro-spinal fluid. Flock and Bollman (rgsob)
showed that 1n the rat the amylase content of intestinal lymph was always
less than that of the plasma, and was not related to feeding. They
concluded from this that amylase was not absorbed from the intestie
mnto the intestinal lymph during the digestion of food, nor was it secreted
in tncreased amounts mto the lymphatic vessels of the pancreas when
this gland was secreting enzymes into the intestine. The evidence there-
fore suggests that the amylase of lymph represents that which has diffused
from the blood stream, On the other hand, the concentration of tr-
butyrinase n the intestinal lymph was not increased during a fat-free
meal, but was considerably increased after the feeding of a fat-containing
meal The concentration of tributyrinase in the plasma was diminished
when the intestinal lymph was dramed away from the bedy. It appears,
therefore, that the level of this enzyme 1n the plasma of the rat is largely
dependent on the lymph flowing from the intestinal mucosa during fat
absorption.

The alkaline phospk content of i inal Iymph of the rat 1s
higher than that of the plasma and mcreased after a fat-free meal, but much
more 5o after a fat-contaimng meal, When all the intestinal lymph was
dramned away from the body, the concentration of alkaline phosphatase
in the plasma was greatly reduced (Flock and Bollman, 1948). This
suggests that the serum alkaline phosphatase comes to a large extent
from the itestine and 1s transported to the blood stream mamly by the
lymphatics When the bile duct was ligated or the bile dramed away
n a biltary fistula, the i of alkaline phospt of the intestinal
lymph following the feeding of fat was abolished or greatly d hed
(Flock and Bollman, 19s0a). The presence of bile is, therefore, important
1n the release of alkaline phosphatase from the intestrnal mucosal eclls
with 1ts subsequent absorption into the lymphatics.

It 1s clear from these observations that some enzymes, such as alkaline
phosphatase and tributyrinase, can be shown to enter the blood stream
from their cells of origin by way of the lymphatics. In other mstances
the mode of entrance into the blood stream has not been determined,
but it would seem likely that they travel by the lymphatic vessels. Once
in the plasma, all these enzymes take part in the circulation through the
tissue fluid and lymph just as other proteins do.

Non-protein constituents of lymph
Electrolytes. Although the recorded analyses of the cations and
anions of lymph are very scanty, 1t is clear that the ionic pattern of lymph
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is not essentially different from that of plasma  Table 34 gives average
figures for the concentrations of some of the electrolytes in plasma and
in lymph collected marnly from the thoracic or cervical ducts. In geners,
the total base 15 slightly lower in the lymph than in the plasma while the
chloride and bicarbonate levels are higher in lymph than plasma The
direction of the differences 1n concentrations of these constituents is con-
sistent with the existence of the Gibbs-Donnan equilibrium operattng on
two phases whose concentrations of non-diffusible 1ons (protein ions)
differ.

Non-electrolytes

(a) Liprds. 'The hipids 1n the plasma and lymph have already been
discussed 1 Chapters z and 3. Cholesterol and phospholipid, being
matnly assocrated with protein as lipoprotein, are present in the lymph
i concentrations which vary with the level of protemn m the Iymph
(Courtice and Morns, 1955) The amount of neutral fat in the form
of chylomicrons 1n the thoracic duct lymph depends mainly on the degree
of fat absorption from the alimentary fract  Table 35 gives figures for the
liptd content of lymph 1 animals  the postabsorptive state, when fat
absorption 1s reduced to a minimum. During fat absorption after a meal
rich in fat, the levels 1n lymph from the thoracic duct rise considerably
(Chapter 3).

(b) Non-lipnds  The readily diffusible non-protein constituents of
the plasma are present 1n the lymph 1n concentrations which are approxt-
mately the same as m the plasma  In Table 36 are given some of l!lc
values recorded 1n the literature. In a steady state the Iymph glucose is,
in general, the same as the plasma glucose, except in the kidney where
the lymph has a slightly lower content  After a carbohydrate meal when
the blood sugar rises rapidly, or after the intravenous injection of glucose,
the lymph sugar will lag behind ; but, ultimately, equilibrium will again
be reached when the levels are once more approximately the same (Robert-
son and Wilhams, 1939) The non-protein nitrogen, urea, ammo-acid
and creatinine levels are likewise approximately the same in both plasma
and lymph except mn the kidney where the lymph urea is slightly hugher
than in the plasma. The significance of the glucose and urea levels of
renal lymph have already been discussed (p. 203).
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CHAPTER §
BIOLOGICAL SIGNIFICANCE OF LYMPHOID TISSUE

By lymphoid ussue we understand any tissue consisting predominantly
of lymphocytes, such as lymph nodes, tonsils, appendix, and intestindl
nodules.  As we have already noted, however, the lymphocytes in lym-
phoid tissue are usually intermungled with other cell elements, to whick
they may be either functionally or genetically related A brief suney
of the distribution of lympheid tissue in vertebrates has already becn
gwven 1n Chapter 1, where it was stated that the segregation of the lym-
phoid from the myeloid tissues reaches’ its most advanced development
1n mammals, with the widespread formation, in intimate association with
Iymphatic vessels, of the typical mammalian lymph node. The formatien
of muluple lymph nodes serves to accentuate what was already a peculiar
feature of the lymphoid tissues—namely, their scattering all over the body
1n a number of discrete masses.

Investigators seeking to determine the biological significance of these
discrete masses have utilized a variety of methods of study. Of these
we shall consider—from the point of view primarily of their effect o
Iymphord tissue—iomzing radiation, toxic compounds, haemorrhagt.
growth m stenile surround plete lymphatic blockage and varylng
degrees of surgical extirpation  The action of hormones on lymphoid
tissue 1s discussed in Chapter 7.

FuncTion oF LympHOID TissUE: METHODS OF INVESTIGATION

Tomizing radiation

The dtffuseness of distribution of the lymphoid tissues renders com-
plete surgical removal impaossible, though as we shall see (p. 264) c“PCf‘]
ments have been performed in which a very substantial portion of thc' tota
lymphotd mass has in fact been excised. DBecause of the difficulties ﬂf
direct surgical approach, many workers have resorted to indirect methods
of extirpation, such as exposure to X-rays, to which th.ese (lssucs are
particularly susceptible. For many years only external irradiation “”-l?
available, mamly in the form of X-rays, as used in the proneer v\\orl\ of
Heincke (1904, 1905). More recently advances in nuclear physics have
given inyestigators 2 much wider choice. Thus Bloom (1948) prﬁst.n“
the work of a group of investigators who employed external irradiation
by means of X-rays, B-rays emitted from I3, y-rays of sadum and an
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atomic pile, and fast and slow neutrons.  Internal jrradiation was cffected
by the adnunistration of radioactive isotopes emitting a-, f- and p-rays.

With all these indirect methods, hosever, 1t is not possible to be
certain either that all the lymphoid tissues have been destroyed, or that
other tissues hase not been imolied at the same time. In the case of
X-rays, Hughes and Job (1937) spearfically mvesngated this latter point,
and found it impossible to adminster a dose of X-rays sufficient to produce
complete invofution of all the fymphoid tissues, without at the same time
damaging other tissues or argans,  The results of this line of attack have
not therefore been decisive ; but they have nevertheless yielded results
of considerable interest,  Before discussing these briefly, 1t should perhaps
be emphasized that it is nat always easy to compare the results of different
workers, partly because of species differences in sensiuvity, panly by
reason of variations mn dosage and mode of admimstration (of, Tullis and
Warren, 1947, De Bruyn, 1948).

Lymphocyte sensitiaty fo vadiation

In the early part of the century Heineke (1goy, 1gos) first described
in detail the effects of irradiation on the haemopoietsc system (muce, rats,
gwnea-pigs, rabhuts, dogs). The most marhed result which this author
observed was degencration of the lymphoid tissues, the carhest cells
mvolied being lymphocytes and non-granular myelacytes (cf. Osgood
et al., 1942}, subsequently he noticed also changes mn eosnophils, mast
cefls and giant cells. Sturges and Lewin (1920-1921) \\or};mg with
uraditted frogs demonstrated many years later that the sensitvity of
fymphocytes to X-rays 1s equally marked i lower vertzbrates and 1s,
therci‘arc, to be regarded as one of the fundamental biclogical properties
of the 1 1 and Gri ff, in 1927, sho\\ed that
the action of )\-ra)s on lymph could be d d m vitro, 2
finding subsequently confirmed by other workers (e g. Osgood, rgyz,
Trawell, 1g52), though not mn accord with the experiments of Jolly and
Lacassagne (1923), who apphed X-rays to blood m #itro, and found the
wvitality of the ymphocytes was not affected  Cramer, Drew and Mottram
{1921a and 5) drew attention to the great similanyy 1n the effects on
lymphoid tissue of iradiation and vitamin B deprimtian Mottram
{1921-1922) found that not all I : d ta d n
the same way, but that the salt !ymphoc)rtes wete much mare sensitive
shan che large.

Indirect action of X-rays

Jally {19244 and ¢) noted that the sensitimity to Xerays of a lymph
nade ar of the thymus could largely be abolished »f the blood supply were
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By lymphaid tissue we understand any tissue consisting predomin:u.ltly
of lymphocytes, such as lymph nodes, tonsils, appendix, and intestinal
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phowd tissue are usually mtermingled with other cell elements, to which
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degrees of surgical extirpation The action of hormones on Iymphoid
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lomzming radration

The diffuseness of distributton of the lymphord tissues renders com-
plete surgical removal 1mpossible, though as we shall see (p. 264) expert-
ments have been performed in which a very substantial portton of the total
lymphotd mass has in fact been excised. Because of the difficulties of
direct surgical approach, many workers have resorted to indirec‘f methods
of extirpation, such as exposure to X-rays, to which these tissues ?rﬂ
particularly susceptible. For many years only external i.rmdmtwn M;
available, mainly in the form of X-rays, as used in the pioneer .\vork \?
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given investigators a much wider choice. Thus Bloom (1948) presents
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adrenals, and the i § production of 11 ids, was sug;
by Dougherty and White {1946}, though 1t should be noted that previous
workers (e g. Leblond and Segal, 1942 Gregoire, 1942) had already
claimed that sdrenal y exerted a beneficial effect upon the thymo-
fymphatic atrophy produced by an intense localised irradiation. From
a practical as well as a theoretical point of view, however, still greater
interest has centred around the question of a humoral factor or factors
which might have a directly beneficial effect upon recovery processes.

Jacabson et al. (1931) suggested that the spleen might play an important
part, for they found that, in hrradisted muce, shieldmp of the spleen
practically doubled the animal's resistance to X-rays As long as the
shiclded spleen was present during the periad of irraduation, then even
though it was removed almost immediately afterwards a beneficial effect
could st} be noted.  Furthermore, ** Transplantation of one to four fresh
spleens from young mice into the peritoneat canity of mice immediatety
after exposure 1o 3,0251 whole body X-radution significantly increases
the survival of the irradiated mice ™

In many of these experiments it is possible that the spleen acts not
by secretng a humoral factor, but by constituting a reservoir of un-
damaged cells which can travel via the blood stream to the vanous haemo-
poietic tissues, Rekers (1948) had been thinking along these hnes when
he transplanted healthy marrow cells into jrradiated dogs, and the idea
was subsequently followed up by Lorenz and hus co-workers (eg Lorenz
et al,, 1951)  Congdon, Uphoff and Lorenz (1952) review the problem,
and point out that the evidence 1s still not adequate to enable one to derrde

ivocally whether the beneficial effect of ad bone marrow

isldue 10 2 humoral factor, or is the result of repopulation with healthy
cells,

Adhesion of lymphocytes 1o capillary walls
Another indirect effect of Xerays was described by Mottram (1931),
who found that in irradiated rats there was a marhed tendency for tympho-
cytes to adhere to the walls of the capillanes, a fact 1o which mght be
butable thewr diminution in the tating blood  However, Fuiton
et al. {1934) directly ined the blood capilfaries in the {luminated
cheek pouch of the hamster after total body wradation, and concluded
that “ the leukopenia which persists for the first few days after itradiation

1snot due to Jenkocytes becoming immobile by sucking to the endothelum,
or to their extravasation .

Differential response of lymph node and bome marrow
Jolly (19248), studying the comparative sensitivity to X-rays of the
popliteat fymph node ‘and the femoral marrow (rabbut), found that the
Iymph node was very much the more sensitive of the two. Destructive
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cut off by ligature. This suggests the possibility that X-rays may act
indrrectly by stimulating in some way the formation of toxic substances,
which then circulate 1n the blood stream and so reach the node, an explana-
tion which Jolly (1924a) considers unlikely. However, Leblond and
Segal (1942), who also agreed that X-rays exerted an indirect effect,
thought 1t was due to the develoy of a general intoxication following
irradiation, ’

The extent and nature of the alleged indirect effect of X-rays upon
lymphotd tissue has attracted a number of investigators, Osgood (1942)
approached the problem through the medium of tissue culture of human
marrow. * Marrow cultures were made mn 4 vials, of which 2 were
irradiated and 2 were not  After srradiation the cultures were centrifuged
and then the supernatant fluid from one of the irradiated and one of the
non-trradiated cultures were withdrawn and interchanged.” These ex-
perniments afforded no evidence of indrect action attributable to the
liberation of toxic sub, by the irradiated cells themsel Osgood
further suggests that where indirect action has been described, it may ia
fact be due to the transport of damaged cells, via the blood stream, from
the 1rradiated tissue to that n which the indirect action is supposed to be
exerted,

Parabiotic amimals present another obvious line of experimental attack
Barnes and Furth (1943), ustng both single and parabiotic mice, thought
they could detect some evidence of indirect damage, but found 1t to
be shight when compared with the changes produced by direct action.
Lawrence, Valentine and Dowdy (1948} established 2 cross circulation in
7 pairs of cats, and then proceeded to irradiate one ammal of each pair
while the other was shielded Therr results were *“ not considered to
support the thests of indirect effects pecultar to radiation ”. De Bruyn
(19484) also was unable to substantiate the indirect effect of X-rays. In
a serics of rabbuts the right hind leg was 1rradiated, while the rest of the
body was shielded with lead plates. “ At 6 hours the pophtcill node
on the exposed side contamed great masses of cellular debris. - . .
Neither the popliteal lymph node on the shielded side nor the mesenteric
lymph node showed any changes beyond those seen i the cofltrols
Price (1948, 1951), on the bass of both human and animal stud:Fs, inclined
to the view that there probably is an indirect effect of irmdmtu?n, an.d
interprets the lymphopenia following irradiatton in accordance with this
concept.

Humoral factors in damage by or recovery from irradiation
For those workers who accept the hypothesis of the indirect action
of X-rays, there arises the obvious question of a humoral fact?r or fadm’z-
A pecific stress resp with lation of the pituitary an
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acute and chronic application of ginating lonizing
and i tty deposited radio-isotopes have failed to reveal evidence in
1he bloed-forming tissues and peripheral blood of 2 primary stimulation
of haematoporesis.  However, dary ot * camp y i ‘1
certain of the cellular constituents of the peripheral blood were seen and
were jnvariably preceded by a red ' Warren, MacMillan and
Dixon (1950} also observed, in mice which seceived minimal doses of
P2, 3 preliminary depression followed by hyperplasia of lymphard and
myeloid tissue, * with resultant increase in the size of the spleen, thymus,
and amount of bone marrow but not an size of the lymph nades which
appear p fy damaged and shrunken by this small dose. This
causes the fymphoid tissue of the nodes to present a peculiar contrast to
1s morpholagic cousin, thymic tissue, which appears to have a much
grester ability to come back after suffering equally scvere irradianion
damage.”

Differential sensitivity of Iymphocytes and other ceils

‘The fymphoid tissues are the first ta be affected by ronizing radiations,
However, it 1s primasily the lymphocytes which are so senatise, not the
other clements, for as emphasized by De Bruyn (1948), there 15 a marhed
difference in sensitivity between lymphocytes on the one hand, and the
reticular cells and macrophages on the other  In rabbits 24 hours after
Boor the medi ized and large lymphocytes frequently showed signs of
ceflular and nuclear damage (clumping of chromatin, Iobation of nucles,
formation of giant cells, etc.), while reticular cells and macrophages were
not visibly affected  Grégowe (1942), working with rats, has shown very
convincingly in the case of the thymus that the reucular cells persist

damaged after the lymph have been d d  Furthetmore,
except with the smallest applications of N-rays, De Bruyn (1948) was
unable to confirm the statement of Heinehe (1go4) that there 15 4 latent
pesiod of 2-3 hours after exposure to X-rays before the destructive changes
become evident,  De Bruyn found that even 3o~40 min after wradiation
there was more nuclear debris in the nodes of the expenmental rabbits
than in those of the controls, Fowever, with smaller doses of X-rays
there was a latent period. Trowelt (1952} notes that, hke macrophages,
monocytes and plasma cells also are much less sensitive than lymphocytes.
Batrow, Tullis and Chambers (1951) showed that in rabbits, after whole
body irradistion up to LD 50/40, thete was no interference whatever with
the uptake of colloidal gold by the reticulo-endothehal cells. Latta and
Waggener (1934) found in rats given repeated injections of P32 that *“ The
Tadireststant reticular cells became more 2nd more promnent in all hemo-
Pposeric tissues following injection as progressive hyperplasia recurred ™',

Martland, Conlon and Knef (1925), tnvestymating she deposttion of
L—s
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changes were evident in the node immediately after irradiation, becoming
intense 1n 2 to 3 hours. 'The marrow did not show marked changes unt
12 hours after irradiation. Jolly (1925) also showed that marked histo
logrcal changes could be produced in Iymph nodes by direct exposure &
ultra-violet rays

Taylor, Witherbee and Murphy (1919), and Thomas, Taylor anc
Witherbee (1919), measuring the effects of X-rays in terms of the cireulat
ing lymphocytes 1n a variety of animals, concluded that large doses pro
duced 2 diminution in the cireulating lymphocytes, whereas small dose
caused them to increase, though after a varying interval of time.  Mottran
and Russ (1921) found, however, that there was no essential difference 1t
this respect between small and large doses of X-rays, for in either cas
there was always an mitial lymphopenia. After small doses, this lympho-
penia lasted for a few hours, to be followed by a lymphocytosis ; after
Iarge doses 1t persssted for a week or ten days  Murphy (1926), discussing
further the stimulant effect of one small dose of X-rays states that after
the brief imtial depression of the lymphocyte count, the blood lymphocytes
almost doubled 1n number by the second day, and, as a rule, continued to
increase until the fourteenth day. At the same time, an increased number
of mitotic figures could be found m sections of lymphoid tissue from the
fourth day onwards, with a return to normal about the tenth day. Lata
and Ehlers (1931) review the literature and report additional expernments
of their own. ~ After several short exposures to X-rays (rats), totalling one
hour, the blood leucocytes were reduced to one-fifth or less of their
normal value, the fall being most marked for the lymphocytes, though
affecting the neutrophiles also  * Changes in the erythrocyte count
appeared neither so rapidly nor in such degree as those noted i th,c'
leukocytes, although a very severe anaemia was produced eventually.
The lymphoid tissue showed marked degenerative changes, and after
longer trradiation, the lymphatic tissue of the spleen had practically dis-
appeared, while the lymph nodes also showed extreme reductron 1
Iymphocytes, the cortical regtons consisting mainly of loose connective
tissue. Goodfellow (1936) reviewed the climeal literature, and gave an
account of his own observations on blood changes in patients subjcctef‘l to
irradiation, The consensus of opinion seemed to be that the haemopoietic
organs in general are damaged by X-rays, but that the lymphoid tissues mn
particular were the most sensitive (see also Shouse, Warren and Whipple,
1931 ; Dunlap, 1942), and that the earhest and most marked destruction
was observed mn them.

Compensatory hyperplasia after rradiation
The question of cell proliferation after 1rradiation was carcfully.s!udl'cd
by Bloom and Jacobson (1948) who found that ** Extensive studies with
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acute and chronic application of externally originating ionizing radiations
and i lly deposited radio-isotopes have failed to reveal evidence in
the blood-forming tissues and peripheral blood of a primary stimulation
of haematopoiesis. However, dary or ¢ P y i ’in
certain of the cellular constituents of the peripheral blood were seen and
were invariably preceded by a reduction.” Warren, MacMillan and
Dixon (1950} also observed, in mice which received minimal doses of
P, a preliminary depression followed by hyperplasia of lymphoid and
myeloid tissue, * with resultant increase in the size of the spleen, thymus,
and amount of bone marrow but not in size of the lymph nodes which
appear permanently damaged and shrunken by this small dose  This
causes the lymphoid tissue of the nodes to present a peculiar contrast to
its morphologic cousin, thymic tissue, which appears to have a much
greater ability to come back after suffering equally severe irradiation
damage.”

Differential sensitivity of lymphocytes and other cells

"The lymphoid tissues are the first to be affected by 1onizing radeations
However, it is primanly the Jymphocytes which are so sensitive, not the
other elements, for as emphasized by De Bruyn (1948), there 1s a marked
diffe in sensitivity between lymphocytes on the one hand, and the
reticular cells and macrophages on the other. In rabbuts 24 hours after
8Boor the medium-sized and large lymphocyte: quently showed signs of
cellular and nuclear damage (clumping of chromatin, lobatton of nucles,
formation of giant cells, ete.), while reticular cells and macrophages were
not visibly affected.  Grégoire (1942), working with rats, has shown very
convincingly 1n the case of the thymus that the reticular cells persist

d d after the lymphocytes have been destroyed. Turthermore,
exc:;:t with the smallest applications of X-rays, De Bruyn (1948) was

there was more nuclear debris in the nodes of the experimental rabbuts
than in those of the controls. However, with smaller doses of X-rays
there was a latent period. Trowell (1952) notes that, ike macrophages,
monacytes and plasma cells also are much less sensitive than lymphocytes.
Barrow, Tullis and Chambers (1951) showed that 1 rabbuts, after whole
body itradiation up to LD 50/30, there was no interference whatever with
the uptake of collodal gold by the reticulo-endothehal cells  Latta and
Waggener {1954) found in rats given repeated mjections of P3? that “ The
rafilO}'es::slant reticular cells became more and more promnent in ail hemo-
poietic tissues following injection as progressive hyperplasia recurred ™
Martland, Conlon and Knef (1925), investigating the deposition of
L~3
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radium and mesothorium in the tissues of workers with luminous (radio-
actwve) paint, found that radium and mesothorium were taken up by
reticulo-endothelial cells. Lymphoid tissue adjoining these cells—for
example, i the spleen—almost completely disappeared: ... the
spleen showed atrophic malpighian folltcles, some of the terminal arterioles
having hardly any surrounding lymphatic mantle.” It would appear that
the reticulo-endothelial cells with their radioactive contents form multiple
small foct from which neighbouring lymphoid tissue is continuously
irradiated.

Are all lymphocytes equally sensitive ? Trowell (1952) reports that
the small lymphocytes of lymphoid tissue are the most radio-sensitive
cells in the body and that medum lymphocytes in this situation are almost
equally sensitive. Trowell also finds that ** Blood lymphocytes are less
sensitive than lymph node lymphocytes, but not so insensitive as others
have claimed . The scattered lymphocytes n the intestinal villi were
found to be the least sensitive of all the lymphocytes examined.

On the other hand, as far as the lymphocytes in the various organized
lymphoid masses are concerned, the response to irradiation appears to be
identical tn spleen, lymph nodes, or intestinal nodules of mice (Barrow
and Tullss, 1952), and 1n the spleen, lymph nodes, tonsil, thymus, and
mtestinal nodules of swine (Tulhs, 1951) ’

Barrow and Tullis (1952) concluded “ that there is httlc difference
in the degree to which lymphoid tissue 1s sensitive to a single exposure
of total-body irradiation, whether the tissue be mn the spleen, the lymph
nodes, or the intestinal lymphoid aggregations . 'They also pomnt out
that variation in the degree of response of lymphotd nodules even m the
same organ may be due to their being at different stages of the lympho-
poietic cycle (Conway, 1937) In swine, Tullis (1951) observes : _" The
extent of the injury 1n the thymus was marked, but the proportion of
fragmented lymphocytes to morphologically intact [ymphocytes was mlfch
less n the thymus than in the other lymphoid organs.” This observation
1s of especial interest in view of the findings of Warren, MacMillan and
Divon (1950) of more rapid regeneration of thymus than lymph nodes.

Time Sequence and Nature of Lymphoid Tissue Changes

Lawrence, Dowdy and Valentine (1848), after giving rats a single do.sc
of s50r (whole body), found degenerative changes already present In
Iymphoid tissue within 1 hour after irradiation, while after 6 hours cytolysis
in the lymphoid follicles had attained its maximum. By the end o{ 24
hours regeneration and repair of the lymph nodes was actively progressing,
and after 20 days the regeneration of the lymph nodes was stated to be
complete. However, even after 25 days the blood Jymphocytes were sull
below their normal level.
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De Bruyn (19486) working with rabbits, rats and g\lmtm-plgs, made
a careful study of both degenerative and regenerative changes in the
Iymphoid nodules of lymph nodes and intestinal Iymphatic tissue after
varying dosage of X-rays. With regard to differences in dosage, he
found that : “ In rabbns doses of Soor and 6ocr completcly deslroy the

s

rcgeneratc rap:d]y and at 5 days are normal in appearance A dose of
1001 does not produce a marked change 1n the majonty of the nodules.
Judging from the amount of debns, s0r 15 the lowest dose which produces
histologically detectable changes.”

In rats, De Bruyn found that doses of 60or and 4o0r produced changes
1dentical with those observed in rabbuts at these doses, whereas n guinea-
pigs 2 dose of 1757 produces changes resembling those found in rabbits
and rats after doses in the neighbourhood of 4oor, There appears to be
no direct relationship between the damage te lymphoid tissue and the
lethal action of X-rays upon the orgamsm as a whole.

In rabbits after Soor regeneration fist began after § days, when there

ed ! of medium lympt , many 1 mitosts
The ongm of these fymphocytes was obscure, and De Bruyn was not
certain whether 1t was entirely homoplastic, or whether h pl
formation was also occurring.

Nodules began to re-appear after 21 days ﬁl’st as small * bare”
germunal centres, of hocytes 1 mitosis,
frequently associated with small areas of eL‘topxc myclopmcsxs By 4
months typscal nodules had re-formed, indistinguishable from those in
the control animals,

Akanwa and Takeshima (1950), investigating the effects of irradiation
on the popliteal lymph node of the rabbit, came to the conclusion that
after any but the smallest doses the lymph node never returned to normal,
but finally underwent fibrosis  Snell ez al (1949), studying the haemato-
logical picture in a group of persons at Hiroshima 20-33 months after
atomic bombing, found that the peripheral blood stll showed several
shight differences when compared with a control group, and that there

was a * shght relative depression of lymphocytes and a shght elevation
of eosinophiles .

Post-irradiation anaenia
The effects of irradiation on the bone marrow are of especial interest
for their possible bearing on the problem of post-irradiation anaemia and
recovery therefrom. It should be noted however that other factors may
enter into the genesis of this anaemia than marrow damage alone, Ross,
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radum and mesothorium in the tissues of workers with luminous (radio
active) paint, found that radium and mesothorium were taken up by
reticulo-endothelial cells, Lymphoid tissue adjoining these cells—fo
example, 1n the spleen—almost completely disappeared: “ .. . th
spleen showed atrophic malpighian follicles, some of the terminal arteriole
having hardly any surrounding lymphatic mantle,” It would appear tha
the reticulo-endothelral cells with their radioactive contents form multiph
small foc1 from which neighbouring lymphoid tissue is continvoush
rradrated.

Are all lymphocytes equally sensitive ? Trowell (1952) reports tha
the small lymphocytes of lymphord tissue are the most radio-sensitiv
cells n the body and that medium lymphocytes in this situation are almos
equally sensitive. Trowell also finds that “ Blood lymphocytes are less
sensitive than lymph node lymphocytes, but not so insensttive as others
have claimed ”.  The scattered lymphocytes in the intestinal villh were
found to be the least sensitive of all the lymphocytes examined.

On the other hand, as far as the lymphocytes in the various organzed
Iymphod masses are concerned, the response to irradiation appears to be
1dentical 1n spleen, lymph nodes, or intestinal nodules of mice (Barrow
and Tullts, 1952), and in the spleen, lymph nodes, tonsil, thymus, and
mtestinal nodules of swine (Tullis, 1951). :

Barrow and Tulls (1952) concluded “ that there is little difference
1n the degree to which lymphoid tissue 1s sensitive to a single exposure
of total-body irraduation, whether the tissue be 1n the spleen, the Iymph
nodes, or the intestinal lymphoid aggregations . They also point out
that vanation i the degree of response of Iymphord nodules even in the
same organ may be due to their being at different stages of the Iympho-
potetic cycle (Conway, 1937). In swine, Tulhs (1951) observes * * The
extent of the ijury m the thymus was marked, but the proportion of
fragmented lymphocytes to morphologically mtact lymphocytes was mgch
less 1n the thymus than n the other lymphoid organs.”  This observation
is of especial interest 1n view of the findings of Warren, MacMillan and
Dixon (1950) of more rapid regeneration of thymus than lymph nodes

Time Sequence and Nature of Lymphoid Twssue Changes

Lawrence, Dowdy and Valentine (1848), after giving rats a single do.sc
of g50r (whole body), found degenerative changes already present in
Iymphoid tissue within 1 hour after irradiation, While after 6 hours cytolysis
in the Ilymphoid follicles had attzined 1ts maximum. By the end ot: 24
hours regeneration and repair of the Iymph nodes was actively progressing,
and after 20 days the regeneration of the lymph nodes was stated to l‘lc
complete. However, even after 25 days the blood Iymphocytes were stitt
below their normal level.
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De Bruyn (19485) working with rabbits, vats and éuinc:hpigs, made
a cateful study of both degenerative and regenerative changes 1 the
Iymphoid nodules of lymph nodes and intestinal fymphatic tissue after
varying dasage of Nerays. With regard to differences in dosage, he
found that: * In rabbits doses of 8oor and 6oor completely destroy the
great majonty of the nodules, Tesulting in 2 nodule-free period until about
3 weeks after treatment, at which time new nodules begin to form.  After
100 the majority of the nodules are only partially destroyed. These
regencrate rapidly and at § days are normal in appearance. A dose of
1007 does not produce a marhed change in the majority of the nodules.
M PO A I D WA SO AR R AR R

identical with those obsersed in rabbits at these doses, whereas in guinea-
pigs a dose of 1751 produces changes resembling those found in rabbits
and rats after doses in the neighbourhood of 400r. There appears to be
no direct relationship between the damage to lymphoid tissue and the
lethal action of X-rays upon the organism as a whole.

In rabbuts after 8oor regeneration first began after 5 days, when there

ppeared d coltections of medium lymph , many in mitosis
The ongin of these lymphocytes was obscure, and De Bruyn was not
certain whether it was entirely homoplastic, or whether h pl
formation was also occurning.

Nodules began to re-appear after 21 days, first as small * bare”
£ [ centres, ** consisting of medi ized lymphocytes in mitosis,
frequently associated with small areas of ectopic myelopoesis™. By 4
months typical nodules had ve-formed, indistinguishable from those in
the control ammals,

Akawa and Takeshima (1950), i i the effects of ir
on the popliteal lymph node of the rabbit, came to the conclusion that
after any but the smallest doses the lymph node never returned to normal,
but finally underwent fibromis.  Snell et al. (1949), studying the haemato-
logical picture in a group of persons at Hiroshuma 20-33 months after
atormic bombing, found that the peripheral blood still showed several
shght differences when compared with a control group, and that there
was a * shght relauve depression of lymphocytes and a slight elevation
of eosmnophiles *,

1c

Post-irradiation anaemia
The effects of irradiation on the bone marrow are of especial interest
for their possible beating on the problem of post-irradiation anaeria and
recovery therefrom. Tt shonld be noted however that other factors may
enter mto the genewis of this anaemia than marrow damage alone, Ross,



260 BIOLOGICAL SIGNIFICANCE OF LYMPHOID TISSUE

Furth and Bigelow (1952) studied the cell content of lymph in rats and
dogs at varying periods after exposufe to massive doses of X-rays. They
found that both in lymph and blood there was a precipitous drop in
lymphocytes within 5-10 hours after irradiation, but that in addition large
numbers of erythrocytes appear 1n the lymph.  This is merely an exaggers-
tion of a normal process (se¢ p. 324), but when 1t can lead to the presence
of more than 1,000,000 erythrocytes in a c.mm. of lymph, it seems clear
that this diversion of erythrocytes could be an important contributory
factor in post-irradiation anaemua. It is tempting to explain the increased
erythrocyte content of lymph as the result of damage to blood capillaries,
with increased passage of red cells into lymphatics and their return to the
blood via the main lymph ducts If this is the case, then experiments
such as those of Ross et al. make 1t clear that such damage to the blood
capillaries may have an unexpectedly delayed onset, since it was only after
7 days that the thoracic duct lymph began to contain greatly increased
quantities of erythrocylcs‘

It has also been suggested that post-irradiation anaemia may be duc
to increased destruction of erythrocytes (Barrow and Tullss, 1952), ot to
the development of 2 haemorrhagic state associated with thrombocytopenta
(Jackson et al., 1952).

Changes in the Lymphocytes and their Significance

Schrek (1947) made a careful study of lymphocytes from the rabbit
thymus ded 1n homologous serum, incubated acrobically at 37° C.
and then irradiated  He described the formation of intranuclear vacuoles,
which later discharged into the cytoplasm, leaving behind a dead pyknotic
nucleus ; and he concluded that the X-rays were accelerating a normal
metabolic process, though without any evidence as to the nature of this
process.

Stenstrom, King and Henschel (1942) mnvestigated the effect of reradia-
tion upon lymphocyte motility in tissue culture preparations of rabbit
mesenteric lymph nodes. They found a group of small cells, no doubt
lymphocytes, which were inhibited by doses up to 6zor, and larger cells
which required very much bigger doses before their migration ceased.
The difference 1n response between these two main groups is in acc?rd
with the observations which have already been noted, based on histological
studies of sectioned material.

Apart from the lymphocytes, a vast amount of work has been done on
the irradiation of normal cells and tumours and it is generally agreed that
the sensitivity of cells to X-rays is a function of their rate of growth.
Thus, Ening (1929) obserses : * High metabolism of (}‘:c tumour cells was
early recognized as 2 promi; factor sn radi itivity. It isso nearly
synonymous with rapid growth that one may usually judge of radio-
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sensitiity by rate of growth.”” Similarly, Cowdry (1924) writes:
“ Tnasmuch as the more reactive tissues have their molecules in the least
stable form, these tissues will be the easiest to affect by Xerays, Thus,
dividing cells in which the metabolism is very intense . . . are very easily
destroyed. . . "' Osgood, Aebersold, Erf and Packham (1942), who
incidentally found like Heinche that in irradiated marrow the lympho-
cytes and pro-granulocytes were equally sensitive, inclined also to the view
that the chief effect of wrradation was to inhibit mitotic and amitotic
division. Judged, then, from the standpoint of radio-sensitivity, the
Iymphocytes should be among the most actively growing cells in the body.

Toxic compounds

In addition to irradsati hemical sub have been
used with a specific destructive action on lymphoid tissue.  The 2-chloro-
ethyl and 3-chloroethyl compounds are ples of such sub which
have had iderable th fication (Gilman and Philips, 1946,

Goodman et al., 1946). Kindred (1947) described in detail the action
of these compounds on the haemopoietic system of the rat, and later
(1949) of the dog

He found that in the rat “ The d ive changes of the hemoporeti
organs as a whole resembled more closely those produced by roentgen
rays than those caused by any other agents . He noted further that the
changes were the same in adrenalectomized as in normal animals, and were
not therefore due to stress reactions, effected through the adrenal cortex
In the dog, he observed that the f-chloroethyl vesicants ** exert a selectively
toxic action on the nucler of actively proliferating cells of the lymphoid
organs and bone marrow. . . . The leukopenia of the peripheral blood
followed the same pattern as was observed in the vicums of the atomc
bomb radiation 1n Japan, and in animals exposed to the atomic bomb
radiation . . . at Bihim*  Both 1n rat and dog the reticulum cells were
much less ptible than the lymphocytes, and in the rat Kindred
actually thought that “ the reticulum cells of the Iymphoid organs are not
directly inyured by the agents”.

Urethane was introduced by Haddow and Sexton (1946) and was first
applied to the treatment of expenmmental tumours in ammals, Sub-
sequently (Paterson et al., 1946, 1947) it was used in cases of leuhaemia,
both myelod and lymphatic, in man.  Unfortunately, detailed histological
studies of the changes induced by urethane in lymphoid tissue have not
yet been made.

Haemorrhage

Hellman has clearly realized the importance of treating the lymphoid
tissues as a whole and reference has already been made to his basic data
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Furth and Bigelow (1952) studied the cell content of fymph in rats and
dogs at varying periods after exposure to massive doses of X-rays. They
found that both in lymph and blood there was a precipitous drop in
Iymphocytes within 5-10 hours after jrradiation, but that i addition lge
numbers of erythrocytes appear in the lymph,  This is merely an exaggera-
tion of a normal process (see p 324), but when it can lead to the presence
of more than 1,000,000 erythrocytes in 4 c.mm. of lymph, it seems clear
that this diversion of erythrocytes could be an important contributory
factor in post-rrradiation anzemia. It is tempting to explain the increased
erythrocyte content of lymph as the result of damage to blood capillaries,
with increased passage of red cells into lymphatics and their return to the
blood via the mamn Iymph ducts. If this 1s the casc, then experiments
such as those of Ross ef al. make it clear that such damage to the blood
capiffaries may have an unespectedly delayed onset, since 1t was only after
7 days that the thoracic duct lymph began to contain greatly increased
quantities of erythrocytes.

It has also been suggested that post-irradiation anaemia may be due
to increased destruction of erythrocytes (Barrow and Tullis, 1952), or te
the development of a haemorrhagic state ated with thrombocytop
(Jackson et al., 1952).

Changes in the Lymphocytes and their Significance

Schrek (1947) made a careful study of lymphocytes from the rabbit
thymus suspended 1n homologous serum, cubated aerobically at 37° C.
and then irradiated. He described the formation of intranuclear vacuoles,
which later discharged mnto the cytoplasm, leaving behind a dead pyknotic
nucleus, and he concluded that the X-rays were accelerating a norm#
metabolic process, though without any evidence as to the nature of this
process. X

S , King and Henschel (1942) i gated the effect of irradia-
tion upon lymphocyte motility 1t tissue culture preparations of rabbit
mesenteric lymph nodes. They found a group of small cells, no doubt
lymphocytes, which were inhibited by doses up to 6zor, and larger cells
which required very much bigger doses before their migration ceased.
The difference in response between these two main groups is 1 acc?rd
with the observations which have already been noted, based on histological
studies of sectioned materfal,

Apart from the lymphocytes, a vast amount of work has be¢en done on
the irradiation of normal cells and tumours and it is generally agreed that
the sensitwity of cells to X-rays 15 a function of their rate of growth.
Thus, Ewing (1929) observes : ** High metabolism of the tumour cells was
early ized as 3 promi factor in radi ivity.. It is so nearly
synonymous with rapid growth that one may usually judge of rado-
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(1953) found no evidence that they passed to lymph node, spleen, or liver.
Unfortunately, in the experiments so far reported he has not examined the
bone marrow.

Growth in the Absence of Bacteria

Glimstedt (1936), concerned with the effect of bacteria upon the
lymphord tissues as a whole, succeeded in raising 8 guinca-pigs under
conditions n which bacteria were completely excluded. He found that
the absence of bacteria scemed to have a harmful effect on the growth of
the animals, which were subnormal in weight. ‘This poor development
was most marhed 1n the lymphoid tissues, which also failed to develop
germ centres, 'The total lymphoid tissue in the bacteria-free guinea-pigs
was only about 25 per cent of that in the normal animal. Glimstedt
concludes, therefore, that bactera are the normal stimulus to the growth
of lymphoid tissues especially, and to a definite though lesser extent of
the body as a whole (cf. Gyllensten, 1954) e is also of the opinion that
the germ centres are * reaction centres " as maintained by Hellman, since
they do not develop in the absence of bacteria. Glimstedt’s experiments
are of great interest, but their interpretation meets with several difficulties.
One-third of the animals (18 out of 57) which this investigator endeavoured
to breed under stenle conditions died from no ascertainable cause. ‘This
1s an extraordinanly high mortality and makes one suspect that the general
condition of the animals must have been very poor. Later worh, such as
that indicating the possible synthesis of substances lihe vitamin By, by
intestinal bactena, makes it easier to understand why aseptic growth
might be fraught with pectedly sertous g (Lewts et al.,
1942, Jukes and Stokstad, 1948).

This view 1s confirmed by the studies of Reyniers (1946), who states -
* Although we have regularly reared guinea-pigs germ-free for 6o to go
days and some as long as § months, they were without exception wmal-
nurtured anymals ™' (the 1talics are ours)  Most of the animals seemed to
grow normally for about 30 days, but between 30 to 60 days a “ generalized
degenerative process ” set in. The Lobund group were more fortunate
with germ-free rats, though even here there was evidence of metabolic
abnormalities The lymphoid tissues are singularly sensitive to mal-
nutriion  Unfortunately, no blood counts are given by Ghimstedt, and
no bone marrow findings at autopsy by Glumstedt or the other warkers
quoted

Complete lymphatic blockage

Blalock and his (1937) ded 1 prod 1

P F
blockage of the entrance of lymph into the circulation in 3 dogs In
these 3 anumals, lympt and eosinophules disappeared almost entirely
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on the total amount of lymphoid tissue in the body, Working in Hellman's
laboratory, Sjovall (1936)—who gives an excellent review of the eatlier
literature—~has investigated the effect of anzemia on lymphoid tissue.
This investigator subjected 47 rabbits to repeated bleedings, withdrawing
from each ammal about 1,000 ml. of blood over a period of go days. The
mean weight of the total lymphoid tissues at the end of the experiment
was 10185 g., as compared with 12-283 g. in a control group. The red
cells 1n the bload fell from §,000,000 to 3,000,000 per ¢.mm., and the bone
marrow showed greatly increased erythropoietic activity. Sjovall argues
that if 1t is true that lymphocytes are continually being filtered out of the
blood stream into the bone marrow, where they constitute stem cells for
erythrocytes and granulocytes, then, under the condition of the experi-
ment, there should have been a greatly increased demand for lymphocytes
This increased demand ought to have been reflected in hypertrophy of
the lymphord tissues ; instead, they actually diminished. At the same
time, the blood lymphocytes fell from an average of 6,000 per ¢.mm. before
the bleeding, to 3,500-4,000 after. This change in the level of the blood
Iymphocytes may not, however, be very significant (see Chapter 6}
Wiseman (19315) has shown that ‘the total number of lymphocytes
circulating at any given time is not necessarily an index to lymphoid
activity ", As far as the weight of Iymphotd tissue 1s concerned,
Andreasen (1945) in a number of normal rats of varying ages dissected
out and werghed the lymphoid organs, but found no correlation whatever
between these weights and the number of lymphocytes in the blood.
Apart from these considerations, Sjovall's interpretation of his results is
open to criticism from other angles (see for example p. 424).
Fichtelis (19355) followed up some eatlier work of Ottesen (1948)
by injecting into animals P22, which was then incorporated in the DNA
(desoxyribose nucleic acid) of the nuclei of developing white cells, and
could be used to identify these cells subsequently after they had emgred
the blood. By this method, and making use of a simple technique
(Fichtelius, 19514) for the separation of blood lymphocytes, he showed
that following the administration of P32 there was a biphasic appearance
of radioactive lymphocytes in the blood, with two peaks around the 4th
and 15th days respectively. ‘The second peak afforded scope for obvious
pecul and in subseqy peri Fichtehus (1953) d
in showing that bleeding induced the second peak earlier than f.[ the
animal had not been bled, and that this second peak was at 1ts maximum
about 4 days after the bleeding. The second lymphocyte peak (or Sf‘-‘ond
top ” lymphocytes, as Fichtelus termed them) might perhaps be inter-
preted as an increased production of lymphocytes in response to the
haemorrhage. But in virtue of therr P32 content, these Iymghocyfcs
ought to be easily identifiable when they Jeave the blood. Fichtelius
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(1933) found no esidence that they passed to lymph node, spleen, or liver,
Unfortunately, in the experiments so far reported he has not examned the
bone marrow.

Growth in the Absence of Bacteria

Glimstedt {1936), concerned with the effect of bacteria upon the
Iymphoid tissues as a whole, succeeded in raising 8 guinea-pige under
conditions in which bacteria were completely excluded. He found that
the absence of bacteria scemed to have a harmful effect on the growth of
the animals, which were subnormal in weight. This poor development
was most marked in the lymphoid tissues, which also failed to develop
germ centres. ‘The total lymphoid tissue in the bacteria-frec guinea-pigs
was only about 25 per cent of that in the normal animal, Glunstedt
concludes, therefore, that bacteria are the normal stimulus to the growth
of lymphoid tissues especially, and to a definite though lesser extent of
the body as a whole {cf. Gyllensten, 1954)  He is also of the opinion that
the germ centres are * reaction centres ** as maintained by Hellman, since
they do not develop in the absence of bacteria  Glimstedt’s expeniments
are of great interest, but their interptetation meets with several difficulties
One-third of the animals (18 out of §7) which this investigator endeavoured
to breed under sterile conditions died from no ascertainable cause. This
15 an extraordinanly high mortality and makes one suspect that the general
condition of the amimals must have been very poor. Later work, such as
that 1nd the possible synthesis of sut tike vitamin B,, by
intestinal bacteria, makes 1t easier to understand why aseptic growth
mught be fraught with unexpectedly serious consequences (Lewis et af ,
1942 ; Juhes and Stokstad, 1948).

This view is confirmed by the studies of Reymers (1946), who states
“ Although we have regularly reared guinea-pigs germ-free for 6o to go
days and some as long as 8 months, they were without exception mal-
nurtured ammals " (the italics are ours) Most of the animals seemed to
grow normally for about 30 days, but between 30 to 6o days a *“ generalized
degenerative process ” set in. ‘The Lobund group were more fortunate
with germ-free rats, though even here there was evidence of metabolic
abnormalities The Iymphoid tissues are singularly sensitive to mal-
nutntion.  Unfortunately, no blood counts are gwven by Glimstedt, and
no boge marrow findings at autopsy by Glimstedt or the other workers
quoted.

Complete Iymphatic blockage
Blalock and his associates (1937) succeeded m producing complete
blockage of the entrance of lymph into the circulation in 3 dogs. In
these 3 animals, lymphocytes and eosinophules disappeared almost entirely
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on the total amount of [ymphoid tissue in the body.  Working in Hellman's
laboratory, Sjovall (1936)—who gives an excellent review of the earler
literature—~has investigated the effect of anaemia on lymphod tissve,
This tnvestigator subjected 47 rabbits to repeated bleedings, withdrawing
from each anumal about 1,000 ml. of blood over a pertod of go days  The
mean weight of the total lymphoid tissues at the end of the expesiment
was 10-185 g,, as compared with 12283 g. in a control group. The red
cells 1n the blood fell from 5,000,000 to 3,000,000 per ¢.mm , and the bone
marrow showed greatly increased erythropoietic activity. Sjovall argues
that 1f it is true that lymphocytes are continually being filtered out of the
blood stream into the bone marrow, where they constitute stem cells fql’
erythrocytes and granulocytes, then, under the condition of the experi-
ment, there should have been a greatly increased demand for lymphoctes.
This nereased demand ought to have been reflected in hypertrophy of
the lymphoid tissues ; instead, they actually diminished At the same
time, the blood lymphocytes fell from an average of 6,000 per c.mm  before
the bleeding, to 3,500-4,000 after. 'This change in the level of the blood
lymphocytes may not, however, be very significant (see Chapter 6).
Wiseman (19318) has shown that  the total number of lymphocytes
crculating at any given time is not necessarily an index to lymphord
activity ", As far as the weight of lymphoid tissue 15 concerneds
Andreasen (1945) m 2 number of normal rats of varying ages dissected
out and weighed the lymphoid organs, but found no correlation whatever
between these weights and the number of Iymphocytes in the blood
Apart from these considerations, Sjovall’s interpretatron of his results i
opent to critretsm from other angles (see for example p. 424).
Fichtelius (19518) followed up some earlier work of Ottesen (1948)
by injecting into animals P3%, which was then incorporated in the DNA
(desoxyribose nucleic acid) of the nucler of developing white cells, and
could be used to 1dentify these cells subsequently after they had ent_ered
the blood By this method, and making use of a simple technique
(Fichtelus, rg51a) for the separatton of blood lymphocytes, he showed
that following the administration of P92 there was a biphasic appearance
of radwactwve lyraphacytes in the blaod, with twa peaks around the 4th
and 15th days respectively. The second peak afforded scope for obvious
speculation, and in subsequent expertments Fichtelus {1953) succeeded
1n showing that bleeding induced the second peak earlier than if the
animal had not been bled, and that this second peak was at its maxtmum
about 4 days after the bleeding. The second lymphocyte peak {or second
top ” lymphocytes, as Fichtelus termed them) mxghf perhaps be nter-
preted as an mcreased production of Iymphacytes in response to the
haemorrhage. But in virtue of their P32 content, these lym;?}mcxtes
ought to be easily identifiable when they leave the blood. Fichtelius
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had elapsed could it be directly attributed to the extirpation They
estimated that about go per cent of the total lymphoid tissue of the body
had been remos ed, a figure of the same order as that reported by Sanders
and Florey (1940), but unlike these workers they found nothing to indicate
a regeneration of this tissue.

Sanders and I'lorey (loc, cit) in two rats performed thymectomy alone,
without any significant alteration of the blood lymphocytes. This 1s
particularly interesting in view of the work of Kindred (1938, 1940), and
of Andreasen and Christensen (1949), who considered the thymus as the
most important lymphocyte producing organ. It seems clear from these
extirpation expeniments that however important the thymus may be, other
Iymphoid structures can adequatel intain the blood lymph , and
in fact Sanders and Florey concluded that in the rabbit the main source
of the blood lymphocytes was the pancreas of Aselli It is evident from
the expenments of Andreasen himself (1943) that there are difficulties 1n
regarding the thymus as the mam lymphocytopoietic organ, for he found
that 1 starved rats the thymus atrophied more completely than the other
Iymphoid tissues, while on the resumption of feeding it regenerated at a
much slower rate. In discussing hus results, Andreasen states: ** I wish
to emphasize that while possibly the daily supply of lymphocytes to the
blood is covered 1n part by the thymus, the increase in the lymphocyte
count that takes place diately after the d of a starvation
period cannot be taken as an expression for the function of the thymus,
as this organ at that juncture presents an extreme degree of atrophy.”

‘The general tenor of all these extitpation experiments 1s in line with
the observations of Andreasen (1945), Who 1n a number of normal rats
of varying ages dissected out and weighed the lymphoid organs, but found
no correlation between these weights and the number of Iymphocytes 1n
the blood, The lack of this correlation, m view of hus (1943) earlier
observations about the vanability of the lymphocyte content of lymphoid
tissue, 13 not altogether surpnsing.  But evenif the lymphoid tissues were
umiform in position and in cell prolife there are still grounds
for not accepting the blood lymphocyte level as a reliable index of lymphe-
cytopusetic activity (see Chapter 6).

Splenectomy

Though the spleen contains enly 2 small part of the total lymphoid
ussue of the body, which would not therefore undergo sertous diminution
if 1t were removed, the literature dealing with the relation between the
spleen and the other lymphoid tissues brings out certain features of
interest.  Whitney (1928), for example, after a review of the earhier kitera-
ture, writes . “* In general the opinion seems to be that following splenec-
tomy there 15 a late lymphocytosis in the blood appearing four months to
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from the blood stream ; the animals rapidly lost weight and were killed
as soon as it became obvious that they were going to die. The results
indicate that the bulk of the blood lymphocytes reach the blood wia the
lymph stream, since obstruction of this stream leads to their almast com-
plete disappearance, It would appear from these experiments that the
number of lymphocytes which enter the blood directly, without the inter-
mediation of the lymph, must be almost negligible. In other words,
neither spleen nor bone marrow supply many lymphocytes to the blood

Direct Extirpation

The diffuseness of distribution of the lymphoid tissues, rendering
complete extirpation impracticable, has made it very difficult to investigate
therr functions expernmentally. However, Sanders and Florey (1940}
evolved an ingenjous technique for the operative removal (rats and rabbits)
of what would appear to be the major part of the lymphoid tissue of the
body, after preliminary vital staining by pontamme sky blue. They
removed the spleen, thymus and most of the lymph glands, and in some
cases Peyer's patches. After extensive lymphadenectomues the blood
lymphocytes usually diminished somewhat, though not invariably. “In
2 rats the final level was actually a little above the original one, and even
1n a rat 1 which g3 per cent of the organized lymphoid tissue as well as
that present 1n the spleen but excluding Peyer's patches was removed,
the blood lymphocytes only fell to a quarter of their previous value t’

Sanders and Florey (1940) further found that lymph glands which
had been removed did not regenerate, but that there was marked com-
pensatory formation of new lymphord tissue in the lver (rat) or lu'ng
{rabbit); and they concluded that it was these new formations which
helped to the blood lymphocytes. That the lymphoid tissue was
thus replaced, they tnterpreted as meaming that lymphocytes mn large
numbers were needed by the body Turner and Hall (1943) remoyed
about one half of the organized lymphotd tissue of normal white mice,
and found after 1o days that the remaining lymph nodes had increasgd
by about 46 per cent n weight. They suggest that * some substance in
the lymph reaching a lymph node normally maintains the size of that
node. The substance being tnacttvated 1 this node cannot then mfluence
the growth of the more centrally situated nodes.”

Andreasen and Gottlieb (1946) performed, in rats and gutmnea-pigs,
extirpation expertments similar to those of Sanders and Florey (1940),
and paid special attention to the effect upon the blood ~ As in the experi-
ments of Sanders and Florey, both thymus and spleen were removcd. m
addition to lymph glands. They observed a marked lymphoperr:i:l which
lasted for 3-6 weeks, but on the basis of control experrments decxd?d l.hat
for the first 24 hours or so this was non-specific, and only after this time
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The experiments of Ensell and Yoffey (1955), in which a quantitative
technique was used for the enumeration of the marrow cells, show that
40 days after splenectomy in the guinea-pig there 1s an increase—though
not statistically significant—in the number of lymphocytes in the marrow,
2 finding which accords with the observations of Jordan and Robeson
(1942), who reported the development of lymphoid nodules in the bone
marrow of pigeons after subtotal splenectomy. However, in the experi-
ments of Ensell and Yoffey there was no formation of lymphoid nodules
in the bone marrow, nor anything which would indicate active lympho-
cytopoiesis in that tissue, so that the increase in the number of marrow
Iymphocytes was interpreted 28 being due to an increased uptake of these
cells from the circulating blood. The possibility thus suggests itself that
the spleen acts in some way as a brake on Iymphocytopotesis, on the
uptake of lymphocytes by the marrow from the blood, or on both.

Lynpiiomn TissuE As A DEFENCE MECHANISM

Barrier Theory

It has been long held, mainly as a result of clinical observation, that
the lymphoid tissues play an important part in the body’s defence reactions
We owe to Virchow (1860} the first precise formulation of the theory that
the lymph nodes act as barners. This author pornts out that in a lymph
node * the elements lie crowded together like the particles in a charcoal
filter, so that the lymph trickles out again on the other side 1n a more or
less purified state . Further, discussing the fate of pus which has entered
the lymphatics, Virchow writes: ‘. . . 1t 1s manifest, that no pus
corpuscle can pass a gland ”  He then proceeds to discuss the filtration
of manimate particles, using as his example tattoong, in which cinnabar
or gunpowder was rubbed 1nto a number of pin pricks, some of which
must inevitably have punctured lymphatic vessels  ** , | | inthe rubbing
1 a certan number of the particles find their way into the lymphatic
vessels, are carried along 1n spite of their heaviness by the current of
1N e, 1ot
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deposit themselves 1n any way in the parenchyma of intlcmal ;)rgans‘ .Nc;‘
the mass always settles m the nearest group of glands.” Virchow il[us—,
trates this pomt with a section of an axllary gland from a soldter whose
arm had been tattooed nearly 5o years previously The section happened
to pass through a cortical vessel, around the ramufications of which there

were to be seen masses of cinnabar. O this, he writes : “ None of 1t has
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one year after the operation and persisting two to three years. There is
a shight 1nitial enlargement of the lymph nodes but it does not persist
There 1s little 1f any increase in the lymphoid elements in the bone
marrow.”  Krumbhaar (1922) believed that after spl y there might
be actual hyperplasia of the marrow, and indeed throughout the litera-
ture one finds occasional though far from constant reference to post-
splenectomy changes in the marrow suggestive of hyperplasia.

Loesch and Witts (1924} noted that following splenectomy or when all
the large arteries or vens of the spleen were tied, there developed a severe
anaemia, which reached its maximum one or two months after the opera-
tion. They also noted that there was enlargement and hyperplasia of the
abdominal lymph glands, many of which had apparently become converted
to haemolymph glands, and they inclined to the view that it was the
erythrophagic function of these glands which was largely responsible for
the develop of post-spl i

As far as the chinical Iiterature is concerned, one should perhaps draw
a distinction between diseased spleens, and healthy spleens which have
been removed because of trauma, Singer et al. (1941) reported on the
haematological changes in 19 patients whose spleens had been remaved
on account of disease, at times ranging from 4 weeks to 15 years previously.
In about half the cases there was a perststent absolute leucocytosts, involv=
ing mamly lymphocytes and monocytes. On the other hand Ek and
Rayner (1950), reporting on 18 cases 1 which presumably healthy spleens
had been removed after mjury, found 14 years later that there was no
sign either of lymphatic hyperplasta or raised blood lymphocytes, How-
ever, n 12 cases 1n which the marrow was examined, there appeared to be
abnormally large numbers of erythrotd cells In contrast, Ask-Upmark
(1935) reported that after splenectomy the blood of patients might show
departures from the normal for many years.

Palmer et al (1951) found that . “ . . following splenectomy m the
albno rat, the total leukocyte count increased approximately 1oo per cent
n 7 days, and r d i ly elevated for 70 to go days, after

which the leukocytes returned to normal levels, This increase n circulat-
1ng leukocytes was due to an increase in both neutrophiles and mononuclear
cells.” They found however that 1f g7 per cent of the spleen was left
the leucocyte count remained normal, and they further noted that, folIO\.\'-
ing splenectomy m one partner of parabrotic rats, there was no leucocytosis
‘When the spleen of the second partner was removed, leucocytosts occurred
in both. Experiments such as these seem to suggest the existence of 2
humoral factor or factors through which the spleen may influence !}Ec
lymphoid tissues and the bone marrow, and it will be r.ecal_led‘ ihat‘ th‘:
is a possible explanation of the benefits of spleen shielding in irradiatet

animals.
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The experiments of Ensell and Yoffey (1955), in which a quanttative
technique was used for the enumeration of the marrow cells, show that
40 days after spl y in the guinea-pig there is an | though
not statistically significant—in the number of lymphocytes in the marrow,
a finding which accords with the observations of Jordan and Robeson
(1942), who reported the development of lymphoid nodules in the bone
marrow of pigeons after subtotal splenectomy. However, in the experi-
ments of Ensell and Yoffey there was no formation of lymphoid nodules
in the bone marrow, nor anything which would indicate active lympho-
cytopoiesis in that tissue, so that the increase in the number of marrow
lymphocytes was interpreted as being due to an increased uptake of these
cells from the 1 blood. The possibility thus suggests itself that
the spleen acts in some way as a brake on Iymphocytopoiesis, on the
uptake of lymphocytes by the marrow from the blood, or on both,

Lysenoin TissuE As A Derexce MecHaNsy

Barrer Theory

It has been long held, mainly as a result of chinical observation, that
the lymphoid t1ssues play an 1myp partin the body’s defence reactions.
We owe to Virchow (1860) the first precise formulation of the theory that
the lymph nodes act as barriers  This author points out that in a lymph
node “ the elements lie crowded together like the particles m a charcoal
filter, so that the lymph trickles out again on the other side in a more or
less purified state . Further, discussing the fate of pus which has entered
the lymphatics, Virchow writes: “ .. .1t is manifest, that no pus
corpuscle can pass a gland ”  He then proceeds to discuss the filtration
of 1nznimate paruicles, using as hus example tattooing, 1n which cinnabar
or gunpowder was rubbed into a number of pin pricks, some of which
must inevitably have punctured lymphatic vessels  ** . . . 1n the rubbing
in a certam number of the particles find their way nto the lymphatic
vessels, are carried along in spite of their heaviness by the current of
Iymph and reach the nearest lymphatic glands, where they are separated
by filtration  We never find that any particles are conveyed beyond the
lymphatic glands and make thewr way to more distant points, or that they
deposit themselves 1n any way in the parenchyma of ternal organs. No,
the mass always settles in the nearest group of glands.” Virchow illus-
trates this pomnt with a section of an axillary gland from a soldier whose
arm had been tattooed nearly 50 years previously, ‘The section happened
to pass through a cortical vessel, around the ramufications of which there
were to be seen masses of cinnabar, Of this, he writes : * None of 1t has
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penctrated farther than this spot ; even the next layer of follicles does not
contain any. The particles are, however, so small, and the majority of
them so munute mn comparison with the cells of the gland, that they cannot
at all be compared to pus-corpuscles. Now when such molecules as these
are unable to pass, when such extremely minute particles cause an obstruc-
tion, 1t would be somewhat bold to imagine that pus-corpuscles, which are
relatively large, could effect a passage.”

The 1dea is then extended to cover malignant growths: “ When an
axillary gland becomes cancerous, after previous cancerous disease of the
marnma, and when during a long period only the axillary gland remains
diseased without the group of glands next 1n succession or any other organs
becoming affected with cancer, we can account for this upon no other
supposition than that the gland collects the hurtful ingredients absorbed
from the breast, and thereby for a time affords protection to the body,
but at length proves isufficient, nay, perhaps at a later pertod itself
becomes a new source of independent infection to the body, inasmuch as
a further propagation of the poisonous matter may take place from the
diseased parts of the gland.”

For many years the barnier theory held the field, and was not seriously
challenged, so that McMaster and Hudack could wnite in 1935 . * Patho-
genic bactena carried in the lymph stream are often arrested 1n the glands
through which this stream passes, with the result that infection travels
no further.”

Once the barrier theory, which sounds convincingly simple, had been
accepted for lymph nodes, the concept of a defence mechanism spread
almost imperceptibly to other lymphoid tissues, even though, 1n their case,
the justification was not so obvious. In the case of the lymph nodes the
flow of lymph through the sinuses and therr reticulum may not constitute
proof of the barrier theory, but 1t at least has the merit of makmg it
sound quite plausible ; whereas in the case of the tonsils, Peyer’s patches,
and appendix no such structural basis for a defence function 15 to .be
found, and the hypothesis that these structures exercise a protective réle
rests on very unconvincing evidence. Nevertheless the idea gradually
became prevalent that the tonsils and the other naso-pharyngeal lymphod
masses were somehow guarding the gateway to the alimentary canal—
though exactly how they achieved this was never very clear—and 1t was
not long before the appendix, Peyer’s patches, and lymphoid nodules
scattered through the intestine also came to be regarded as essentially
protective in nature.

Extensions of Barrier Theory

In recent years, the defence theory has had two important extensions
the concept that the lymphoid nodules may constitute reaction centres
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where noxious material is filtered out of the circulation; and the idea
of lymph nodes as sites of antibody formation.

Reaction Centres

Hellman (1921) and Hellman and White (1930) believed that the
tymphoid tissues protected the body against harmful substances circulating
in the blood stream. This function was thought to be discharged by the
reticulo-endothelial cells and also by the germ centres, which Hellman
ealled * reaction centres ' and believed 1o be regions where novous
material is filtered out of the arcufation. This asugns to the lymph
nodes a dual defence role  Not only do they prevent noxious agents which
have entered the lymph from reaching the blood, but once they have
entered the blood, the reaction cemtres quickly remote them.  In other
words, the reticulo-endothelial elements in the tymph sinuses act as filters
to the lymph; the reaction centres, presumably, as filters to the
blood,

Hellman and White (1930) gase to a number of rabbits repeated
njections of hilled cultures of Baatlus paratyphosus B Subsequently the
ammals were kiffed, and the various Iymphoid tissues examined. The
most evident change was 1n the spleen, which was enlasged.  There was
conssderable increase 1 the size of the getm centres in the Malpighuan
nodules, matked hyperttophy of the white pulp, and only a moderate
increase 1n the red splenic pulp  The remang fymphoid tissues, on the
other hand, showed no such reaction. The intestinal lymphord tissue
underwent marked diminution ; the lymph nodes generally showed no
sigmificant change ; while the tonsils showed a shight tendency to increase
m size, but nothing very definite. Hellman and White conclude, on the
basis of the splenic changes, that there is inereased activaty of the lymphoid
tissues response to bacterial myections, and that the mam site of the
reaction is the germ centre. They identify the cells of the germ centres
with the reticulo-endotheflial apparatus and befieve that these centres
have both a simple defence function and the tash of manufacturing
antibodies

Ehrich (192g4) in tus earlier studies mclined to the same opimion.
Working with rabbits, he made subcutaneous injections of staphylococar
of fow virulence, with resufting abscess formation. The regional fymph
nodes underwent hypetplasia, and the blood showed 2 moderate lympho-
cytosis (g, 75). The germ centres were at first the seat of regressive
changes, but at the peak of the tymphocytosis began to reappear. They
then increased 1 number and size, white the biood lymphocytes returned
to thewr normat level  Ehrich inferred from this that the germ centres
are not d with fymphocyt the impl being that
they are reaction centres to the staphylococes or their toxins (cf. Sjovall
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and Sjovall, 1930). Ringertz and Adamson {1950) and others have con-
firmed Ehrich's findings in regard to the hyperplastic changes in the
regional nodes draming a focal infection.

Gyllensten (1954) found that in young guinea-pigs a subcutaneous
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1n the weights of the regional lymph nodes and a hughly sigmficant increase
in the number of secondary nodules. However, the same infection in
newborn guinea-pigs, prior to the time when secondary nodules. would
normally have appeared, did not induce thetr premature formation.

Lymph Nodes as Sttes of Antibody Formation

In 1898 Pferffer and Marx (cf. also Besangon and Labbé, 1898) showed
that a single injection of heat-killed cholera bacilli into rabbits and gumea-
pigs was followed by 2 definite increase 1n specific antibodtes in the spleen,
bone marrow, and lymph nodes, before any increase could be delec?cd
in the blood. The view that lymph nodes are a site of antibody formation
would assign to them a dual réle i defence : the holding up of b:fctem
and viruses reaching them from infected areas, and the elaboration of
antibodies, which then pass into the blood. ‘The nodes could conceivably
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be instrumental in the production of a general immunity, capable of
mfluencing not only the primary focus of infection but also any extensions
from 1t

McMaster and Hudack (1935), reinvestigating the problem, demon-
strated that agglutinin formation could take place in nodes, though their
experiments threw no light on the actual cells concerned in the process.
De Gara and Angevine (1943) showed after local mjection of antigen a
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transient appearance of antibody in lymph nodes, which never contained
it n ugh titre.  They did not however try to ascertain whether any
particular cell type was concerned in the process. Ehrich and his col-
Iaborators have 1n recent years attempted to give a more specific answer
to this question by studying carefully the changes in the popliteal lymph
node of the rabbit and 1ts efferent lymph following the injection of antigen
to the pad of the foot

Cells muolved i antibody formation

Ehnich and Harnis (1942) first confirmed and extended the earlier
expenuments of McMaster and Hudack (1935) on the formation of anti-
bodes 1 lymph nodes, As antigens they used either typhoid baailli or
sheep erythrocytes  Antibodies began to appear n the efferent lymph
of the pophteal node z-4 days after injecting antigen into the pad of the
foot, and their titre increased to a matmum by the sixth day. Lympho-
cyte counts of the efferent lymph showed a sharp increase in lymphocyte
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output preceding and accompanying the rise in antibody titre, while in
the lymph node itself there was a preliminary infiltration of granulocytes
and monocytes, followed by hyperplasia of the lymphatic tissue, at first
diffuse, but subsequently followed by large * so-called germinal centres,
the fatter fagging somewhat behind the rise in antibody titer ",

Harris et al. (1945) repeated these experiments, but paid special
attention to the antibody content of the efferent lymph. They first
established the 1dentity of the cells in this lymph, and concluded that
99 per cent of them were lymphocytes, monocytes being less than 1 per
cent except n one instance where they may have risen to 2 per cent.
After fracuonating the efferent lymph (centrifuging at 16oo rpm for
10 min.) they found a considerably higher antibody titre in the lympho-
cytes than in the supernatant plasma, though if the suspension of lymphg-
cytes 1n fymph was left for 24 hr before centrifuging, the difference in
antibody content of cells and plasma became much less marked. They
inferred from this that lymphocytes could readily part with their antibody ;
on the other hand further experiments showed that lymphocytes did not
take up antibody even though incubated in plasma ing 2 h{gh
antibody titre These in vitro experiments were followed by in vivo
experiments, with a similar result  All these observations seemed }:)
indicate that lymphocytes are instrumental in the formation of antibodies ™.
Ehrich, Harns and Mertens (1946) then proceeded to examine the .amxbo'dy
content of macrophages, and first showed that, i an experiment in “l’u.ch
dysentery antigen was snjected in the usual manner, the tissue at the site
of mnjection contamned only insignificant amounts of antibody, even though
there were many granulocytes and macrophages present. On the .O‘h"
hand, the lymph nodes at this time contained considerable quantities of
antibody.

They then injected antigen (dysentery and typhoid) inta the peritoneal
cavity and found that the peritoneal exudate contained first granulocytes,
then predominantly macrophages. However, no antibody (agg‘lunnm§)
was found 1n these cells, though the peritoneal flurd contained an appreci
able amount, and the blood serum even maore, on the average about twenty
umes as much.  With the elimination of the macrophage as either 2 source
or a storchouse of antibody it thus began to appear rather mare ?robable
that the Iymphocyte was the important cell in antibody formation.

Dougherty et al (1944), Kass (1945), and White and Dougherty (1943)
also showed that cells—again pr bly lymph for the most part
—from minced lymph nodes were rich in antibodies. Chase, \Vhl"-'.-”"d
Dougherty (1946) reported that if adrenal cortical extract was given
together with antigen, more antibody was produced tha.n \v:th' a_n*:gen
alone. They also noted that ence i ity was establish
of cortical extract could produce an increased antibody titre.

)
However,
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Easen, Mayer, Jloore, Tarr and Stocrk (1947) reported that “identical

jons of serum Jies and gamma globulen were found in
adrenalectomized rats repeatedly jected duning immunization with ACE
and 1n similar animals not receiving ACE (extract of suprarenat cortex) ' ;
a stular finding 1 cats was reported by Thatcher, Houghton and Ziegler
(1948) It ie pertinent in this connexion to quate the expenments of
Andreasen, Bing, Gotthieb and Harboe (1948), who showed that in the
rat exturpation of 86 per £ent of lymphoud tissue was without significant
effect on the normal range of serum proteins,

The Réle of the Plasma Cell

Soan after McMaster and Hudack had begun their experiments in
1935, evidence began 1o accumulate from other worhers that the plasma
celt played an essential part in antibody formation (Bing and Plum,
1937, Rohy, 1938 ; Undoty, 1938)  According to Fagracus {1948} the

4 of antig ¢ gves nise pot only 1o the production
of anubody, but 18 also a powerful stimulus to the fi of
plasma cells from retsculum cells, especally in the splesuc pulp ; she found
that as the titre curve of antbody levelled off, these becamne transformed
mto mature plasma cells, which were already past the stage of * greatest
functional mzensity ” In expeniments on the formation of antibodes
m vitro, Tagraeus reported that () 1n the spleen the red pulp contaned
considerably larger amounts of arubody than the lymphoid follicles and
that the capaaity of the red pulp to form antibodies varted with sts content
of smmature plasma cells, (8) that cultures of thymus, lymph nodes and
bone marrow had a Jow antbody content (¢f, Thorbecke and Keuning,
19353} Fagracus correlated antibody globuhin formaton with histo-
chercal changes 1n the plasma cells, namely, cytoplasmic basophiba and
mereased nbonucleotides,

If the work of Fagraeus is correet, theee must be an essential difference
betneen ordinary plasma globulin and antthody globulin, for after pro-
longed pi ph there was no ent of lymph nodes or spleen,
nor any ncrease in their content of plasma cells. Thorbecke (1954) has
suggested that there may be no such thing as “ normal * gamma globuha,
and that it 1s only formed as part of the antibody response. Keunng
and van der Slikke (1950) have further analysed the antibody-forming
capactty of lymphocytes and plasma cells and have confirmed the view
of Fagracus about the essential réle of the plasma celf, more espectally
of the immature vanety, in antibody formatian  They mmmunied rabbits
by P pt vaccmne, and then prepared
suspensions of splenic cells 1n which they separated the small from the
lasge smmature lymphmd cells  Only the large cells were capable of
forrung antibody, whereas the small cells were not

1, T

In this context it
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is to be noted that Dougherty and White (1946) described in rabbits an
increased formation of immature plasma cells in Iymphord tissue within
a few hours after the mjection of cortical hormone into rabbits. At the
same time they noted that “ many smaller lymphocytes may develop baso-
phulic cytoplasm, thus giving to these cells the superficial appearance of
plasma cells .

Ehrich, Drabkin and Forman (1949) showed that in rabbits in which
typhoid vaccine was myected into the foot pads, the popliteal lymph nodes
ncreased in weight up to about the sixth day after injection, and that
this weight increase was accompanied by a parallel rise in the content
of desoxyribose nucleic acid (DNA), while the greatest increase in ribose
nucleic acid (PNA) occurred between the fourth and sixth days after
vacene injection, wWhen antibody formation was maximal. Histological
examtnation of secttons with methyl green (believed to demonstrate DNA)
and pyromne (believed to demonstrate PNA) showed that . . . dunng
the first 6 days of the expertment the cellular reaction was chiefly one of
plasma cells  Durnng the first 3 days plasmoblasts predominated ; on
the fifth and sixth days mature plasma cells were the prevailing cells.
Most of the PNA was contained 1 the plasma cells.”” They concluded,
therefore, that 1t 1s the plasma cell and not the lymphocyte which is
responsible for antibody formanon Ringertz and Adamson (1950),
working with gumnea-pigs, confirmed the intense plasma cell response
evoked 1n the regtonal lymph nodes after repeated subcutaneous injection
of antigen.

Retss, Mertens and Ehrich (1950) prepared a suspension of cells from
antibody-forming lymph nodes, and then added to this suspension the
bacteria with which the animals had been immunized. Under these
circumstances it could be readily observed that it was the plasma cells
which agglutinated the bactena, whereas the lymphocytes and the macro-
phages did not (cf. Moeschlin and Demiral, 1952, p. 413).

Antibody-forming cells in lymph

It should, however, be noted that plasma cells remain confined to the
node and do not enter the efferent lymph Matsumura, Tanaka an’d
Takenaka (1gs52) 1njected pertussis vaccne wnto the pad of the rabbit’s
foot, and 4 days later found that lymph draming the popliteal node con-
tained § per cent of “ plasmoid ”” cells. The name however 13 somt:\\.hzt
misleading, for as the authors themselves pomt out they were certainly
not plasma cells, and from their account 1t appears probable that they are
basophilic lymphocytes derived from reticular cells, Wesslén (19, 52), also
working with rabbuts, obtained thoracic duct lymph 3 days after the sub-
cutaneous injection of living typhoid bacilli. The lymphocytes were
centrifuged, washed in saline and then divided into two portions, of
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wiuch one half was at once lysed in distilled water, the other suspended
»n normal rabbit serum and cultured in a golter tube for 48 haurs. The
1ysed lymphocy tes did not caatawn specific apglutinin whereas the cultured
tymphocytes did.  Wesslén therefore concluded that while the cells
tharacie duct lymph do nnt contain antibedy they arc capable of forming it.

Wesslén also nated that §~6 per cent of thoracie duct lymphocytes vere
of the large basophilic variety, and these, corresponding no doubt to the
“ plasmord ” cefls of Matsumura, Tanaka and Takenaka would perhaps
be the most iskely cells 10 possess antibody-formung properties

Following the eathier observations of Chase (1951), some mteresting
contributions to the problem have been made by Harris and Harsis (o515
1954), Harns, Harns, Beale and Smuth (1954), Harns and Harns (1955).
They found that if they injected dysentery bacilli into the faot pad of 2
rablut, and 4 days later teased the draming popliteal node in Tyrode
solution, the intravenous ingection of the cell suspension winte another
ammat was folloued by the appearance of agglatimms in the serum of the
tecipient rabbit  The agglutinin titre resched its maximum by the third
day, and began to dechne by the fifth day.  This result raised 2 number
of problems.  Thus, at the time of transfusing the suspension, the serum
of the donor already contaied a hugh tatze of antibady and spme antshody
was afso present 1 the cells obtaned from the teased node  Harns,
Harres and Farber {1934) subsequently shoned that the recipient rabbst
developed aggluumns even when the donor cells of the teased popliteal
node were obtained in 23 short a time a3 10 mun. after the injection of
antigen into the pad of the foor; and 1t was also shown that the cells of
the suspension could take up anugen in witro,  Evidemtly some of the
Jymph node cells are capable of fixing antigen very ropidly, but the
experiments do not throw any hght on the type of cell 1nvolved in this
process.

The Employment of Fluorescent Antigen and Antibody
{eudence of 3 g nature 15 fusnished by the expen-
wments of Coons and s colleagues. Coons ef al. (1942} shawed that
antibody labetled with fluorescein conld be used 4s a spectfic ustochermeat
stam  Kaplan e al (xqsn) cmployed the technique to study the dis-
t of g wn the mouse and showed that
as far as }ymph nades “exe concerned, the princpal concentrations were
m the reuculo-endothelial cells  Small guantites of polysacchande were
found m some lymph more esp 11 the meduflary cords near
the hilus. In later work, umng fluotescent antigen, Coons, Leduc and
Conolly {1953) were able tw show that this was fixed by plasma cells 1n
antibody-formang Iymph podes, but not by lymphorytes. A full account
of the techmque, and some further extensions of the work based wpon 1,

Add
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will be found in the recent papers by Coons, Leduc and Connolly (1953),
Ledue, Coons and Connolly (1955), and White, Coons and Connolly
(1955)-

A stimulating discussion of the antibody problem, together with much
fundamental information and some ntriguing speculations, will be found
in the monograph by Burnet and Fenner (1953). As far as the cellular
aspect of the problem 1s concerned they conclude that * The antibody-
producing mechanism is inttiated by the entry of the antigen into the
reticulo-endothelial system (macrophages) ”.  From these cells modified
antigen is transferred to * reticulum * cells or other relatively undifferenti-
ated hymal cells in the d vicinity of the macrophages
Under conditions inducing active antibody production these cells or some
of them become active in protetn synthests and take on the staning quali-
ties charactenistic of plasma cells They also suggest, though very
guardedly, the possibnlity that the lymphocytes might be responsible for
the production of small amounts of antibody over long periods.

The significance of lymphocyte proliferation in yesponse to infection

One very interesting point emerges from the work of Ehnich and his
collaborators. They denive the plasma cell from a specific plasmablast
and not from the lymphocyte. The question then arises, what happens
to the lymphocytes while all these changes are 1n progress ? There is 2
definite lymphocytopoietic response, as distinct from the plasm:c}.'w'
posetic, but with a very different time relation to the vaccine injection
Significant lymphocyte prohferation began on the third and fourth d?ys,
and was followed on the fourth and fifth days by the appearance of germinal
centres. These reached their greatest activity on the ninth day, when
PNA and antibody formation were already beginning to dimmush.

It thus appears that one of the responses to an infection is the formation
of lymphocytes 1n 1ncreased numbers and thetr passage into the blood
via the lymph stream. Ehnch and Serfter (1953) tentatively suggest
that they possibly function thereafter by undergoing dissolution and acting
as trephocytes. This conclusion was based upon earlter work of Wagner
and Ehech (1950), who injected a vaccne nto the foot pad of rablzlts,
and then found that the adenosinase actwvity of the popliteal node * rises
with the activity of or lymphocytolysts in the germinal centres 1t Was
not related to antibody formation, or the concentration of desoxyribose of
ribose nucleic acid n the nodes”. On this hypothesis 1t 1 difficult to
understand why there 15 any need for lymphocytes to enter the bloo.d
stream. Lymphocytolysis and the passage of soluble protein and nuclglc
acid derivatives into the lymph and blood could take place quite readily
by the breakdown of lymphocytes in the lymph node—as indeed Ehrich
and Seifter (loc. cit.) themselves suggest.
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Viruses and Lymph nodes

‘The refation of viruses to lymph nades is discussed on p 28g but
mention should be made here of the experunents of McMaster and Redd
{1937), designed to establish the develop of antnieal prnaiple for
vagewa n the regonal fymph nedes of rabbuts after local inoculation
On the basis of these experiments they suggest that ““the immunity
conferred by chinical Jennersan vaccination may be fargely of lymph node
ongin”  Howeser, theis results would appeas to be of questionable
akee m the hght of kater experiments by Yoffey and Sulinan (1939} on
the passage of vacomm virus through nodes  These latter expenments
1ndicare that m all probabufity vaccima virus never remasns stretly locatized
10 the nodes, but escapes into the erculation within the first 12 hours.

General Considerations

Before consadening m detad the expenmental evidence beaning on the
burner theory, some general considerations rust be taken o account.
It has already been pounted out (Chapter 1) that only 1 birds and mammals
do lymph nodes appear and become closely assoarated with lymphatie
vessels  The fund i i of the lymphoid tissues and the
lymphatic vessels are app 1y ¢ 1 dependent of one another
Ther viltimate convergénce must not be allowed to obscure thus basic
fact  If the lymph nodes do finafly come to act as barrers to the flow
of hymph, they are not thereby discharging the primary function of
fymphord tissue—whatever that may be—but one whwh they have
secondanly scquired

‘There 1s ane aspect of the barner problem which is usually completely
distegarded  In attempung to assess the defensive value of the lymphod
apparatus, one must consider not only the nodes and other lymphord
masses, but also the lymphatic vessels which are connected with them
1f we adopt thus wader viewposnt, st becomes apparent that ne are often
dealtng with a mechanism of doubtful unbity,, for even f one were to
secept without reservation the view that the lymph rodes help 10 prevent
the spread of mfection or of malignant growths, 1t is obvious that the
tymphatic vessels facilitate this spread.  Any barrser action of the lymph
nodes 15 more than offset by the dangerously rapid extension of disease
that lymphatie vessels render possble. One has enly 1o contemplate,
for example, the case of a small epuhelioma on the back of the hand with
axillary metastases, 2 small septic waund with angry red hnes runmng
wp to the awlls, or 2 carmoma of the breast which hag spread to the
fsver wia the iternal mammary lymph pathway or the lymphatics of
the rectus sheath, to seale that, as far as barner action 18 concerned, the

patient would perhaps be better off had he possessed neither {ymphatic
vessels nor nodes,
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Lymphatic Blockage in Local Inflammation

This aspect of the barrier problem has been emphasized by Menkin
(19315 1938), who made a careful study of what he called “ lymphatic
blockage ", It appears from Menkin’s work that in a focus of bacterial
inflammation the exclusion of bacteria from the lymphatic vessels is much
more to be desired than that they should enter and be transported rapidly
to the regional nodes (cf. Denms and Berberian, 1934).

Lymphoid Tusue of Alimentary Canal

Apart from the lymph nodes, the most notable collections of Iymphoid
tissue to which a protective funetion has been assigned are those associated
with the afimentary canal—i.. the nasopharyngeal lymphaid tissue, the
appendix, Peyer's patches, and the solitary Iymphoid nodules. The
evidence that these collections of lymphoud tissue are not protective consists
mainly in the fact that chronic infections frequently restde in the tonsils
and 1n the intestinal tract ; that acute infections, such as typhoid fever,
have a special predilection for the lymphotd tissue of the bowel ; and that,
aftter such common operations as tonsillectomy, the general health of the
individual is apt to improve and the mcidence of throat infecttons to grow
less,  Statstical evidence on these issus h as that p d by
Kaser (1922 ; 1932), by Hardy (1938), and by Glover and Wilson (19]2)
on the results of tonsillectomy—does not, however, offer convinang
arguments against the protective function of the lymphoid tissues in
question It 1s quite true that lymphoid tissue along the alimentary canal
is most plentiful 1n early Iife and that during this period when it 15 most
abundant 1t 1s frequently the site of infectious disease—a fact which may
appear to militate against the conception that lymphoid tissue is essentially
protective It ss also true that infections tend to dimmnish in number
as individuals grow older and as lymphoid tissue dimimshes in quantity.
But these two facts are not necessarily related. One may speculate that
lymphoid tissue dimimshes with matanty because at this period of life
the risks of infection are not so great as in childhood, or because n the
adult other defensive mechanisms have become better developed. One
may, 1n fact, argue plaustbly both for and against intestinal Iymphoid
tissue a5 a defence mechanism. But 1t canrniot be too strongly emphaslt.ed
that if it is a defence mechanism, it is one which breaks down with
remarkable frequency. Furthermore, as far as the lymphocyte itself
15 concerned, we do not know how a defence function 1s exerted, and
all the evidence which has accumulated in recent years has served to
bring out this fundamental fact more forcibly than ever before.




FILTERING CAPACITY OF LYMPFH NODES 279

TireriNG Caractty oF Lyden Nopes

Since the observations of Virchow, a very extensive literature has
grown up around the problem of filtration by hymph nodes. (Sec
Besangon and Labbd, 1898 ; Qeller, 1928 ; and Hellman, 1930.) Dis-
cusston has centred manly around the filtration of substances from lymph,
although Schulze (1925) has msed the question of filtranon of novious
substances from the blood through “ stomata ™ wn the pasteapillary vemns
of hmph glands. T'rom a suney of the literature, however, 1t 15 clear
that the spleen, bone matrow, and hver are the organs primanly respon-
stble far the remonal of bactera frem the blood, whereas the rale of the
Iymphosd tissue sn this respect 15 of munor tmportance {Wyssohowitsch,
1886, Bull, 1915).

As far as the hraph 15 concerned, it has been held that the nodes
provide two snan types of filtrsion,  The first is of a sumple mechanicat
type; the second nvolies, m addstion, 2 biclogeal reaction on the part
of the phagocyue elements in the node, chiefly the retaculo-endothelial
cells  Even after 2 great deal of wdiwect experiment and speculation,
opinions gs to the combined efficiency of these two types of infiltration
—normal nodes alone beang under deratis 1y from
of ! i to of utter usel

p
Inammate Particles

1n Chapter I mention has been made of experiments on the perfusion
of tyrnph nodes wuth wnert particles (Indw ink ard acacia-graphite mux-
turesy It wall be comement here to amphiy certan points which were
not presiously dealt with

Tig 77 15 a draving of a popliteal node injected with a didute solution
of Indiaink  The injecting mass was delivered through 2 cannula in one
of the lazge trunks along the small saphenous vein,  The mjection pressure
was 20 mm Mg Tlus s tess than the pressure which can be developed
n the same vessels when the muscles of the leg are stimulated electucally
The iyection 1 such an experiment enters the node through a number
of afferent trunks, which pserce the capsule obhiguely and open mta the
marginat or cortical suus.  Thus sanus 15 not a channel but 2 large bowl-
shaped lake, bounded on the outsade by the capsule of the node and on
the ude by the lymph T h The Iahe 15 rsed by
fibrous trabeculae and blood vessels and, kike all the sinuses, 1s crossed and
recrossed by 2 fine mesh of reticulum, most important for the fltenng
funcuon of the node  From the corucal sinus srregular but numerous
cleft-like channels, the intermediary sinuses, pass between the masses of
lymphoid tissue toward the hilus of the gland, where they rejom the
eortieal sinus to form the efferent lymph vessel, It is foxtunate, from an
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experimental point of view, that this efferent vessel is usually single at
the hilus, thus permitting complete collection of all lymph passing through
the node.

The architecture of the sinuses has a very direct relation to the filtering
capacity of the node. Not only are the sinuses crossed and recrossed
by the reticulum, but their walls are incomplete wherever lymphocyte
growth is active (Drinker, Wislocki and Field, 1933). 'This means that

de of a dog

Fic 77 —Camera lueida drawng of & section of the pophteal Jymph no
¢ India mk

myected through the afferent lymphatics with a dilute suspension ol
A, cortical minus , B, intermediate sinus , C, sfferent Jymphatica 0 the capsule , D, apparent spaces.
0 seality collections’of lymphocytes not pefmeated by sok and consequently of fow opacity X 9

(From Drinker, Tield and Ward, 1934, Fig 1, p 304

at many pounts, particularly on the inner surface of the cortical sinus, the
Iymph may run out 1nto the lymphoid tissue, i

Nordmann (1928), as a result of study of sections of nodes, arrived at
the conclusion that lymph traverses a node in three ways Most of it
reaches the efferent vessel without leaving the marginal smus. A second
fraction, much smaller, finds its way via the intermediary sinuses ; ar}d
a third, very small part drifts from the marginal sinus into the l.yxzzphmd
tissue and finds its way back into the main stream, either by rejoining the
marginal sinus or by reaching an intermediary sinus. Maximow (1931)
adds another possibility, which we have not encountered ; namely, an
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1 endotheliim.lined [ 1

which goes directly through the
fea.

¢ and muet ranrecent

deposited on the walls and reticulum of the intermediary sinuses. ‘I'he
masses of lymphoid tissue are but slightly penetrated by the ink, but
the barrier to the entrance of the injection is constituted, not by an intact

Fic 78 —Camera lueida drawing of a section of the 1hiac lymph node taken from the
dog which provided the popliteal node of 1% 77 A, cortical sius, B, intermediate
sinus X 13

(From Drinker, Field and Ward, 1924, Fig 2 p 396)

simus wall, but rather by the closeness with which the lymphocytes are
packed together, and by the density of the reticular fibre framework at
the peniphery of the lymphoid nodule

Fig 78 is a camera Iucida drawing of an iliac lymph node taken from
the dog which provided the popliteal node seen i Fig. 77. It 13 clear
that, 1n spite of the filtering mechamsm, a fair quantity of 1k has passed
through the popliteal node to reach thus shiac node "The same pheno-
menon was repeatedly observed both with India ink and acacia-graphite
suspensions, though the total time durnng which the suspensions were
perfused through the pophteal node was never more than 1o minutes.
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In the iliac node, the marginal sinus is not entirely filled, and the ink has
flowed into many intermediary sinuses.

As a result of numerous perfusions, it seems clear that lymph entering
the marginal sinus flows as readily through the intermediary stuses as it
does through the cortical stnus. The entire arrangement, from the pomnt
of view of mechanics, appears excellent for filtration Lymph flowing
in through 2 number of narrow channels and under a very definite head of
pressure finds itself 1 a huge space with an enormous number of wide
and irregular paths leading to the hilus vessel. The flow 1s instantly
slowed and the driving head of pressure practically lost. Not only are
the sinuses 1n the node a perfect settling chamber, but the reticulum which
they contain furnishes a multitude of baffles, which again slow down the
lymph flow and make it €asy for the phagocytic cells composing the reti-
culum to perform their function

Red Cells

In a second group of lymph node perfusion experiments, the perfusing
flud was autogenous, hepannized plasma, diluted wath physiological sa}t
solutton until the protein content was approximately 1 per cent. To this
artificial lymph, red corpuscles were added to give a count in the neigh-
bourhood of 25,000 per e.mm. In these experiments—as in those with
India 1k just described—the blood supply to the nodes was intact, the
afferent and efferent lymphatics were cannulated, but the node atself was
not disturbed, X

In a typical experiment (Drinker, Field and Ward, 1934), the perfusion
was continued for 2 hours and § minutes at a pressure of 16 to zo mm
Hg, 9 ml of perfusate ran in, and 7 6 m! were collected from the cannulz
in the efferent lymphatic  The total effluent was collected as 13 separate
specimens. Of this number, g contmined no red cells, 3 contatned 200
red cells per ¢ mm., and one contamed 400 red cells per ¢ mm The
filtration was therefore, farrly complete, If, however, the node was
massaged, even very gently, the effluent at once began to contain red cells
m large numbers.

On microscopic exammation of the node, red cells were found m both
cortical and mtermediate sinuses, but were most numerous in the latter.
Many were phagocytized by reticulo-endothelial elements, but the greatet
number lay in closcly packed masses scattered through the reticular
meshwork of the ntermediate sinuses. 5

As against these experiments one must set those of Courtice, Harding
and Steinbeck (1953), who, working with cats, found that red cells \.vlud';
were injected intraperitoneally were removed through the lymphatics o
the diaphragm, and finally reached the night Iymph duct in concentrations
of the same order as those in which they were found in the blood. These
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cells had apparently passed thraugh mediastinal lymph nodes, but despite
the fact that the macrophages in the latter were engorged with red cclls,
the bulh of these had traversed the lymph nodes with ease.  There was
m these experiments no question of fymph node massage other than that
provsded by the notmal movement aad pressure changes in the thorax.
Hughes, May and Widdicombe (1955) found mn the rabbit that 3-30 per
cent of red cells passed through the popliteal node after injectran into an
afferent Iymphatie. It may therefore well be that there are important
species differences. In the dog, the animal used by Drinker, Field and
Ward in thete fit B the trabecufar netwark 1 the lymph

sinuses 13 parncularly well developed.
It 13 possible also that the pentoneal cavity may present a father
spectal case, for blood which has been introduced into 1t 1s readily
bed vsa the lymph tata the blood-st m many specses of

amats, wetuding man and dog,

Bacteria

Schulz, Warren and Drinker (1938) nated that type II pneumocacci
which had been drapped o the nose of rabbits could be recovered from

TaBLE 37

Passage of pneumococa: through nasal mucous membrane of rabbus *
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the cervical lymph, after passage through the supenior deep cervical node,

often wathin one hour ese expenments, however, are open to the
objection that in the massage of the cervical duct necessary to ohtain lymph
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samples 1n the rabbit (see Yoffey and Drinker, 1938) the node itself must

doubtedly have been ged at times, a te that would dis-
lodge particles from the sinuses of the node. This, howeser, may not
be a very serious objection, since there is no doubt that even in the normal
animal the cervical node is continuously exposed to a gentle massage by
reason of head movements and contraction of overlying muscles. Further-
more, the type III pneumococcus 1s notoriously virulent for the rabbit,
and one has to consider the possibility of extremely virulent organisms
passing through a node where less virulent ones might be held up—2
contingency of which Cornet (1914) belteves the reverse to be true;
namely, that a virulent organism is more ltkely to be held up than one of
lesser toxicity.

Drinker, Field and Ward (1934) performed experiments to test both
the filtering efficiency of a single node—the pophteal—and the filtening
efficiency of the complete lymphatic pathway from the leg below the
popliteal node to the point where the thoracic duct empties into the bloqd
In one experiment of the first group, the popliteal node was perfused with
an undiluted serum-broth culture of a strain of haemolytic streptococcus,
known as Streptococcus I. The culture contained 600,000,000 colonies
per ml. The perfusion pressure was 34 mm. Hg. In 1 hour and 20
minutes, § ml. of the culture ran into the node and were collected from
the efferent lymphatic. Cultures of the entire effluent showed 4,500,000
colontes per ml  Filtration, therefore, was g9 per cent complete

A section of this popliteal node (Fig. 79) shows that the distribution of
bacteria, from a mechanical pomnt of view, is no different from that' of
Indiaink. (Compare with Figs 77and 78.) In Fig. 79 partof the cor.tlcal
sinus is seen just beneath the capsule. The black material in this sinus
and in the Y-shaped intermediary sinus consists of masses of streptococch,
both free and attached to cells. Fig 8o shows part of the marginal smus
Just above a dense collection of lymphocytes into which the organisms
have not penetrated  This, however, is not invariably the case  Regions
may be found where the lymphocytes are quite soldly packed, but \\.'h.elc
large 1 or lly polymerph lear cells
cocct may be observed here and there.

When a gland 1s given such a huge dose of bacteria as in this expert-
ment, blood cultures occastonally become positive, and this even aftfr
the precaution has been taken of tymng the thoracic and right Iyr.nphﬂt.lc
ducts and both subclavian vemns. The explanation may reside either in
the migration into blood capillaries in the node of phagocytes contamning
streptococci still capable of growng, or in the entrance of bm‘crjm into
the blood through lymphat ications in the
Fig. 81 shows a capillary in the loose tissue just outside the capsule of
the perfused node. In addition to red cells, there are present a number
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of white cells containing microdrganisms, The possibility of bacteria
leaving a lymph node in phagocytes, which then eater the bload, ntreduces

further complications in the interg of & such as those
of McMaster and Hudack (1935) on the formation of antibodies {ymph
nodes ; for i these exy the basic f uas that bacteria

[ O R S S

(From Danker, buld s0d Waed 1934, phite 20, Fiz £, p 4053

which reach a node do not travel any further, either in the efferent lymph
or through the medium of phagocytes.

There remams to be constdered anather possible channel of exst for
bactena 1 lymph nodes, Schulze (19z3) behe\es that the post-capillacy
veins of lymph nodes possess  stomata "', which afford a duwect com-
munication between blnad and lymph, and that through these stomata
noxtous substances leave the blood stream and enter the node, where they
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are then dealt with by the nodal tissues. If these stomata really ewst,
however, movement might also occur in the reverse direction, and micro-
organisms might enter the blood capillaries from the node, provided some
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force could be found which would develop a current into the capillaries
In the spleen, such a force 15 provided by the smooth muscle 1n the CKPS“}C
and trabeculae, It is not easy to see just how a lymph node can retain
structural integrity if it possesses open blood capillaries and yet no power
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of rhythmic contraction which can be counted on to drive plasma and cells
back into the blood vessels, and so clear the node of the excess transudate
which must steadily accumulate. Furthermore, if the capillares in the
popliteal node are open, then lymph collected from an afferent vessel
ought to contain much less protein than that from the efferent side, This
is not the case.  Protein concentrations in afferent and efferent lymph are
identical.

The second group of experiments of Drinker and his assocates referred

Fie 81 —Camera lucida drawing of a capillary in loose tissue just outside the capsule
of a poplteal node (dog) perfused with streptococr  White cells contaiming
organisms are clearly shown

(From Drinker, Tield and Ward, 1934, Plate 30, Fig 3, 405}

to above (1934) was devised to test out the filtenng efficiency of the
lymphatic pathway as a whole, from leg to thoractc duct. The following
1s a typical example: At the lower end of the pathway, an afferent
lymphatic of the poplteal node of 2 dog was cannulated 1n the usual
manner, but the efferent vessels were left untouched At the other end
of the pathway the thoracic duct was cannulated, To make sure that
no lymph would enter the blood via the right lymphatic duct, this duct was
tied and, as a final precaution, both subclavian veins were tied, central to
the observed lymphatic entrances  The perfusmg flusd was an undiluted
serum culture of a stram of h )} t

Strept I
P f s
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delivered at a pressure of 20 to 40 mm. Hg. At the close of the experi-
ment, 3 ml. of a 2 per cent solution of trypan blue were introduced into
the perfusion cannula This appeared promptly in the thoracic duct
Iymph, and both the popliteal and iliac nodes were deeply and uniformly
stained, so that there was no question of there beng any obstruction to
the lymphatic pathway from perfusing cannula to thoracie duct. Table 38

‘TaBLE 38

of p m bers in thoracic duct lymph of
dog after perfusion through popliteal and iliac lymph nodes ®

Perfusion .
Perfunon  wflow Thoracie duct lymph

Time wnfloc  per min Colonzes per ml,

min, ml ml,
ir40am Control specimen sterile in 1-0 ml.
o-13 28 o022 Sterile in 10 ml
13-29 30 o119 »oowm o »
29-43 20 014 pow oo
43-56 zo 015 o o ow
56~71 20 o134 Stenlem 1drop, Streptococes found n 1o ml
71-88 22 013 now o o» » P

* The perfusate, an undiluted serum culture of a stram of hemolytic strepto-
caccus, Streptococcus 1, contamned 250,000,000 colonies per ml at the close of the

perfusion
From Drinker, Freld and Ward (1934, P 492)-

gives the results, In this experiment, in which thoracic duct lympf} was
used to assess filtration, 1t 1s clear that a high degree of filtering efficiency
obtamned. Inanother experiment, 1n which the perfusion pressure, instead
of 20 t0 40, was 40 to 50 mm Hg, a fair number of streptococct appeared
in the thoracic duct lymph.

One important point emerges from these thoracic duct experiments.
It has long been a question as to whether lymph leaving a region of sub-
cutaneous dramnage can reach the blood stream without passing through
a lymph node. Tn this group of experiments, 1t is significant that the
thoracic duct lymph never showed an immediate deluge of cocci, such as
might be expected 1f nodes were short-circuited by vessels passing around
them. Apparently, lymph from peripheral regions does not reach the
bloed until at least a single node has been passed. This observation we
have further been able to confirm from numerous dissections of the
cervical lymphatic pathway, in which 2 number of lymphatics comerge
to the superior deep cervical node, from which the main cervical duct
emerges. In the course of these dissections we have never seena lymph
vessel pass by the node without entering it.

On the whole, these experiments indicate that lymph nodes possess 2
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fair degree of efficiency in filtering out bacteria which reach them through
the lymph stream, Ths filtration may, however, break down when the
number of bacteria reaching the node becomes excessive, when the lymph
pressure becomes too high, when the organism is unusually virulent, when
the node is subjected to massage, or when the bacteria are ingested by
phagocytes which then migrate into blood vessels (cf, Hughes, May and
Widdicombe, 1955).

The lymph p ployed in these perfi experiments varied
up to 5o mm. Hg. It has bccn shown that the large afferent lymphatics
1 the leg of the dog will support pressures as ugh as 81 mm. Hg (Field,
Drinker and White, 1932)—pressures obtained as a result of sterile
mflammation of the faot, In an afferent lymphatic just below the popliteal
node—one of the vessels used in these perfusion experiments—pressures
of so mm Hg have been observed during repeated passive motion of the
foot, It 1s thus clear that in normal animals, moving about actively,
lymph pi qualling thoss employed 1n these perfusion experiments
may occur. Furthermore, the volume of the perfusate was not excesstve,
Measurements of the flow of lymph below the popliteal node 1n walking
and runming dogs (Whate, Field and Drinber, 1933 ; Weech, Goettsch and
Reeves, 1933) show that rates of flow such as were employed 1n the
perfusion of bacteria are not abnormal,

In a quiescent dog, the flow of lymph from such vessels soon becomes
negligible and the lymph pressure falls to zero. If one constders the
degree to which lymph nodes mught filter organisms under actual
conditions of disease, it 15 apparent that they would be subjected to a
much less severe task than that imposed 1a the above expeniments  Given
a celluhts of the foot, the dog is ordinanly quiet and a heavy flow of
lymph does not occur until swelling becomes extreme. It 13 also certain
that lymph nodes 1n actual disease would rarely be confronted with such
a deluge of organisms as was placed 1n the lymphatics in these expertments,

Viruses

Thus far we have considered the filtration through Iymph nodes of
inammate particles, of red cells and of bactenia, When we turn to the
viruses, the evidence suggests that we may be facing an entirely new set
of conditions. In the experiments about to be described (Yoffey and
Sullivan, 1939), no direct perfusions were performed, as with streptacocci.
But from the dye experiments of Yoffey and Drinker (2938), 1t had already
been established that lymph from the nose and pharynx does not reach
the main cervical lymphatic duct thhout passmg through at least one
node The basic proced of g 2 virus leston in
the nose and then examiming the c:mcal lymph below the node, 1s essen-

tially the same as artificially perfusing the node, but with the added
LU
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advantage that lymph pressure and rate of flow are determined by con-
ditions within the animal
If vaccinia virus is dropped into the nose of a rabbit, it cannot be
detected in cervical lymph within g hours. Evidently the virus does not
immediately pass through the nasal mucous membrane and enter the
lymph, as is the case with dyes and proteins of low molecular weight.
Twelve hours after the nasal instillation of virus, however, and up to
7 days thereafter (experiments were not carried beyond this period), virus
can practically always be found in the cervical lymph. In other words,
for 7 days after its administration a continuous stream of virus passes
from the primary focus of infection 1n the nose through the cervical lymph
duct mto the blood. Now this virus cannot have entered the lymph
without passing through at least one node, and the conclusion seems
inescapable that the cervical Iymph node does not constitute an effective
barrier to the passage of virus. Since there is no obvious difference in
structure between cervical and other lymph nodes, it seems likely that !hls
relationship holds good for all nodes, particularly in view of the mechanism
of fixation by lymphocytes whereby the virus is transported (sce p. 399)
This hikelihood 1s further strengthened by the fact that virus was frequently
found m thoracic duct lymph, to reach which the virus-containing Iymph
must have passed through one or more nodes (Drinker, Field and Ward,
1934) either 1n the limbs or in the abdomen; and smnce thoracic duct
Iymph flows spontaneously, without the massage necessary to secure
cervical lymph, the possibility of virus—otherwise potentally fixed in the
de—being ib d by nodal 1s ¢l d. We may, there-
fore, fairly regard the finding of virus m thoracic duct Iymph as further
confirmation of the 1dea that lymph nodes do not constitute an effecuve
barner to the passage of vaccinia virus. The explanation of this pheno-
menon and some possible implications are discussed in Chapter 7.
Granting the passage of vaccima virus through the lymph nodes, the
next question to be constdered is whether the virus is at all aﬂ"ccted by
this passage. There are theoretically three possibilities ; the virus may
pass through unchanged, it may be attenuated or even destroyed, or 1t
may muluply or mcrease in virulence. Expenments of McMaster and
Kidd (1937) throw Light on this point. Suspensions of vaccina virus
were injected near the tip of the shaved left ears of 6 rabbuts and  hours
later—to allow time for some of the virus to reach the regional lymph
nodes—the ears were amputated.  Although the primary focus had thus
been removed, it was found that during the next 3 days virus BPPCI{"d
to increase within the cervical Iymph nodes ; by the fifth day, less virus
could be demonstrated, still less on the seventh, and none on the eleventh
day Evidently, then, the cervical lymph nodes of the rabbit permit, for
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some 3 days, the ready growth of vaccmnia virus which has reached them ;
while the virus may still persist in the node for several days after, at
least, and possibly even for many months (cf. Qlitsky and Long, 1929).

The question at once arises whether other viruses may undergo dis-
semination in a similar manner. What, for instance, is the position
regard to the ** neurotropic " viruses ?  ‘This problem is further discussed
in Chapter 7.

We are now in a position to sum up the experimental evidence on the
filtration of lymph nodes. Inanimate particles are held up in nodes to
a considerable extent, though by no means completely. Red cells may
at times be completely retained, but on occasion they may pass through
the nodes in large numbers with apparent ease. Bacteria are fairly
efficiently filtered out, except under the conditions which we have already
discussed.  Viruses, on the other hand, if our experience with vaccinia
is a relable cniterion, are filtered out very inefficiently, In fact, as far
as viruses are concerned, the lymph node may be a source of danger rather
than of safety, since 1t can actually serve as a centre first for the prolifera-
tion of virus, and subsequently for 1ts diff hroughout the body.

BLoop-LYMPH BARRIER

Passage of Bactenia and Antibodies from Blood to Lymph

In discussing the defence réle of the lymphatic apparatus, we have
so far considered two posstbilities, that bacterta from a focus of infection
may either enter the lymphatics and be held up 1n the sinuses of the
regional nodes, or that they may enter the blood and be filtered out
m the so-called reaction centres. In addition to these two processes.
bacteria which are present in the blood may enter the lymph stream after
passing 1nto the tissues  This has been clearly shown both for thoracic
duct lymph (Drinker, Enders ef af, 1935) and for lymph from the neck
and lunbs (Feeld et al,, 1937) In addition, these experiments con-
tnibuted information on the antibody content of lymph, which must alsa
be taken into account m assessing the defensive value of the lymphatic
2pparatus, The important fact emerges that while bactena may readily
pass from blood to lymph, antibodtes will not do so . quantities sufficient
to stenlize fymph. Consequently, bacteria either in lymphatic vessels
or 1n the lymph sinuses of nodes are 1 a flud of low bactenmdat power.
The sigmificance of this, from the standpoint of defence, 15 obvious,

Trn warant wnary & asebans AF monesie LL_w

“LLIYL UyLs suLi 48 11024 (LVAI DIUE) 4nd Dromunated trypan blue, as



292 BIGLOGICAL SIGNIFICANCE OF LYMPHOID TISSUE

also halogenated plasma proteins, pass rapidly from blood to lymph, and
in anaesthetized arumals 2 maximal concentration in thoracic duct lymph
is attained in 3-4 hours. The dyes are apparently bound to the serum
albumin, which because of 1ts smaller molecular weight enters the lymph
more rapidly than globultn. These results have been confirmed by
Krieger et al. (1950) who showed that human iedinated serum albumumn,
after intravenous injection into dogs, appeared more rapidly in thoracc
duct lymph than did iodinated plasma proteins (cf. Wasserman and
Mayerson, 1951; Abdou, Reinhardt and Tarver, 1952). 'This problem
1s further discussed 1n Chapter 2.
Lymphatic blockage and eptibility to infection

The ability of microorganisms to flourish in lymph becomes further

ph d when we der the ph of lymphatic obstruction
These are discussed at length in Chapter 8. Briefly, it may be stated
here that in a limb in which there has been induced chronic lymphatic
obstruction and lymphoedema there is greatly mcreased susceptibility to
infection, Lymph and cedema fluid from such a limb form an excellent
culture medium for bacteria (Drinker ef al, 1935).

Funcrions or Lymproip Tissur 1N Heartn

Difficult as it may be to understand the réle of lymphoid tissu.c in
disease, the problem becomes even more perplexing when we consider
the function of lymphoid tissue m health. The total amount of lymphoid
tissue 1n the body, as pointed out in Chapter 1, is probably in the nclg}'\-
boushood of 1 per cent of the body weight. What is the function of this
“silent " lymphoid organ in persons who are suffering neither frur'n
infectious nor from neoplastic disease? Are we to assume that this
Iymphatic tissue 1s present throughout hfe merely on the offchance that
at some time or other 1t may have a defensive role of doubtful x:mhty. or
can we assign to it an alternative function ?  Several such functions have
been suggested, but the one best established is the continuous formation
of lymphocytes. The main problem of q ina d
of normal lymphotd tissue b then, the problem of the lymphocy?
which it is regularly producing in such large numbers. .

It has been held that even in health lymph nodes are not bacteria-
free, and that, through * physiological defects ”” in the shin and mucous
membranes, a small number of organisms are continually entering the
Iymphatics and being filtered out i the nodes  Adami (1910) elaborated
this idea for the gastro-intestinal mucosa. He believed that a process of
¢ subinfection ”” was constantly taking place. A scraping or swab from
the surface of the nose or pharynx contains a fair number of leucocytes,
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in many of which bacteria are to be found, Most of these leucocytes
undergo dissolution or are gwept away in the mucous secrenons and
saliva, but some find their way back into the epithehium.  Nicholls {1904)
showed that the intestinal fymphord tissue of animals contaned vanying
nuenhers of bacteriz, mast being found m the rabbit, Bactera-contatung
leucocytes may be arrested in the intestnal wall, or may then pass to the
mesentenc lymph nodes or to the radicles of the poral van, and so
become todged m the fiver.  On careful microscopsc examination, Adame
found numerous minyte granules 1 mesenteric fades and Jiver cells
whch, at first sight, resembled pigment granules, but which he was con-
vinced were the remains of 4 d bacterna, Bloomfield {xg15}
4 to culture org from 7 apyp fy normal nedes  In
2 of these, he obtamed organisms which he beheved to be corretated with
saprophytes on the body surface. They were aerobic, avirulent for
rabbuts, guner-pigs and muce, and gave o immunity reactions with the
patients” sera Although n 5 of the 7 nodes no organusms were found,
Bloomfield suggested that saprophytic arganisms, 1dentieal with or closely
related to those on the body surface, were frequemly filtered out, and
perthaps even constuuted a more or less constant flora of lymph nodes.
Many scattered references are Jound througheut the Wtemture to the
presence of bactena in apparently normal lymphoid tissue and i other
tissties  Maost of the work 15 extremely speculative, and expenmental
confirmation ot disproof of the conclusions s so difficule that «t seems
to us an attitude of healthy scepticism s wdicated.  As Zinsser and
Bayne-Jones {2937) obsene . * Studies by many other workers, . . . and
studies 1n our own laboratory show that organisms very similar to these
strains {the large h g group of the diphtherod baailli] can be
wsolated from the skin, from the lymph nodes of healthy and diseased
prople, from asaue Buid i vanous conditions, aad from suppesedly
stenle tissues  They are frequently present i the nasal mucus and in
the throat, and are g0 ubiquitous that any association of them with specrfic
disease mitist be very comsenvauvely approached ”  ft would be absurd
0 argue, because bactena are often found i the gtestinal rmucesa or 1a
the Jiver, that these are t not discharging theiwr nermal
functions.  Swrnalarly, 1n spute of the octwsionsl presence of bactena in
fymphoid nissues, the preducuon of lymphocytes 15 as much a2 normal
function of this tssne 35 1S the {ormaton of digestive yoices & funcrion of
the tntestenal muycosa, or the formaton of bile a function of the hues.
Yet so strong 1s the hold which the barner theory has taken that even
ymphocyte production 15 fooked upon as somehow connected with
defence.  There 1s perhaps a superficial analogy between the lymphocytes
and the granular leucacytes. The latter also are bang fosmed and are
entenng the blood throughout bfe, yet 1t i only when the emergency
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arises that their defensive anti-bacterial functions are called into full
action. However, granulocytes are capable of active phagocytosis when
occasion requires. The granules 1n their cytoplasm are the visible out-
ward sign of the claboration of specific chemical substances which are
also of value in combating bacterial products  In further support of the
defence 1dea it has been suggested (Bunting and Huston, 1g21) that the
lymphocyte may play a part in * affixing ** toxins, but the evidence for
this has been unsatisfactory (e.g. Moor and Newport, 1939) ; and the use
of fluorescent antigen (Kaplan ef al, 1950) has in fact shown quite
convincingly that this is not the case on any apprectable scale.

It may be convenient here, before discussing them in detail, to list the
functions that have been suggested for lymphotd tissue in health. There
are six of them : (1} lymphocyte production ; (z) boltsm and trans-
port of protemn and fat; (3) vitamin storage, (4) elaboration of internal
secretton ; (5) destruction of red cells; (6) the provision of nucleo-
protein and other substances as adjuvants to cell growth. In view of the
close association between the lymphocytes and the reticulo-endothelial
cells 1n most lymphord tissues, it 1s often difficult to dissociate the functions
of the two cell types. The reticulo-endothehal apparatus has such an
extenstve literature that as far as possible we shall concentrate herc on the
Iymphocytic element.

Lymphocyte Production
So far s we now know, the continuous production of lymphocytes
1s the main function of lymphoid tissue, a function so important that
Chapter 6 1s devoted to 1ts especial consideration.

Metabolism and Transport of Fat and of Protein

Fat Content of Lymph

Since Asellius (1627) first described the lacteals full of chyle, a great
deal of attention has been devoted to the part played by the Ilymphatic
apparatus in the absorption of foodstuffs, William Hunter (1784) believed
that the lymphatic vessels were the sole channels of absorption. The
presence of fat particles 1n chyle aroused much speculation, and 1t was
generally thought that these chyle “molecules” aggregated to form
Iymph corpuscles, a view which Brucke (1854) disproved by showing that
lymphocytes might be found in large numbers in chyle-free lymph. Fat
particles, showing active Brownian movement, can readily be seert under
the microscope. Gage and Fish (1924-1925) found that these “ chylo-
microns " had an average diameter of 6-5 to 1 0 g, and devised a tech.mquc
for counting them after they had entered the blood. Chylomicrons
appear in the blood 2 half to one and a half hours after a fatty meal, and
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disappear in six to ten hours. ‘The evidence indicates that the fats thus
absorbed in particulate form via the chyle are the long-chain trglycendes
(see Bloom et al., 1950, 1951 ; Bergstrom et ol 1950; Frazer, 1952);
and also cholesterol (Chaihoff et al., 1952). ‘The fat content of iymph
raises 2 number of problems which are discussed in Chapter 3.

(x) In fumen of wntestine. Bunting and Huston (3g21) believed that
large numbers of lymphocytes are constantly passing through the intes-
tinal mucosa and entering the lumen of the intestine Loeper and
Marchal (1922) found that after the ingestion of bowllon as many as 1880
leucocytes (8o-go per cent polynuclears) per c.mm. were present in the
gastric contents. During conditions of hypochlorhydnia these became
partly replaced by lymphocytes. Ohno (1930) thought that lymphocytes
m the lumen of the intestine were powerful activators of the digestive
enzymes, and so assisted 1n the digestion of protein, starch, and fat by
the p ic juce. In this , we may recall that Bergel (1921)
was of the opinton that lymphocytes contained lipase, 2 view from which
Aschoff and Kamiya (1922) and others (cf Barnes, 1940}, however,
dissented

{2) Inwall of intestine and 1n lymphoid tissue  Hofmeister (1885) noted
a close connection between digestion and the size of the lymphoid nodules
w the intestine  After feeding, the nodules became enlarged and pro-
Jected well beyond the surface of the mucosa ; at the same time, mcro-
scopic exammnation revealed the presence of large numbers of mitoses
During starvation, on the other hand, the nodules underwent shnnkage
so that their surfaces became flush with the mucosa, instead of projecting
beyond 1t Zawarykin (1883) and Schifer (1885) believed that the
leucocytes played an important part 1n the transfer of fat to the lacteals,
but they made no accurate differentiation of the white cells  The differ-
ential staiming of white cells had been described by Ehtlich in 1879, but
some time elapsed before the discovery was widely applied  Heirdenhain
(1888) confirmed the observations of Hofmerster on the size of the lym-
phoid nodules, and on their changes dunng feeding or starvation, but
ascribed a minor réle to the leucocytes tn fat transport

Early workers used, as their cluef cntenion of the ability of cells to
take up fat particles, the capacity of the cells to stain with osmic acid,
though Heidenhain thought this was unreliable Clearly, the most
satisfactory procedure would be to demonstrate the ingestion of fat by
Iving cells  Clark and Clark {1917) injected mnute amounts of fat (olive
o1, oleic acid, cream and egg yolk) mto the tails of tadpoles, and observed
leucocytes migrating towards the fat and taking up some of the fat par-
ticles  They did not, 1n these expermments, distinguish between the
various types of leucocytes. In later experiments (1930) they noted that
only the macrophages and monocytes Were concerned 1n this process,
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anses that their defensive anti-bacterial functions are called into full
action. However, granulocytes are capable of active phagocytosis when
occasion requires. The granules in their cytoplasm are the vistble out-
ward sign of the elaboration of specific chemical substances which are
also of value 1n combating bacterial products, In further support of the
defence 1dea it has been suggested (Bunting and Huston, 1gz1) that the
lymphocyte may play a part mn * affiung ” toxins, but the evidence for
this has been unsatisfactory (e g. Moor and Newpost, 1939) ; and the use
of fluorescent antigen (Kaplan ef al,, 1950) has in fact shown quite
convineingly that this is not the case on any appreciable scale.

It may be ient here, before di ing them m detail, to list the
functions that have been suggested for lymphoid tissue 1n health. There
are six of them : (1) lymphocyte production ; (2z) metaboltsm and trans-
port of protemn and fat, (3) vitamin storage ; (4) elaboration of internal
secreton; (5) destruction of red cells; (6) the provision of nucleo-
protein and other substances as adjuvants to cell growth  In view of the
close association between the lymphocytes and the reticulo-endothelial
cells in most lymphoid tissues, 1t is often difficult to dissociate the functions
of the two cell types. The reticulo-endothelial apparatus has such ar
extensive literature that as far as possible we shall concentrate here on the
lymphocytic element,

Lymphocyte Production
So far as we now know, the contnuous production of lymphocytes
1s the mamn function of lymphoid tissue, a function so important that
Chapter 6 1s devoted to 1ts especial consideration.

Metabolism and Transport of Fat and of Protein

Fat Content of Lymph

Since Asellis (1627) first described the lacteals full of chyle, a great
deal of attention has been devoted to the part played by the lymphatic
apparatus m the absorption of foodstuffs, Wilham Hunter (1784) belseved
that the lymphatic vessels were the sole channels of absorption The
presence of fat particles 1n chyle aroused much speculation, and it was
generally thought that these chyle *‘ molecules * aggregated to form
lymph corpuscles, a view which Brucke (1854) disproved by showing that
lymphocytes mght be found in large numbers in chyle-free Iymph Fat
particles, showing active B , can readily be seen under
the microscope.  Gage and Fish (1924-1925) found that these ** chylo-
mucrons * had an average diameter of o+5 to 1-0 g, and devised a (cch.mquc
for counting them after they had entered the blood Chylamncron;
appear 1n the blood a half to one and a half hours after a fatty meal, an




FUNCTIONS OF LYMPHOID TISSUE IN HEALTH 293

disappear in six to ten hours. ‘The evidence indicates that the fats thus
ahsorbed in particulate form via the chyle are the long-chain tnglycendes
(sec Bloom et al,, 1950, 1951 ; Bergstrom ef al., 1950; Frazer, 1952);
and also cholesterol (Chaikoff ef al., 1952). The fat content of lymph
raises 2 number of problems which are discussed 1n Chapter 3

(1) In fumen of ntestine. Bunting and Huston (1921) believed that
large bers of lymphocytes are ly passing through the intes-
tinal mucosa and entering the lumen of the intestine. Loeper and
Marchal (1922) found that after the ingestion of bouillon as many as 1880
leucocytes (8o-go per cent palynuclears) per c.mm. were present in the
gastnc contents. Dunng conditions of hypochlorhydna these became
partly replaced by lymphocytes. Ohno (1930) thought that Iymphocytes
m the lumen of the intestine were powerful activators of the digestive
enzymes, and so assisted in the digestion of protein, starch, and fat by
the pancreatic juice.  In this connection, we may recall that Bergel (1921)
was of the opinion that lymphocytes contained lipase, a view from which
Aschofl and Karmiya (1922) and others (cf Barnes, 1940), however,
dissented.

(2} Inwall of intestine and in Iymphord tissue. Hofmeister (1883) noted
a close connection between digestion and the size of the lymphotd nodules
in the intestine  After feeding, the nodules became enlarged and pro-
Jected well beyond the surface of the mucosa ; at the same time, micro-
scopic examination revealed the presence of large numbers of mitoses.
During starvation, on the other hand, the nodules underwent shrinkage
so that their surfaces became flush with the mucosa, instead of projecting
beyond it. Zawankin (1883) and Schifer (1885) believed that the
leucocytes played an important part in the transfer of fat to the lacteals ;
but they made no accurate differentiation of the white cells. The differ-
entual staining of white cells had been described by Ehtlich 1n 1859, but
sorne time elapsed before the discovery was widely applied. Herdenhain
(1888) confirmed the observations of Hofmeister on the size of the lym-
phoid nodules, and on their changes dunng feedng or starvation, but
ascribed a minor role to the leucocytes 1n fat transport.

Early workers used, as their chief critenon of the abihity of cells to
take up fat particles, the capacity of the cells to stain with osmic acid,
though Heidenhain thought this was unrelable. Clearly, the most

would be to d the of fat by
hving cells Clark and Clark (1917) mjected minute amounts of fat {ohve
o1, oleic acad, cream and egg yolk) wnto the tails of tadpoles, and observed
leycocytes mugrating towards the fat and taking up some of the fat par-
ticles. They did not, 1n these experiments, distinguish between the
vanous types of leucocytes. In later expeniments (1930) they noted that
only the macrophages and monocytes were concerned in this process,
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arises that their defensive anti-bacterial functions are called into full
action. However, granulocytes arc capable of active phagocytosis when
occasion requires. The granules in their cytoplasm are the vistble out-
ward sign of the elaboration of specific chemical substances which are
also of value in combating bacterial products. In further support of the
defence 1dea 1t has been suggested (Bunting and Huston, rgz1) that the
lymphocyte may play a part in “ affixing ’ toxins, but the evidence for
this has been unsatisfactory (e.g. Moor and Newport, 193g) ; and the use
of fluorescent antigen (Kaplan ef al,, 1950) has in fact shown quite
convincingly that this 1s not the case on any appreciable scale.

It may be convenient here, before discussing them in detail, to list the
functions that have been suggested for lymphoid tissue in health. There
are six of them : (1) lymphocyte production ; (2) metaboltsm and trans-
port of protemn and fat, (3) vitamun storage ; (4) elaboration of internal
secretion, (5) destruction of red cells; (6) the proviston of nucleo-
protein and other substances as adjuvants to cell growth. In view of the
close association between the lymphocytes and the reticulo-endothehal
cells in most lymphoid tissues, 1t is often difficult to dissociate the functions
of the two cell types The reticulo-endothelial apparatus has such an
extensive literature that as far as possible we shall concentrate here on the
lymphocytic element.

Lymphocyte Production
So far as we now know, the continuous production of lymphocytes
is the main function of lymphoid tissue, a function so important that
Chapter 6 1s devoted to its especial consideration,

Metabolism and Transport of Fat and of Protein

Fat Content of Lymph

Since Asellius (1627) first described the Iacteals full of chyle, 2 great
deal of attention has been devoted to the part played by the lymphatic
apparatus 1n the absorption of foodstuffs. William Hunter (1784) believed
that the lymphatic vessels were the sole channels of absorption. The
presence of fat particles in chyle aroused much speculation, and it was
generally thought that these chyle * molecules ” aggregated to form
Iymph corpuscles, a view which Brucke (1854) disproved by showing that
lymphocytes might be found in large numbers in chyle-free lymph Fat
patticles, showing active B i , can readily be seen under
the microscope. Gage and Fish (rg24-1925) found that these ** chylo-
microns * had an average diameter of 05 to 1 0 z, and devised a technique
for counting them after they had entered the blood. Chylomicrons
appear in the blood 2 half to one and a half hours after a fatty meal, and
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disappear in six to ten hours. The evidence indicates that the fats thus
absorbed in particulate form via the chyle are the long-chain triglycerides
(see Bloom et al, 1930, 1951 ; DBergstrom ef al., 1950; Frazer, 1952);
and also cholesterol (Chaikoff et al., 1932). The fat content of lymph
raises a number of problems which are discussed in Chapter 3

(1) In humen of mtestine. Bunting and Huston (1921) beheved that
large numbers of lymphocytes are constantly passing through the ntes-
tinal mucosa and entering the lumen of the intestine. Loeper and
Marchal (1922) found that after the ingestion of bouillon as many as 1880
leucocytes (80—9o per cent polynuclears) per c.mm. were present m the
gastric contents. Dunng conditions of hypochlorhydrna these became
partly replaced by lymphocytes. Ohno {1930) thought that lymphocytes
1n the lumen of the intestine were powerful activators of the digestive
enzymes, and so assisted in the digestion of protemn, starch, and fat by
the p juice. Inthis ion, we may recall that Bergel (1921)
was of the opinion that lymphocytes contained lipase, a view from which
Aschoff and Kamiya (1922) and others (cf. Barnes, 1940), howerer,
dissented.

{2) Inwall of intestine and m lymphord tissue Hofmeister (1885) noted
a close connection between digestion and the size of the lymphoid nodules
in the mtestine, After feeding, the nodules became enlarged and pro-
Jected well beyond the surface of the mucosa, at the same time, micro-
scopic examination tevealed the presence of large numbers of mitoses
During starvation, on the other hand, the nodules underwent shrinkage
5o that their surfaces became flush with the mucosa, instead of projecting
beyond 1t Zawarylin (1883) and Schafer (1885) believed that the
leucocytes played an important part 1n the transfer of fat to the lacteals,
but they made no accurate diffcrentiation of the white cells  The differ-
entual staning of white cells had been described by Ehrlich 1n 1879, but
some time elapsed before the discovery was widely applied. Heidenhain
(1888) confirmed the observations of Hofmester on the size of the lym-
Phowd nodules, and on their changes during feeding or starvation, but
ascribed a minor role to the leucocytes in fat transport

Early workers used, as their chief cnterion of the ability of cells to
take up fat particles, the capacity of the cells to stain with osmic actd,
though Heidenhain thought this was unrehable Cleardy, the most
satisfactory procedure would be to demonstrate the ingestion of fat by
living cells. Clark and Clarh (1917) injected minute 2mounts of fat (olive
oil, olerc acid, cream and egg yolk) mnto the tails of tadpoles, and observed
leucocytes migrating towards the fat and taking up some of the fat par-
ticls They did not, in these experiments, distnguish between the
various types of leucocytes In later experiments (1930) they noted that
only the macrophages and monocytes were concerned 1n this process,




296 BIOLOGICAL SIGNIFICANCE OF LYMPHOID TISSUE

whereas the lymphocytes and granulocytes were quite mert. On the
other hand de Winiwarter (1930), workmg with mice, found that it was
only protein feeding that resulted mn the accumulation of macrophages
—and eosinopluls—in large numbers 1n the mucosa of the intestne.
Well (1919-1920), re-investigating the free cells in the mucous and sub-
mucous coats of the intestine, and Leach (1938), studying the role of
leucocytes n fat absorption, gave critical reviews of the literature, Leach
concluded : *“ There 1s no evidence that any type of leucocyte plays an
mmportant part n the transference of fat from the epithelium to the
lacteals ”—a view with which we are in agreement, Bloom and Wislocki
(1950), re-investigating the distribution of hpids in human blood and
bone marrow cells, were unable to find either sudanophulic lipid or
phospholipid in the lymphocyte, which was 1n fact the only white cell to
be completely devoid of either.

There has also been considerable difference of opinton as to the
relation between fat and lymph nodes Attention was first directed to
the mesenteric nodes which appeared mulky because of the chyle flowing
through them. Holthusen (1910) thought that all the lymph nodes in
the body, not only the mesenteric, became filled with fat during digestion
Poulain (xgoz) and Stheeman (1910} belteved that there was a reciprqcnl
relationship between the mesentertc and all other lymph nodes. During
digestion, the mesenteric nodes became loaded wath fat which was being
absorbed from the intestine ; whereas during starvation, the peripheral
nodes became loaded with fat which was being mobilized from the fat
depots. Dabelow (1930-1931) was unable to confirm this, even though
he tried to stimulate the mobilization of fat by adnumstering thyroxin.
Settles (1920-1921) found that feeding ammals for several weeks with
food rich m fat and protem mduced hypertrophy of all the lymphoid
tissues, especially the tonsds, lymph nodes and intestinal follicles.
Kuezynski (1922) thought that protein was most effective 1n stimulattng
the overgrowth of lymphod tissue. Lefholz (1923-1924), following up
the experiments of Settles, fed 3 cats for a period of 16 weeks with high
calorie diets 1n which the extra calories were provided by adding sugar,
fat, or proteins, and 2 cats with a diet normal mn calonte value, but
contaming a high percentage of fat or sugar. Peyer’s patches and the
tonsils were definitely enlarged in the animals which had been given 2
high calorte diet, but the enlargement was most marked where the ex'tra
calories were n the form of fat. * 'The concluston, then, seems unavoid-
able, that the amount of the lymphoid tissue located mn the bucco-pharyn-
geal cavity, and in the intestines, is regulated both by the calorie content,
and also specifically by the fat content, of the dict. A high calorie dx.et,
in which the excess calortes are provided in the form of sugar or protein,
will cause a marked increase mn the size of this tissue, while the increase
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wifl be decidedly greates if the exvess talories are provided in the form
of far "

Dabelow {1930-1931) made a careful microscopre study of the changes
m the mesentenic lymph nodes in the rat, mouse, guanea-pig, and cat
durng fat absorption, and concluded that there ts 2 definite cycle of
changes during digestion, The reticulum cells, mast mardedly those of
the stauses, become rich m fat dunng the passage of chyle, and large
numbers of these cells, laden with fat, become detached from thesr net-
wak 25 free ph white the redeulum cefls which remam in sitn
also become swollen up and rounded as they store fat. At the same
tune, the reticulum cells werease 1 number, and sccording to Hansen
(u)!;;). in the rat they may with age fuse and form typical giant
cells.

The fymphacytes show no sign whatever of being concerned with fat
storage, but they undergo cyclical changes nevertheless,  After food has
been withheld for a brief period, there 15 dimmmshed mulupheation of
cafls 1n the gesm centres.  After pralonged hunger—particularly in the
mouse, marely n the guinea-pig—the germ centses way disappear com-
pletely.  In the medullary cords and sinuses also, the aumnber of lymphe-
cytes becomes kess durtag starvation.  After 2 hunger penod, sudden
feeding with foods rieh 1 far {milk and cream) almost washes away the
cells semaming in the stnuses, so that there s left a fine- fibred reticulum
wuh very few lymphocytes  Half 10 one haur after the tesumption of
feeding following 3 normal hunger period, honever, active multspheation
bath of phages and of lymphord chements sets . It s & moot
point to what extent hunger in its midex forms can be regarded as a
“stress V' reaction,

When the passage of chyle 1s complete, the fat content of the mesentersc
nodes duninishes, though st never completely disappears.  After pro-
Tonged hunger, paradoxically enough, the simuses and medullary cords
agamn become rich ta fate—as rich as during a peniod of mtensue feeding.
The far content of the node 13, 1t , not a f: ¥
¢nteron for differemtiating between hunger and digestion.

be app of I af fat 1 lymph dunng stacva-
fion was noted by Herdenhain in 1388, and confirmed more recenmtly by
Rony, Mertimer and Ivy (3932) These latter myvestigators found thae
the tharacic duct tymph of fasting dogs contained 2 considerable amount
of fat, 1n greater concentratson than in the bload. Two expermments alsa
support Dabelow's finding that dunng digesnon the only lymph which
contains fat in any amount s that passing through the mesenteric nodes.
In these experunents an which 2 dogs were fed -wath cream and €3]S, 1t
was found that 1 one dog tharacie duct lymph tontaeed x,580 mg. of fat
per 100 m} of lymph, whereas the cervical lymph had only 200 mg.;
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the second dog, the corresponding figures were 4,500 and 210 mg.
respectively.

Lymphord Tissue during Malnutntion and Starvation

There 15 2 very extensive literature on changes in lymphoid tissue
during malnutriton and starvation. This has been carefully reviewed
by Jackson (1925) for the lymph nodes, thymus, and alimentary canal,
and later by Andreasen (1943). The Iymphoid tissues appear to be more
sensitive than the rest of the body to shortage of food, the thymus beng
outstanding 1n this respect and having been designated on that account,
* a barometer of nutrition ', The * accidental involution * of the thymus
from malnutrition or other causes was investigated by Hammar {105;
1906). (See also Hammar's review of the problem, 1921.)

Jackson (1925) summanzes the histological findings as follows:
* Microscopically, the lymphatic glands during inanition usually show a
very charactenstic atrophy of the lymphoid tissue, even 1n cases \\h'exe
a decrease 1n the size of the gland as a whole may be offset by a distension
of the blood vessels and lymph sinuses. In general, there is a marked
diminution 1n the number of lymphocytes (by emigration), which renders
the less affected stroma (reticulum) and trabeculae very promment. The
lymphoid nodules and cords are reduced in size, and mitoses are decreased
1 number or absent. Numerous phagocytic cells are found, often con-
tamming pigment derived from excesstve destruction of erythrocytes
(especially 1n regions of haemorrhage 1 scurvy), An increased nurr.lef
of phagocytes and plasma cells has been noted during hibernation.
Retterer’s claim that lymphatic glands may be transformed into haemo-
lymph glands by inamtion lacks confirmation  Secondary infections may
oceasion inflammation, however, and occasionally even suppuration of
the lymphatic glands, espemally in scutvy.

“ Cirrhosts of the lymph glands has been noted in pellagra. The
Iymphord tissue appears especially sensitive to a dietary deficiency of f?f,
while m rickets a general lymphord hyperplasia appears characteristic.
A defi in i ally of vitamin B) tends to cause a generd
atrophy of the lymphoid tissue, associated with Iymphopenia m the
arculating blood.  During chronc thirst, the changes in the Iymph nodes
resemble those typical for manition 1 general, with hyperaemiz and
lymphoid atrophy

“ Although there are numerous variations, the changes in the structure
of the lymphatic glands during inanition in general resemble thos‘c found
in the other tymphoid organs, including the bursa of Fabricius (¢ cloacal
thymus* in birds), bone marrow . .. and the thymus, spleen and
intestinal lymphoid structures. . . .

 Upon adeq refeeding after i

the Iymphatic glands in




FUNCTIONS OF LYMPHOIR TISSUE IN HEALTH 299

general recuperate promptly, showing rapid increase of weight, assocnated
with active mitosis and secorery of normal structure 1 the jymphod
tissue  See alse Dustin {1923), Undritz {3924} and Andreasen {1943)

Reactigs ta Foreign Proleunt

In recent years, in connection with the problem of allesgy, consider-
2ble attention has been devoted to the question of the absesption of
undigested protein and to the sesulung effects  Hamburger and von
Reuss (1go6) obsened the development of leucopenta after the mtra-
senous snjection of protetn  Dloss and Brown (1911) gase intravenous
njections of protei to non-sensitized and o sensitized rabbits, but wuth
10 very defimte results,  Wisernan (19314) was the first 0 analyse m
detait the cellular response, and to describe cleaely the induction of
Iymphocytosis and of lymphowd hyperpl i the p: 1]
adnunistration of protemn. It is concenable, 23 a result of this work, that
many of the lymphod reactions to bactenal infections may be essentially
a response to forexgn (bacternl) provein  The work of Ehnch (1g2gb),
which has already been mentioned, shoned that the mitranenous ijection
of kidled svaphylococer produced a Iymphocytosis  Even more
stoking, in this connection, are the experments of Tuta (1937) on
Haemophilus pertusss

Wiseman's work was performed m rabbits  The protens used were
chuck embryo extracy, egg albunun, and horse serum.  "The spleen was
removed from ene rabbit before commencing the myections, 1n order to
see whether the lymphoid reaction would thereby undergo any modifica-
won  Injections were usually made duly, 6 days per week In most
of the animals bropsies were performed before starting the mjections and
one or mare normal lymph nodes wete removed for examunation. In
WO exy the protesn were subcutaneous, 1 the others
intravenous. Table 39 mdicates the effect of these protemn jections on
the blood Iymphocytes snd on the spleen.  The one splenectomy expent-
ment suggests that removal of the spleen does not modify 1 any way
the general lymphoid response to foreign protemn. Al 3 protens imected
by Wiseman elicited a lymphowd resp as wd; { by fymph
and splemc hyperpk: d of protemn seemed
10 be more effective than subcutancous, and egg albumin was apparently
by far the most poteat sumulus to the lymphord tissues, though, as
‘Wiseman observes, a larger sexies of experiments would be necessary to
desde the pont  Egg atburasn, it may be noted, was the proten of
lowest molecular weight i the serses {molecular weight = 43,800).

On comparing 3t the biopsies the lymph nodes remoted before the
protesn tryections had begun with those after the injections had been
completed, marked hyperplassa was evident in the latter group The




(108 *d ‘DIE6r) uvwasyy woig § sseataaqy 1 ‘pazimonauadg §

Jeanue sy ur vondslur 13d wawingpe Sw Sa
——

] T —_—— -
auon €1 ! Sgo'z St \ or | £6L4 L8 srousAEny| 1[es [euuo; 1
— { tor A, zLSe ¥ o1 Lgo't ,, — —_ —, e ucn.mﬂh «Mm_”ﬂ
| Yaes | sges | gs ) oS | op vownqqe 83 | 15g11y
oot g _ gost | €1 2 o15'€ | £ snouasenuy winass asiof] | ogrry
oot 65 }oSsse | g | gSte | £1 | snosuminogng | © e bonry
oot L6 | Sol £ or 9tz L€ “ | “ | ggny
oSz zo1 005‘g 8 oz goz‘€E Sz SnoUIARIIU] s UWNQE 837 | forry
SuoN ot I asrs L 81 LoS'E btz snodupimagng [ b gStiy
ook £z | TLSY 14 o1 £zL¢ £ | [eauoysadessug o ‘ 1y
o009 8s I e L 1z L'z 61 « “ “ LSy
oof | ch | 6685 s £r 6L1g * 14 \ SAOUA SENU] §10eaIXa ouokiquig | 09Ty
= [ == - - -
\Eﬁ | Cm%s ! ‘
| fo ums 0wy
o | ﬁmihﬂw ] P o |05 o |
Jowgons It o [ et Lo on O | e v | gt
Ut IsVaLrit o,
Aorussisd a8vjuariag u.wnt:\_ Spazap o ON |
Ivtiexoddys | - - -

pouad wonrafuy pousad wouslni-aag

§ suondafut uraioad [erajudied soye suasqds Jo sIyFram pue safooydwedy poolq ur sefutyyy
6¢ a1Ev]Y,



FUNCTIONS OF LYMPHOID TISSUE IN HFALTR 301

cortical nodules were entarged and there was 2 marked increase m the
mumber of mutotie figures in the gommal centres, The medultsry
corda were, in some cascs, almost obliterated by the encroachment and
mason of Jymphotd tissue,  Many of the cortical nodules were con-
fuent, resulting, in some Cases, in the node assuming the appearance of
diffuse hyperplastic lymphoid tissue, as contrasted with the ordinary
distinet corticomedutlary architecture of the osiginal normal node from
the same animal.” It & very interestng to note, however, that there
\was no marked difference 1n weight between the normal and the hyper-
active nodes  ‘The weight of the node s evidently not a relable gurde
10 its lymphocytopoietic activity, “There was no sign of pralderation
of thymic ussue and Wiseman inderpreted thss as casting further doubt
on the ety of the srmall thyre eells swith the true blood hymphocytes;
n the hght of more recent work (p- 273} the sbsence of any thymic
response to foragn protewn may ¥ ol be due to the leck of plasma cells.
Tt 15 not clear whether the response of the lymph node 18 to proten
seaching 1 31a the blood ot the lymph~or possibly both  Latta (1931}
ound that “ Jodmated serum albumen . Was concentrated 10 the
medullary portion of the lymph nodes quute out of preporuon to the
blood content ™, It will be recatled that s 0 the medullary cords that
there eccurs a marked formation of plasma cells, which we have already
noted as the most Iikely source of antibody.

A sugmficant feature of the lymph 1 Wiseman's exp s
wias that 1t was associated with quahfative ¢hanges in the lymphocytes
In supravitel preparations there was & great increase in the number of
intermediate and large fymphocytes, with basophulic cytoplasm con-
tuming Jarge numbers of mstochondria  Elsewhere Wiseman {193 by had
given tus reason for pelieving that basophiha tends to be assoctated with
young and smmature cclls  Hence, the mtermedate and large tympho-
cytes which appeared tn large numbers i response to foreign protem
were also, n hus apiuuon, YOUng and immature,

1t should perbaps be emphasized that at the time Wiseman performed
his experiments bitle was known about the true significance of cytoplismuc
basophrha and us relauon 1o new protewn formation, most frequensly 1
connection with celt growth, though m the case of & cell such as the
plasma cell i yelatson to gamma globuhn production {Tagraeus, 1948 ;
Keumng and van der Slikke, 1930)

But whatever may be the bte of the different classes of lymphocytes,
there 15 no doubt abiout the sumulating action of foreign protewns on xh;
tymphosd tissues 2s 2 whole, and Wiseman's work constituted 2 funda-
mental addition ta our knowledge Ohver and Kateman (1938) reported
the preduction of an almost levkaernic (lymphate) condinon 1 mice
foll i of sodum The exp of Kolouch
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(1939) showed that in rabbits the subdermal injection of egg albumin
resulted in a local accumulation of small lymphocytes, present in con-
siderable numbers at 8 hours after the injection. By the fourteenth hour
many of them were enlarging and becoming transformed into macrophages.
It is fittng at this point to ask ourselves to what extent the lymphoid
tissue may normally be called upon to deal with foreign protein; orin
other words, to what extent is foreign protein normally absorbed into
the blood without being first broken down by digestive enzymes. Since
the first observations of Uhlenhuth (1900) and of Ascoli and Vigano (1903}
the problem has been investigated by many workers and has been extended
to cover several kinds of protein. (For a review of the literature, see
Ratner and Gruehl, 1934.) Much of the earlier work was done with egg
albummn, though Hektoen, Kanai and Dragstedt (1925) used thyro-
globulin, Walzer (1927), fish protein; and Ratner and Grueh! (1934),
milk. Alexander, Shirley and Allen (1936) confirmed what had been a
matter of dispute among previous workers—that undigested egg albumin
dmi ed to dogs by h tube could be detected mn thoracic duct
lymph. Yoffey, Sullivan and Drinker (1938) showed that after nasal
instillation egg albumin could be identified 1 cervical lymph.
Hartley (1942) showed that in guinea-pigs the oral ad ration of
crystalline egg albumun frequently gave rise to the formation of circulating
antibodtes. The results of Walzer (1927) and of Brunner and Walzer
(1928) are particularly interesting. Using the Prausnitz-Kustner method
of passtve transfer of reagins, they found that in sixty-one patients, out
of sixty-five, there was absorption 1nto the blood of undigested fish pro-
tein. More recently Abdou, Reinhardt and Tarver (1g52), using protein
labelled with C,,, have shown that in rats, protein after oral admimstration
could frequently be found in small amounts in thoracic duct lymph.
Apparently one must regard as a normal process the absorption of small
amounts of undigested protem, and 1t 1s possible that to deal with this
1s part of the function of normal lymphord tissue.

VITAMIN STORAGE AND VITAMIN DEFICIENCY

A discussion of the vitamin content of lymphoid tissue almost mevit-
ably includes consideration also of the effects on lymphoid tissue of
vitarmin shortage. With regard to the latter, it is difficult at time§ to I?c
certain that one is dealing with the uncomplicated effects of vitamin
deficiency, since the picture is often confused by secondary changes such
as infection.

Vitamin A

Turner and Loew (1930-1931) concluded that leukocytosis with an

1ncrease in the per cent of polymorphonuclear leucocytes and a decrease
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underwent marhed atrophy in A-hypovitammosis, and hypertrophied
when an excess of vitamin A was administered. Money, Iager, Lucas
and Rawson (19352) reported that increased intake of vitamin A caused an
ncrease in weight of thymus and lymph nodes, and also considerably
lessened the thymic atrophy induced by Reichstein’s compound S The
lymph nodes hypertrophied after compound L, and it mught have been
thought that compound L. and vitamin A 1n conjunction would cause an
even greater hypertrophy than either alone. Somewhat unexpectedly,
however, if large doses of vitamn A were given with the compound 1.,
the hypertrophy of the lymph nodes was less than when the vitamin A
was given 1n small doses. Money and his co-workers (loc cit) inchine
to the view that sitamuin A does not act directly on lymphoid tssue, but
through the mediation of the thyroid gland,

Vitamin B

Most of the observations on the relation between vitzmin B and the
Iymphoid tissues were made before the B complex began to be resolved
1nto its component elements  McCarnson (1921) found that 1n pigeons,
polyneunitic from defictent vitamin B, there was atrophy of the intestinal
Iymphod tissue. In monkeys with vitamin B defictency, the lymphoid
elements 1n the intestinal mucosa were greatly dimmished, though there
was swelling of Iymphoid nodules in the colon, and also enlargement of
the draning nodes, sugj f Uotila and Siraola
(1938) could detect only shight atrophy of lymphoid tissue m vitamin B
deficiency. Cramer, Drew and Mottram (19214 and &) concluded that
there was a spectfic relationship between vitamin B and the lymphoid
tissue: * Absence of the water-soluble B-vitamin from the diet leads 1in

not lead to an atrophy of the lymphoid tissues and there 1s no lympho-
paenia The lymph blished by withholding the water-
soluble B-vitamin 1s rapidly abolished by the admuimustration of the
water-soluble B-vitamin, and part passu with st, the concomitant
marasmus

The observations of Cramer, Drew and Mottram raise the question
whether lymphotd tissue normally contains vitamun B Hammar (1937),
on the basis of hat mdirect evidence, luded at first that such
was the case  He found that the growth of tadpoles could be stimulated
by extracts of thymus, lymph nodes, or uscle, as well as vitamin B
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a second group with relatively high concentration. The heart and hidneys
are in a third lower group, distinctly above the muscle tissues and blood ”
Von Euler and Klussman (1933) reported a high concentration of vitamin C
in the thymus, This was confirmed by Yavorsky, Almaden and King
(1934), who found that 1n infants up to the age of 12 months the thymus
contained o:311 mg. of ascorbic acid per g. (mean of 20 cases); wheress
from 1 to 10 years the figure sank to 0-1go mg. per g. (mean of 11 cases).
Only 2 specimens of thymus could be obtained from individuals between
46 and 77 years of age, with a vitamin C content of 0-046 mg. per g
De Ludany and Zselyonka (1937), working with dogs, found that lymph
nodes contarned o-310 mg. ascorbic acid per g, of tissue (mean of 15
estimations), while the tonsils contained 0-287 mg per g. (mean of 7).
Zimmet and Dubots-Ferniére (19375) obtained for the tonsil a comparable
figure—o-23 mg. of ascorbtc acid per g, They also noted (19374) that
saliva normally contained some vitamin C, which after tonsillectomy fell
to about half 1ts preoperative level. Zimmet and Dubors-Ferri¢re (1937¢)
found that the normal appendix contained ascorbic acid—o-17 mg. per -
—whereas 1n the inflamed appendix there was present only o 10 mg perg
Hammar (19385), 1n two calves, found that the thymus had a vitamin C
content of 1 65 and 2-05 mg. per g, the corresponding figure for lymph
nodes being o g5 and 1 65 mg., whereas muscle only had o-12 mg. per g
Fupta and Ebthara (1937) also found vitamun C in the thymus.

For the mucroscopic detectton of vitarmn C, Giroud and Leblond
(1935) used stlver mitrate and demonstrated vitamin C mn various organs,
but not in the thymus. Subsequently Zimmet and Dubois-Ferritre
(1937¢) demonstrated vitamin C 1n sections of the appendrx, and Hammar
(10385), in thymus In both these instances it was concluded that the
ascorbic acid was present i the reticulo-endothelial cells, but not1n (hf
lymphocytes Hammar went further than thts, and argued that since his
tadpole experiments (1937) had proved to his satisfaction that thymus
and lymph nodes contan vitamn B, and since it had further been shown
that vitamin C was located in the reticulo-endothelial cells, therefore the
vitamin B must be present in the lymphocytes. It is difficult to reconcile
this conclusion with the observations of Stephens and Hawley (1936}
who showed that Iymphocytes from the blood of leukaemic patients a‘l“?ys
contamned vitamin C, sometimes in considerable quantities. A similar
result was obtained by Butler and Cushman (1940), who investigated the
vitamin C content 1n g cases of leukaemia (7 of them being lymphaUC)-
Kellie and Zilva (1938) found vitamin C in guinea-pig leucocytes (blood)
of which the majonty are lymphocytes.

What is the significance of the relatively high vitamin C co.ntth of
lymphoid tissue ?  Hammar (1937) was of the opmion :h;.u the vitamin c
content of the thymus might be associated with a detoxicating and immun-
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1zing function—a function which he had previously suggested on other
grounds. Bessey and King (1933) attribute a more general biological
significance to the presence of vitamin C. * The finding of as much
vitamin C in the corpus luteum as in the adrenal cortex was of particular
interest n corroborating the general physiological relationship of the
vitamin to (a) a high respiratory rate, (b) complex lipids, and (c) rapidly
growing tissue. It minimizes the probability of a drect specific relation
to the adrenal cortex, which has been considered frequently because of
PR . N o Ti vmmncee menhahla thatr tha vitamin

{

any part‘icular tissue, . . . In younger animals the vitamn C content
of the tissues tends to be higher than found for older animals.”” If—as
we believe—this interpretation is correct, it is in close accord with the
concluston previously drawn from the effects of irraduation; namely,
that the lymphotd tissues are young and actively growing,

Wolbach and Maddock (1952) found that in guinea-pigs quite a severe
degree of scorbutus could be induced without any obvious effect upon
Iymphoid tissue. It has been suggested (Schnetz, 1938) that vitamm C
has a regulatory influence on the white cell count i the circulating blood,
tending to depress a high count or raise a low one. The results are not
very convincing and Gingold (1937) from his observations concludes that
ascorbic acid 1s absolutely without effect on the blood leucocytes.

However, even 1f this is the case, it may nevertheless be that ascorbic
acid does mfluence some other factor which 1 turn acts on the blood
cells. Thus May et al. (1951) report the production 1n monkeys of an
experimental megaloblastic anaemia by feeding ymlk diets deficient in

. e © ° - elimnated or prevented
out ascorbic acid. They

L. se to megaloblastosts by
upsetting the metabolism of pteroylglutamic acid.

Vitamin D

Reference will be made elsewhere to the frequent development in
rickets of Iymphoid nodules in the bone marrow, This raises the question
of the influence of vitamins A and D on the lymphotd tissues.  Vitamin
A has already been considered; as to D, Nitschke (1932) was of the
opton that 1t has an nhibitory effect on lymphowd tissue. Thus, of it
were true, would explain the overgrowth of lymphoid tissue 1n rickets.
Ackermann {1937-1938), however, concluded that precisely the opposite
was the case, having found that feeding hedgehogs with vitamn D pro-
duced marked proliferation of lymphoid tissue and ncreased formation
of small lymphocytes
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ELABORATION OF INTERNAL SECRETION

The evidence bearing on the posstbility that the lymphod tissues
possess an endocrine function, while not inconsiderable, is nevertheless
nconclusive (see Marfori et al., 1934), and we shall not discuss 1t here.

DestrucTioN oF Rep Ceris. HaemoLymen Nobes

Inasmuch as many of the lymphoid tissues contain reticulo-endothelial
cells, they may be regarded as playing a munor part in the destruction of
erythrocytes (see review by Jaffe, 1938), a function discharged more
especially in the so-called haemolymph nodes (Warthin, 1gor-1902;
Weller, 1938) Haemolymph nodes are located mainly in front of the
lumbar and cervical vertebrae, though i some animals subcutancous
nodes have been described.  In man, they tend to be much smaller than
ordinary lymph nodes.

Haemolymph nodes raise a number of nteresting problems, and—
like other lymphoid tissues—have been the subject of much controversy.
Therr lymphoid elements appear to be ndistingwshable from those in
other lymphotd tissues and their biological reactions are the same ; though
if, as is sometimes stated, communications with lymphatic pathways do
not exist, lymphocytes could only reach the blood stream by migrating
through the wall of blood vessels.

In general, 1t may be said that haemolymph nodes have been inter-
preted i two essentially dafferent ways, well typified in two recent papets
One view is that they are normal lymph nodes mn which an unusually
large number of erythracytes enter the lymph smuses, but in which the
normal process of lymphocytopoiesis continues 1n varying degrees. The
other view 1s that they can give rise to cells other than lymphocytes.

The former view has been restated by Andreasen and Gottheb ( 1946),
who find haemolymph nodes appearing in the lumbar region of rats at
about the age of one month. These start as ordinary lymph nodes, but
soon an increasing number of red cells begins to accumulate m the
smuses and many of them are ingested by macrophages, which because
of their erythrocyte content are frequently referred to as erythrophages.

In this type of node the question obviously arises as to the source of
the erythrocytes. It will be recalled that small numbers of red cells
normally escape through the walls of the blood capillanes into the peri-
capillary tissues and are then removed by entering lymphatic capd!anes,
so that they can be found in peripheral lymph (Yoffey and Drfnkcr.
1939). These cells might then be held in the lymph nodes (Drinker,
Field and Ward, 1934)- It follows that anything which damages the
endothelium of the blood capillaries will greatly increase the normal extra-
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vasation of red cells into the tissues and will finally, when these erythro-
cytes are removed via the lymphatics, lead to a typical haemolymph
transformation of the regional lymph nodes. This mechanism 1s undoubt-
edly ponsible for the develop of h lymph nodes after the
ini of 1:2:5:6-dit } (Lasnitski and Wood.
house, 1g44), or after irradiation. Reference has already been made to
the appearance of large numbers of red cells in lymph following X-irradia-
tion, as in the expenments of Ross, Furth and Bigelow (1952)
However, 1 the case of the lumbar haemalymph nodes of the rat,
And! and Gotthieb postulate another mechanism for the
of red cells in the lymph sinuses, and they attribute 1t to a reflux of blood
from the renal vein into an efferent lymphatic which drains into the vein,
Following nephrectomy, which effectively prevents this reflux, the
haemolymph node becomes 2 normal lymph node. Sclye and Schenker

(1939) had also d d this of a tymph node, after
ether | 1 pt , or neph y bined with
adrenalectomy

The second interpretation has been put forward by \\'mq\ ist (1954)
who reports the occurrence of active myelop in

nodes of cattle Ths type of hzemolymph node could weII be r:gardcd
as an extension into adult life of what is, after all, a normal occurrence
during embryonic life , or 1f commencing de novo it could also be regarded
as an example of myeloid metaplasia

Selye and Fogla (1939) describe a generalized formation of pseudo-
haemolymph nodes in rats dunng the *alarm * reaction,
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ELABORATION OF INTERNAL SECRETION

The evidence bearing on the possibility that the lymphoid tissues
possess an endocrine function, while not inconsiderable, is nevertheless
nconclusive (see Marfon ef al., 1934), and we shall not discuss it here

DestrucTion of Rep CeLts. Haemorymen Nobes

Inasmuch as many of the lymphoxd tissues contain reticulo-endothehzl
cells, they may be regarded as playing a minor part in the destruction of
erythrocytes (sec review by Jaffe, 1938), a function discharged more
especially 1n the so-called haemolymph nodes (Warthin, 1go1-1902;
Weller, 1938) Haemolymph nodes are located mainly in front of the
lumbar and cervical vertebrae, though 1n some ammals subcutaneous
nodes have been described. In man, they tend to be much smaller than
ordimary lymph nodes.

Haemolymph nodes raise 2 number of interesting problems, and—
like other lymphoid tissues—have been the subject of much controversy.
Their lymphoid elements appear to be indistinguishable from those 1
other lymphod tissues and their biological reactions are the same ; though
if, as 1s sometimes stated, jons with lymphatic pathways do
not exist, lymphocytes could only reach the blood stream by migrating
through the wall of blood vessels.

In general, 1t may be said that haemolymph nodes have been inter-
preted in two essentially different ways, well typified in two recent papers
One view 1s that they are normal lymph nodes in which an unusually
large number of erythrocytes enter the lymph sinuses, but in which the
normal process of lymphocytopolesis continues i varying degrees. The
other view 1s that they can give rise to cells other than lymphocytes.

The former view has been restated by Andreasen and Gottheb (1946,
who find haemolymph nodes appearing m the lumbar region of rats at
about the age of one month  These start as ordinary lymph nodes, but
soon an ncreasing number of red cells begins to accumulate 1n the
sinuses and many of them are ingested by macrophages, which because
of their erythrocyte content are frequently referred to as erythrophages

In this type of node the question obviously arises as to the source of
the erythrocytes. It will be recalled that small numbers of red ccl.ls
normally escape through the walls of the blood capillaries into the peri-
capillary tissues and are then removed by entering lymphatic capillaries,
so that they can be found in peripheral lymph (Yoffey and Drfnk:r,
1939). These cells might then be held m the lymph nodes (Drinker,
Field and Ward, 1934). It follows that anything which damages the
endathelum of the blood capillaries will greatly increase the normal extra-
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CHAPTER 6
CELL CONTENT OF LYMPH

General Significance

Lymph nermally contains a few red cells and a varying number of
white cells, depending on the region from which the lymph is obtained
‘The only white cell ever present nmma“y in Jarge numbers is the \)mpho-
cyte. Lymphocytes are being c duced in the ly
tissues, many of them entening the lymph s!ream and passing thmugh the
thoracic and right lymphatic ducts before they reach the blood It 1s
thus possible by tapping these ducts to collect and study quanttatively
lymphocytes entering the blood via the lymph stream Indeed, the
iymph-borne lymphocytes are the only blood cells whose output we are
able to measure directly, The remaining white blood cells—for the most
part granulocytes—and the red cells are entering the blood diffusely from
the marrow of the various bones, or from organs such as the spieen, and
their numbers can only be assessed indirectly.

PERIPHERAL, INTERMEDIATE, AND CENTRAL LympH

‘The number of lymphocytes in lymph varies depending on the kind
of lymph in which they are found. In this connection we distinguish
between three varieties of lymph  peripheral lymph, which has not yet
passed through a node or come into contact with other lymphoid masses ;
infermediate lymph, which has already been in contact with some lymphord
tissue but has yet to pass through more ; and eentral lymph, which 1s on
1ts way to the blood without further interruption  Lymph from the hind
Iimb of an animal below the knee, or from the fore hmb below the elboyw,
1s peripheral. Lymph from a mesenteric vessel may be peripheral or

itermediate  af draining a segment of lntes!me de\.md of oxgamzed
Termnhaid trena theannh e hosh o o one Goeee

the thoracic duct  Thoracic duct lymph 13 central, ~ Cervical lymph as
obtained 1 most expertments 1s usually central, since the cervical duct
1s cannulated low down in the neck where its lymph has no further nodes
to traverse.  As a rule, peripheral lymph contains few white cells ; nter-
mediate lymph, more ; and central lymph, the greatest number.

323
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Peripheral Lymph

Lymph obtained from the fore or hind limbs of anaesthetized animals
seldom flows spontancously. In the rare instances in which we have
observed a spontaneous flow, 1t has been assocrated with an abnormally
high cell content and high protein, and we have regarded these cases as
pathological, As a rule, Iymph from the limbs of quiescent animals can
only be ob d by ge, a re which does not appear to
mflict obvious damage either to the blood or lymph capillaries (Yoffey
and Drinker, 19392). It has been our experience that red cells are never
found in large numbers in the lymph obtained by massage, nor is there,
during the experimental period, a progressive increase in the white cell
content, If the capillaries were damaged one might also expect an
mncreased leakage of protemn through their walls, but in determinations
carried out over several hours on lymph obtained by massage, we have
never found a marked change in the protein content.

In the actively moving dog lymph from the limbs flons relatively
freely. Haynes and Field in 1931 cannulated leg lymphatics of dogs under
local anaesthesia, In a typrcal experment, the first lymph collected
showed an occasional red cell in a film preparation. After 11 minutes’
walking, with lymph flowing freely, the lymph contained 2,200 red cells
and 240 whate cells per cmm. Thirteen minutes’ running brought this
up to 3,600 red cells, with 220 white cells ; and after 14 minutes mote the

red cells were 13,600 and the white cells 300, This type of result was
: B R T I R L]

PP R D . S

that light pressure may be sufficient to cause cells to pass from blood to
lymph capillarties. The fact that lymph obtained by massage does not
even show an mcrease m cell content, such as oceurs 1n walking, indicates
that the lymphatics are not easily damaged by the usual experimental
manipulatons.

Table 40 presents data on the lymphocyte and the total ‘.vhltc cell
count of peripheral lymph. The making of accurate differential counts
in lymph presents a distinct problem. Rous (1908¢) first poimec} out the
difficulty of makmg satisfactory films of lymph, and attributed it to the
lack of “ body ”* as compared with blood, due presumably to the lowgr
protein content  The protein content of lymph from the extremities is
usually even lower than that of thoracic duct lymph with which Rous was
working, and hence the difficulty becomes accentuated.

The differential counts i Table 40 were made in the counting chamber
of the haemocytometer, where one can readily distinguish Iymphvc)'lc;
and polymorphonuclear cells, but not so readily between lymphocytes an:
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TanE 40
Total white cefl and hymphocyte count per emm 10 peeipheral lymph, and
Iyrnphocytt count in tharaere duct lymph and blood

Peripheral lymph Tharaere
N ot e — Blood duct
o Total teluate cells ~ ymph
ment Mo of | - Lympla- Lyeapho- Lymphio-
couats | fhghest Lovest  Mean eyees eytes evtes
Dogs

3 1z 615 30 270 %0 3,100 —_—

2 3 225 25 150 120 ~— -

3 1z 1625 73 670 38 500 ~—
4 I 75 175 78 150 1,200 —

3 a ase R 140 7o P —

& 8 1,959 2125 f2e 400 1,700 —

H 3 478 58 7o s 950 ~

8 ¢ 278 [ 130 s5a 170 —

7 s 2,000 Boq 1,190 635 3950 -
10 7 978 150 560 400 1,000 .
1 5 2,500 475 1,100 s10 1,690 12,600
2 ] 225 25 9 40 gea 12,050
13 2 175 100 340 75 000 -
$3¢ 7 395 70 2300 sEod 300 2,300

t,4508
15 10 1,800 17§ 810 650 Boo 4,400
6 790 300 30 140 1,300 -
Mean 550 280 1,320 2,800
Cats

17 3 82g 300 500 450 — —
18 6 6,375 250 520 Fl] 5380 -
19y 3 & 250 425 320 3040 1300
20 43 635 525 sBo 470 1,100 5,100
2t , 3 750 50 abe 330 2,008 17,100
22 . 3 32 228 310 | 240 71300 -
(-2 | bog 359 430 360 3,400 -

- e -
Mean | 230 | 3o 3700 12,000

* Two mesentenc vessels were cannulated, dramung A, the upper end of the
Jequnum , B, the lower end of the sleum B probably dsams a Peyer’s patch, and
sss lymph cannay thesefose be segarded a8 penpheral  In caloulaung the mean
iymphocyse count m peripheral lymph, B has been ormtted

From Yoffey and Duanker (1930q)
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other mononuclears, Supravital staining showed, in the few counts done,
that peripheral lymph contains an unusually high percentage of monocytes
—reckoned as lymphocytes in Table 4o,

Allen (1945) made counts on the cell content of peripheral fymph
(diaphragmatic) in rabbits and also found a low lymphocyte content.
Allen further concluded that perrtoneal fluid, which he regarded as
identical with tissue fluid, contained approximately five times as many
leucocytes as peripheral lymph, a fact which he explained by assuming
that lymphatic endothelum constantly “ discriminates ** against the pass-
age of lymphocytes, and that the main function of these cells is therefore
discharged 1n the tissue spaces. This question is further discussed on
page 357.

Osogoe (1943) gave an nterstitial injection of autogenous lymphocytes
and concluded that they returned to the blood by passing through the walls
of the blood capillaries, not by entering the lymphatics  The cell content
of pesipheral lymph was attributed to the presence of small masses of
Iymphopoetic tissue in walls of lymphatic vessels, following some observa-
tions of Hitach1.  While 1t is imposstble to disprove the existence of such
focy, 1t is doubtful whether they are of widespread occurrence in mammals,
though we have previously (p. 24) referred to their not infrequent
occurrence in birds.  But if they do occur they would reduce still further
the likelihood of a lymphocyte cireulation

Intermediate Lymph

Table 41 contains a number of white cell counts made by Baker
(1932-1933) on lymph from various parts of the small intestine of cats.
On the average lymph dramning a Peyer's patch contained approximately
ten times as many lymphocytes as lymph from an area devoid of lymphord
tissue, Baker's table also gives data for the same lymph after passing
through the mesenteric node—i e. central lymph—and this contaned six
times as many cells as intermediate lymph from a Peyer’s patch, The vast
majority of the cells were said to be lymphocytes, though ne counts are

iven.

& Baker (1932-1933) also paid attention to the lymphocyte content of
intestinal lymph during digestion. “ The impression was gamned . . .
that the cellular content of chyle was mversely proportional to thcbfat
content. This finding lends no support to the commonly expressed view
that leucocytes, and especially lymphocytes, are probably imporsan! agents
in fat transportatton. It s clear that they cannot be important in carrying
out such 2 function in chyle, for every sample of chyle, especially when not
coming from a Peyer's patch, showed an insignificant number of cells in
relation to the large quantity of fat.  Whether leucocytes carry fat partl_clcs
from the intestinal epithelium through the tissue of the willus and into
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the central lacteal . . . was a problem not included in the present
work.”
Central Lymph

Ceroweal Lymph.  Tew observations have been made on the cell cantent
of cervical lymph.  Table 42 mcludes counts by Davis and Carlson (1gog-~
1910) and Haynes and Tield (1931} m the dog, by Remhardt and La
(5945) 1n the rat, and by Rembardt and Yoffey (1955) i the gusnea-pig
In the dog evy Iymph was ob d by rep d massage of the
cervacal duct 1, as not mfrequently happens, this massage invohes the
node also, many mare cells are set free and the count m the efferent fymph
s1ses, as had previously been shown by Florey (1927} as well as by the
other snvestigators just quoted. This source of error 13 obviated by the
technique descnibed by McCarrell (19394} for obtarung 1 the dog a steady
flow of cenvical lymph without massage  In the rat and the gunea-pig
cersical lymph usually flows spontancously , i the cat, and stfl less in
the rabbit, lymph rarely flows spontancously, but can only be obtamed by
™AsKIge.

1n the fully anaesthettzed monkey a shight spontaneous flo of cervical
{ymph 1s the rule rather than the exception.  This 18 possibly aded by
the movements of respiration, which result in a certain amount of massage
of the cerv1cal lymphatics by adjacent muscles  Table 43 grves a number
of cell counts made on the cervical Iymph of monkeys These counts,

whach rey e entual add, tothe bloed fymph s are, ne doubt,
Jower than would be found in the cervical lymph of unanaesthetized
antmals, in ahom 11 and i ments would mcrease

tymph flow and celt counts

Thoracie Duct Lymph  Many estimations of the cell content of thoracic
duet Iymph have been made  Erythrocytes are always present, though
thets turaber vanies greatly  Oceasionally one must search for some tine
w order to find a single cell, but usually they are fairly plenuful, and their
number can readsly be increased by abdomunal nassage and by passine
or active movements of the extrermties  Rous (19084) apparently beheved
that these red cells had entered duwectly from she blood  Occasonatly
we have seen 2 small e connecting with the thoracic duct dlose to its
ter . but this 1 P { and cannot account for the wsual
occurrence of red cells in thoracic duct lymph It must be remembered
xlﬂ th}l‘s connection that red cella are normally present in penpheral
P

Counts of the total number of white cells in thoracie duct lymph are
gisen m Table 44 Differential counts are 1o be found m pracucally alt
the referenves w this table It 1s apparent that the sctual aumber of
cells wn thoracic duct lymph 15 a very vanable quantty and that most
of the cells are lymphacytes  The findings of Rous (1908a) for the dog,
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Cellular content of chyle m cats as determined by counting fresh samples

Chyle from prenodal lacteals |

— — . Chyle ,
Draming ‘ Draining Jrom postrodl
no Peyer's patch a Peyer's patch
Cat  Distance ! - Distance \ ‘ ”’ ; T
no above “Inte | above 'u'le hite
and tleo- T;;”e cells | dleo- T""" T’ eells
S ] B S e B i B
kg cm | em. r
1 68 - 031 — [N (R (R
21 55 - ,500 — —_ - — —
kg
1 6s 5 430 14 20 | §6731 35 | 19910
2 32 10 202 25 25 5170 40 5673
kg 69 15 110 - = | = = =
29 30 165 —_ - — - 1=
111 53 10 602 1s 14 | 47.200] 45 | 18771
14 18 20 277 — — — 50 ‘ 14,003
kg 29 24 771 ' — - ~ - | =
38 28 | 1,157 — - ~ - =
68 35 500 1 — —_ — - -
25 40 | 1023 - - —_ - =
v H 1o s | o4rs 10 | ze00| s0 | 1690
27 34 13 264 \ 46 24 550y — |
kg 62 28 120 4’5 39 1,462 — -
28 34 340 12 43 3oo| — | -
— — — 78 | 48 slof —
v 50 13 2,000 7 | 10 2,200 37 315
2 97 20 330 76 17 1,600 — ‘ -
kg. 110 23 286 —_ . = - — -
116 27 300 ‘ — —_ — —_ —_
3 00 — — - o -
A% ?g g ;33 - = — | dead ' 12,222
1 35 10 666 - - - w | 5360
ke. 51 13 248 — — —_ - =
57 17 | noeas | — - - - -
79 22 | 208 | — — —_ - -
Vil 3 23 1,666 13 12 9,454) 17 15322
1 9 27 | 1110 40 3t 1,639 43 9649
kg, st 34 o+ 333 - = - - -
54 40 ° — - - ~
Vi 66 17 1200 — — 1 — 1 30 14380
22 — — — — — — 34 129,800
ke _ [ R U S -
Average 730 — — 6829 — 451199
Correction for free .
pentoneal cells 31 - - 6,738 - sniso

Corrected average 699
From Baker (1932-1933)
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330 CELL CONTENT OF LYMPH

and of Kindwall (1927) for the rabbut, are characteristic, and are given
in Tables 45 and 46. (See also Sanders, Florey and Barnes, 1940, cat
and rabbit; Remhardt and Yoffey, 1955, guinea-pig.) Rous (19080),
using dry smears, found in thoracic duct lymph an average content of
©°39 per cent of transitional cells—i e, monocytes. Later workers (Simp-
son, 1922; Kindwall, 1927; Bloom, 19282; Yoffey, 1932-1933)
employing the supravital staning technique, all seem to be agreed that
normal thoracic duct lymph contains practically no monocytes As to
eosinophules, Rous (1908c) found 1n the dog an occastonal high count,
though the mean of his series was only 2 6 per cent.

From a review of the literature 1t appears that in making white cell
counts of normal thoracic duct lymph, all the mononuclears seen in the
counting chamber of the haemocytometer may safely be reckoned as
lymphocytes. The error thus introduced by including among the Jympho-
cytes an occasional monocyte or phage ts usually negligible. Under

‘TABLE 43

Lymphocytes and protein i cervical and thoracic duct Iymph znd protem m
blood plasma of the monkey (Macaca Mulatta)

Ceruical Iymph Thoracte duct lymph
Blood plasma

No. of
animal protemn n mg
Lymphocytes  Protemn, Lymphocytes Proten,
ber cmm g Dber ¢ mm g
per cent per cent per cent
T — — 38,000 372 625
2 — — 15,200 259 548
3 — - 16,600 — —
4 — — 11,800 _ —
5 10,200 323 — — 52
& 20,900 225 — — 449
7 il — — — 462
8 12,350 414 — — 592
9 57,500 429 — — 495
1o — 367 — — -
1r 9,350 274 — - -

From Drinker and Yoffey (1940)

conditions of abnormal stimulation, this may not hold good. Thus
Simpson (1922) found that after intravenous injections of Niagara blue
2 fair number of macrophages were to be found in thoracic duct lymph,
but no monocytes. Similarly Kiyono (1914) found, after intravenous
injection of carmine 1nto rabbits, that 5 to 8 per cent of macrophages
appeared in thoracic duct lymph, Curiously enough, plasma cells are
not often seen in any numbers 1n thoracic duct lymph, though it has been
claimed that as many 2s 6 per cent of * plasmoid ” cells may be found
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i mntermeduate ymph deaining nodes 1t which there 1s active anttbody
formation (Matsamura, Tanska and Takenaks, 1952)

1t should perhaps be emphasized that an appreciable number of large
blast-ike cells (§ pes cent Datrman of al, 19335 3-5 Per cent Reinhardt
and Yofley, 1935) may be found w thoracse duct lymph.  The natare
and fate of these ceils 1s not clear. Because of thew farge size 1t may
be that they are fltered out of the blood 1n the pulmonary cpillanes.
They may sometwnes he seen 1o mitosis in thorane due tywaph, and it
may well be these ceHs which are capable of producing aatibody in tissue
culture (Keuning and van der Slikhe, 1950; Wesslén, 19524).

Torat LyMPHOCYTE OUTPUT oF Lywarnows Tissues

In anempring to assess the toral lymyphocyte cutput of hymphoid tissues
1t 45 necessary to consider the sites of lymphocyte formation and the
possible channels through which lymphocytes may enter the blood
Lymphoeytes may be {ormed . (1) the iymph nodes and fymphosd
tissue of the ahmentary canal, (2} 1 lymph nodes i other pants of the
body-e g iimbs, or head and neck , (3) n the spleen , {4) 1 the thymus ;
and (5} i the bone marrow.  In addition, these may be scattered through
the tissues small unencapsulated collections of lymphocytes

Lymph Nodes and Lympherd Tissue of Abmentary Conal
Many lymph-borne lymphocytes sre formed 1 the fymph nodes and

ymphord tissue of the y canal, and later enter the blood via
the thasacie and mght fymph ducts It ss probable, n fact, that the
mesentene lymphaod tissue 13 the main source of the blood lymphocytes
(Yoffey, 1933 and 1936, Sanders, Florey and Basnies, 3950, Mann and
Huggns, 1950)  There may however be other channels than the thoracic
and right lymph ducts theough which these cells can reach the blood,
one of them bemng lymph VEnou n the abad:
and therax (Job, 1918, Andreasen and Gottheb, 1947}, This does not
duce a fund ! d ; Iymphocytes sull enter the tymph
gwlar oceurrence and small
1008 make therr mvestigation

3 p
and are conveyed by 3t 1o the blood, bu(’xhc B35
size of these fymph
extremely difficels
Ancther channel of 2 diffetent nature, pamely the so-called stomata
w the endothelium of the postcapillary veins of the lymph nodes, has been
suggested by a number of workers (Zimmerman, 19213 Schulze, 1925;
Bloom, 1938, Sanders, Florey and Barnes, 1946) It 1s true that one
may oceasionally see What appears to be a lymphocyte mugrating through
2 vessel wall, though the direction of the mugration 13 not chear; ut




‘TABLE 44
White cell content of thoracic duct lymph

Observer
Haedicke (1906)
Ranvier (187s)
Winternitz (1895)

Cells per ¢ mm.
2,000-20,000
4,800— 7,500
1,372-22,729

Biedl and von Decastello
(1901

Goodall and Paton
(1905-1906)

Rous (1908a)

3,200~ 6,480
5.600-17,000

990-11,160

Davis and Carlson (1909~
) .

1910 1,000-30,000

Chiston: (1909) 6,400-13,360
Osate (1922) . 1,600-20,500
Haynes and Field (1931) 'soo-12,250

Goodall and Paton (1905- 10,000~72,000

190
Ranvier (187s) .
Bunting and” Huston

1921)

Kindwall (1927) .
Forgeot (1907)

. 11,300
20,000-50,000

- 20,466-44,960
1,950-61,750
4,600-28,875

Sanders, Florey and
Barnes (1940) .

Sanders, Florey and
Barnes (1940)

Sanders, Florey and
Barnes (1940)
dams, Saunders and
Lawrence (1945)

Rembhardt (1946)

Valentine, Craddock and 6,400-28,800
Lawrence (1948)

3,900-20,700

6,000-28,300
8,500-66,800

14,150 (mean)
4,390-29,600
22,800 + 1,960

Mann and Higgins 10,500-88,100
)

{1959
Courtice, Stmmonds and  1,850- 3,800
Steinbeck (1951)
Bierman, Byron, Kelly, 210~ §,600
Gulfiltan, White, Free-
man and Petrakis (1953)
Remhardt and Yoffey 15,100 #+ 1,200
(1956)
Winqvist (1954) . 12,750-30,660
2,750- 9,040
Brown, Hardenbergh and

Tullis (1950) 4,700-19,100

332

Ammal and remarks

Man, Chylus fistula
og

Dog  Morphine No food 24 to
48 hours

Dog  Chloroform

Dogs after feeding meat and cream
Ether Thoracic duct lymph

Dog  Morphine and  chloroform
No food 24 to 48 hours

Dog  Ether,

Dog. Morphine

Dog Morphine and ether

Dog  Sodium barbrtal

Cats after feeding cream, Lymph
from receptaculum chylt

Rabbit

Rabbit. Lymph taken just afer
death

Rabbit.  Sodium barbital

Goat

Cow

4 cats. Starved

6 cats Fed

I rabbit. 6 counts at itervals of
hr.

21 cats  Fed with cream four hours
before cannulation

23 rats, Mean + standard error of
mean

10 cats  Counts taken in each case

on Iymph collected during first

hour after cannutation
rats, Lymph collected from

cannula 1n thoracie duct after

recovery from anaesthetic

Man, Case of thoracic duct fistula
whtch discharged for zbout ont
month  Malignant disease

Man, 6 patients with malignant
disease

22

Guinea-pigs. Unpubhshed data,
Mean hourly count 2o expeniments

6 calves

4 goats

17 dogs



TABLE 45
Cult vounts of tharaaie duct lymph from the dog

r »
H g
F T 2
f 8 % 2% 3 3@ %
s 50 F T AL f % F s
£ 5 § i % O§ <
£ F P o2 F I %
203 s 2 (A &
B 452 38 4 ° i) £ 526
a 477 85 3 & 19 3+ 6%
Dt H5 45 o o 3 502
E) 409 17 1 H o 12 500
Gl 504 20 © 2 [ 2] 850
m 205 10 o 630 33 s¢ 545 Only slight blood
It 43t 1y o 7 19 17 $10  admigture
b N 8w 5 3 4+ 3 W™
K1 ¥ 6 T o 3 9 303
L 478 % 1 1 s 10 sty
] 457 2 a2 37 8 535
Nt $57 19 a 4 2 ° 493 Considerable
vt 257 27 5 L1 5 s 397 blood admuxsure
ot 265 53 3 4 4 7 300
Rl FYE ST 1 6 17 32 50y
st LIS Y z o © © 500
379 12 T a 5 14 402
X 8 37 4+ a 3 o 402
¥ I 19 2 3 a 5 400
yAl 461 23 1 3 © 9 590
Be 314 4 3 1 o 9 335
C4 461 17 o 1 i 33 a6
Ft 216 §¢ z 3 7 3
Toral 9,206 554 g1 126 278 316 w50
Percent 876 52 o30 12 26 30—
Trom Raus (1908c)
TAanLe 46
Cell counts of thoraaic duct hymph from the rabbi
Total Smalt Intermediate Large
Ampmal white  lymphocyt nymphocyses Uy A
B
cells ° No. oy No °a  No %s  Ne
1 20486 By 37,29t 140 2,865 10 0§ o~
% 44960 92 41,363 73 3,282 o 4% -~
1 24279 % 21,843 92 2,233 o5 121 —_— -
4 4078 By b7 78 3236 10 93 o015 &

Average of lf amumnls taken together
32606 88 28603 1o 3260 o8 260 o3 Iy

From Kmdwall (1927}
333
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assuming the cells are passing from Iymphoid tissue to blood, we have
no way of estimating the number of lymphocytes which may enter the
blood stream directly in this manner, Not infrequently, in the course
of expeniments in which the thoracic duct has been cannulated, the blood
Iymphocytes may show an appreciable increase, despite the fact that large
numbers of lymphocytes are being diverted from the blood (Yoffey, 1936;
Sanders, Florey and Barnes, 1940). In such cases the ammals must be
assumed to be in a phase of active lymphocytosis, so that had it not
been for the duct cannulation the blood lymphocytes would have been
rising to even higher levels, In these cases of lymphocytosis when the
thoracic duct 1s cannulated, the question arises whether the large numbers
of lymphocytes entering the blood are doing so indirectly (i.e. are lymph
borne) or directly Sanders, Florey and Barnes {1940) incline 1o the
view that ane is here dealtng with direct entry, though it 1s difficult to
reconcile this interpretation with the findings of Blalock et al. (1937)
who reported that after complete lymphatic blockage the blood lympho-
cytes fell almost to zero. Indirect entry would be via the nght lymph
duct and any other lymphati ications. The alternative
to direct entry would be large scale indirect entry via other lymph channels,
but in ether case one must assume the occurrence of abnormally active
lymphocytopoiesis.

Spleen

In the absence of well-developed lymphatics, cells leaving the spleen
must pass directly into the blood, proceeding first of all via the portal
vein to the liver.  An obvious approach, therefore, to the study of 1ympho-
cyte formation 1n the spleen is through comparative cell counts in the bleod
of the splenic artery and vein. Morris (1014) and others have found
the white cell count 1n the splenic vein to be markedly higher than that
in the artery. Later investigators, however, have been critical of this
type of approach. Pearce, Krumbhaar and Frazier (1918) observe :
#° .. detalled comparison of the arterial and venous blood of the
spleen offers no evidence to ndicate, by the methods used, that the spleen
has an important réle 1 blood formation.” Reference has already been
made to the tendency for lymphocytosis to develop after splenectomy, and
though the interpretation of changes in the level of the blood lymphocytes
is beset with dhfficulty, one obvious explanation could be a compensatory
hypertrophy of lymphoid tissue elsewhere. However, direct measurement
in guinca-pigs of the thoracic duct Iymphocyte output 4o days after
pl affords no lusive proof that such a change is tahing
place (Reinhardt, Ensell and Yoffey, 1955), though the evidence suggests

a trend in that direction.
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Thymus

If one accepts the view that the small thymocyte and the lymphocyte
are 1dentical—a view which we believe to be correct—the thymus, at least
in early life when it 15 well developed, must also be looked upon as 2
lymphocytopoietic organ, whatever other functions it may possess. True
germ centres are not found there, though nodular formations are some-
umes present (Jolly, 1923). The thymic contnbution to the blood
lymphocytes cannot be d directly, but 1t has been inferred 1n-
directly sn three ways, namely 1 (1) by counting the number of mitoses per
unt of tissue volume {Kindred, 1940) ; (2) by counting the mitotic figures
1 a suspension of cell nucler (Andreasen and Chnstensen, 1949); and
(3) by measuring the turnover of nucleic acid (Andreasen and Ottesen,
bt
94i{mdred {1930), on the basis of miotic counts in 13- and 20-day-old
L e o8 ettt o POt ) S .

are difficult to reconcile with the direct estimatton of the cell content of
the afferent and efferent vessels of Jymph nodes (see Yoffey and Drinker,
1939), though admittedly these latter counts were made on older antmals,
unless one makes the ption that two opposi of lympho-
cytes are occurnng in lymph nodes, and that while some Ilymphocytes are
continually entering the lymphoid tissue of the nodes from the blood
vessels, others are leaving this tissue i the efferent lymph.  The evidence
of cell multiplication in the lymph node does not accord with this concept ;
further, the experiments of Andreasen and Ottesen (1944) argue very
definitely agamst such an interpretation.

Andreasen and Christensen (1949) studied activity in 1solated nuclei
of lymphoid organs (rat), using the citric acid technique to obtain their
nuclear suspensions  They agreed with Kindred that the greatest mutotic
activity was to be found in the thymus and noted that in young animals
the thymus has 4-6 times as many mitoses as lymph nodes. But they
obtamed some perplexing results in thetr expeniments with starvation;
this produced a marked decrease of mutotic actvity 1n the thymus associ-
ated with atrophy, but on the resumption of feeding the mitotic activity
was gradually restored  The tenmte ~€ato 0y AR
was accornpaned by Iymp
and sigmficantly this occy
the recovery. As Andreasen and Christensen themselves observe: “ If
we consider the thymus as the lymphocyte-producing organ par excellence,
it 1s perplexing that a normal lymphocyte level is obtained and preserved
while there 15 a pronounced atrophy of this organ. It will be recalled
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that Sanders and Florey (1940) also concluded that the thymus was not
a major source of blood lymphocytes,

Andreasen and Ottesen (1944) made use of the phosphorus content of
nucleic acid to throw light on the rate of cell muluplication in the various
lymphoid organs. They injected P32 into adult rats, and after periods
of 2 and 42 hours extracted the desoxyribose nucleic acid from the
lymphoid tissues. They then compared the activity of the desoxyribose-
nucleic actd phosphorus (DNAP) with that in plasma phosphate, and so
obtained data on the rate of desoxyribose nucleic acid formation, They
found the nucleic acid turnover was relatively large in all the lymphoid
organs, but greatest in the thymus, where 1t was 2—3 times that found in
other lymphoid organs. They further make the very pertinent observa-
tion that 2 hugh nucleic-actd turnover is convincing evidence in favour of
the new formation of lymphocytes within the lymphoid organs and against
the large-scale entry into these organs of lymphocytes from blood or
lymph. It 1s also valid evidence against the hypothesis of a lymphocyte
circulation.

Bone Marrow

The relationship between lymphocytes, lymphoid tissue and bone
marrow is constdered 1n detail in Chapter 7, and we shall here deal more
generally with some of the basic questions which present themselves.
Does the marrow normally contain either organized lymphoid tissue or
scattered lymphocytes, and if so in what numbers ? Are the marrow
lymphocytes formed in the marrow (myelogenous), or do they enter the
marrow from the blood (haematogenous) ? If they are myelogenous, are
they discharged imto the blood in appreciable numbers, or do they remain

in the marrow ? Finally, whether the marrow lymphocytes are myelo-
. . .t V8 fa cmifeeaiin feen e other

blood
R ase of
the spleen, for there are no lymphatics to which they can first obtain
access. :
An obvious line of attack, as with the spleen, would be to make direct
comparisons between the blood of the marrow arteries and veins. Goodall
and Paton (1905-1g06), investigating digestive leucocytosis, attempted
such a comparison and believed they could find more lymphocytes in blood
leaving the marrow than in arterial blood. It is clear, however, that
they evperienced serious difficulties in cell identification, for they com-
ment : * Owing to the fact that in the animals used (dogs and cats) the
PN

myelocytes are non- it was impossible to guish these cells
from large lymphocytes.” o o .
A fundamental point to be emp d is that lymp in mam-
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mahan bone marrow occur usually as scattered cells, not as orgamized
nodules, the presence of the fatter being an exceptionat occurrence, mamly
3f ot entisely under pathologcal conditsons (Damunici, 19025 Hedinger,
1907, longeope, 1906; Ochme, i509; Aschenhem and Benjarnin,
1gog ; Askanazy, 1915 ; von Fischer, 1917, Krumbhaar, 5922, Hartwich,
1922, Mayer and Turuta, 1924} Willams (£93y), describing his own
(human) findings 1n 302 cases, brings out certain features of interest.  He
observed lymphaid nodules i 10 per cent of cases under 40 years of age,
and in 32 per cent of cases over jo. The margins of the nodules were
seregular and merged imperceptibly into surrounding marrow tssue. The
nodules were composed atmast exclusively of cells indssungushable from
small fymphoeytes and there was o avidence of mitosis or of gernal
centres, The nodules were associated with actne red marrow, and
occurred just 23 frequently in cases where there were tnflammatory lesions
as not; they were found quite often wn cases of sudden death from
traumatic sheck  * The evidence seems to justify the concept that the
fymphind nodules are essentually normal though perhaps varuble con-
stituents of the actise sed marrow of adult ndniduals

Rabelitz (5950) found Iymphoud nodules present n 12 out of f350
sternal and regayded them as pathologieal ph Tated
with discase of the lymph glands and severe blood dyscrasies It s clear
from his account that he was dealing with true lymphosd follicles, whereas
Williams (loc, at y emph. d that he was § with accumulation
of lymphocytes without folhicul: A further point of some
significance 15 that the fymphocyte acoumulations described by Willrams
{1939} and by other workers consist almost exclusiely of small lympho-
cytes  Sunrdberg (1535} notes that in sections of mote than 1,500 maccaws
she sefers to “ the collections of lymphocytes in the marraw as pereaseular
tymphocytic aggregations sather than nodules, because they generally lack
germinal centres or mitoscs sisible m sections

We ourselves (Yoffey and Pamnell, 1944, Yofley et ol 1953, 1954,
Hudson and Yoffey 1932 Harris #f af, 1934) have exanuned sections
of bone marrow from over joo guinea-pigs and about 20 rabbus both
normal and after the admuustration of ACTH and varous steroids We
have never seen any indicatson of lymphoid nodules or follicles. It 1s
clear thar fymphoid nodules may on eccasion be found m mammatan
martow, but they are not an integral or essential component.  In birds the
postion may be different.  Considerabl bers of Jymphoid nodules
have been described m the botie marrow of the domestic fowl {Jordan,
5936), turkey (Jordan, 1937), and of the pigeon following splenectomy
{Jordan and Robesan, 1942).

But granted that sn mammalsan marsow one has to reckon with scattered

small lymphocytes, 1n what numbers ase these found 2 The sast amount
Lz
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that Sanders and Florey (1940) also concluded that the thymus was not
a major source of blood lymphacytes.

Andreasen and Ottesen (1g944) made use of the phosphorus content of
nucleic acid to throw light on the rate of cell multiplicatton in the various
Iymphoid organs, They injected P?* into adult rats, and after penods
of 2 and 42 hours extracted the desoxyribose nucleic acid from the
Iymphoid tissues. They then compared the activity of the desoxyribose-
nucleic acid phosphorus (DNAP) with that in plasma phosphate, and so
abtaned data on the rate of desoxyribose nuclejc acid formation. They
found the nucleic acid turnover was relatively Jarge in all the Tympheid
organs, but greatest m the thymus, where 1t was 2-5 times that found 1n
other lymphoid organs. They further make the very pertinent observa-
tion that a high nucleic-acid turnover is convineing evidence 1n favour of
the new formation of lymphocytes within the lymphoid organs and against
the large-scale entry into these organs of lymphocytes from blood o
lymph. It 15 also vahd evidence against the hypothests of a lymphocyte
arculation.

Bone Marrow

The relationship between lymphocytes, lymphoid tissue and bone
marsow is considered m detail in Chapter 7, and we shall here deal more
generally with some of the basic questions which present themselves
Does the marrow normally contain etther organized lymphoid tissue of
scattered lymphocytes, and if so in what numbers® Are the mawrow
lymphocytes formed in the marrow (myelogenous), or do they enter the
marrow from the blood (haematogenous) ? If they are myelogenous, ar¢
they discharged into the blood 1n apprectable numbers, or do they remain
in the marrow ?  Finally, whether the marrow lymphocytes are myelo-
genous or haematogenous are they capable of transformation into any other
cell type? If the marrow lymphocytes are discharged into the blood
stream they must pass into the blood vessels directly, as in the case f)f
the spleen, for there are no lymphatics to which they can first obtain
access
An obvious hine of attack, as with the spleen, would be to make digect
comparssons between the blood of the marrow arteries and veins. Goodall
and Paton (1goj-19o6), investigating digestive leucocytosis, attempted
such a companson and believed they could find more lymphocytes in blood
leaving the marrow than in arterial blood. It is clear, however, that
they experienced serious difficulties m cell 1dentification, for they com-
ment: ** Owing to the fact that in the animals used (dogs and cats) the
myelocytes are n lar, it was i ible to distinguish these cells

from large lymphocytes.” )
A fundamental point to be emphasized is that lymphocytes in mam-
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endensoured to obtain more accurate data (rabbit), They used, with some
modification, the technique of Gordon (1939)  They took known weights
of bone marrow and bload plasma, and found that on shalung for a few
mnutes the frag of marrow d d, so that there was obtasned
a suspension of cells which could be counted in the usual way and from
which dry smears and dhfferential counts could be made. The total
nucteated cell count {average of 12 cases) was 469,900 per cmm , while
the fymphocyte count was 61,000 per cnm {12 48 per cent), a figure very
considerably in excess of the blood lymphocyte level. They calculated
that the total lymphocyte content of bone marrow was of the same order
of magmtude as the number estimated to be daly leaving the blood,
“There 13 no doubt that these figures, oning to imprerfections w tech-
mque, were very much on the low side  With numerous techmeat wn-
provements more accurate data were obtasned in gunea-pigs.  Yoffey et af
{1951), 0 25 normal male gunea-pigs, found 2 mean lymphocyte count
of 142,000 + 16,000 per c.mm of marrow. Hudson, Herdan and Yoffey
{1952) obtained a count of 246,000 lymphocytes per c.mm of marrow,
Yaffey et al (1934) 322,000 and Harnss ef al {1954} 314000
Epstem and Tompkns (1943) give a lymphocyte percenrage of 113
{supravital technuque) and 10 2 per cent {sections) in guthea-pig marrow
With an absolute count of about 1,400,000 nucleated cells per ¢ mm. of
marros, this would correspond to a lymphocyte count of about 150,000
per ¢ mm , whach 1s practically the count obtained by Yoffey ef a? {s051),
and the lowest, inGdentally, i the four seres of expenments just
menuoned.
Taking the figure of 150,000 per ¢ mum. as bewng the minimal mean
of lymphocytes in g pig marrow, we can then proceed,
of we know the marrow solume, to calculate the total marrow content of
lyraph Despite the Ities arsing out of the diffuseness and
tnaccessibality of the bene marrow, data concerntng marraw volume have
been abtamed by 2 number of observers. Thus tn maa Mechantk (s926)
cateutated that the bone marrew was from 3 4 to § 9 per cent of the body
weight, bus that of this amount one half was red and one half yellow
matsow sn the adult  The red marrow was thus between 1 7-2 5 per
cent of the body weight, and this 13 the same kind of figure as was obtained
by Nye {1931-1932) n the rabbu, though possibly 2 Lutle lower than
the estmates of Fairman and Corner (1934) in the rat.  Qur own data
{Fudson and Yofiey, 1934) for the gumes-pig are of the same order,
The estimations were made 1 a series of guinea-pigs weighing approxi
mately 400 g snd the subsequent caleulations of marrew, bloed, and
thorace duct lymphocyte content are based on this standard. 400 g animal,
It 15 particularly smportant to use animals of constant age in the svesti-
gation of marrow cellulanty and response
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of material accumulated by clinical haematologists, valuable though it 1s
In so many ways, is unfortunately of no use from a quantitative powt
of view, since the cell counts thus obtained are from a mixture of bone
marrow and bleod in varying proportions (see for example Rexch and
Kolb, 1942); relable absolute counts of the nucleated cells of the bone
marrow are therefore out of the question and only differential counts are
possible, But even 1n the case of differential counts difficulties arise, for
a distinction must be drawn between those cells which are common to the
marrow and the blood and those which are peculiar to the marrow. In
the case of the latter, the blood acts merely as a diluent, and the proportions
of the various cells remain unchanged. In the case of the former, howeser
—and the lymphocytes fall into this group—the degree of the dilution
becomes an important consideration. As far as the Iymphocytes are
concerned, it has on occaston been maintained that they are not normally
present in the marrow and that their occurrence in sternal puncture
material is due to blood contamination (cf, Petrt, 1934). However, most
workers have been of the opinion not only that they are found in the
marrow tissue, but that they are considerably more numerous in this
situation than m the blood (e.g. Veencklaas, 1938), so that even after the
marrow has been diluted by blood, there should still be 2 perceptibl)'
higher absolute count in the sternal puncture fluid than in the blood itself
Blitstein (1944) investigated this point and found that in sixteen cases of
sternal puncture the average lymphocyte count in the marrow was 15,200
per ¢ mm., whereas in the blood 1t was about 3,000. Similar results were
b d when he analysed and pared the data of other workers.

Most haematologists report the lymphocytes to constitute about 10 per
cent of the nucleated cells of normal human marrow—e.g. Osgood and
Ashworth (1937) 106 per cent, Wintrobe (1951) 10 per cent, Osgood and
Seaman (1944) 14 per cent, Whitby and Bm'ton (19.}6) 5Tzo,per ce:lf.

Patterson (1g46) state that the lymphocytes constitute 14-21 per cent of
the marrow cells, but conclude nevertheless, that they * are not part of
the myeloid tissue proper ”; they do not, however, elaborate this state-
ment any further. In children the count may be considerably higher
(14-57 per cent, Joppich and Liessens, 1937) Doan and Zerfas (1927)
in a 4-year-old child found the lymphocytes to be 37 3 per cent of all
marrow cells. Little information is available on absolute counts of
nucleated cells 1n human marrow, but on the basis of counts such as those
of Isaacs (1937) or Gordon (1939), 10 per cent of Iymphocytes would be
equal to 50,000-100,000 cells per ¢ mm. of marrow,

The question seemed so important that Yoffey and Parnell (1944)
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tymph, with its contamed lyrphocytes, finds its way ence again to the
Hload, But immedutely after the ligatute, even of the thoracc duct
alone, there is a temporary but effective ob ta the flow of lymph,
whose lymphocytes are presented from entening the circulation,  Under
these ¢ the blood lymphacytes show a marked drop, and st
is tempting to attach the obvious significance to such an ebstruction
Thus Lee (1922a) found, after mtratharserc ligation of the thoracie duct
m the cat, that the small Iymphacytes of the blaod decreased 56 per cent
{Fig 82} and concluded that the theracic duct ss ** the pathway through
which at least half of the small lymphocytes reach the circulating blood
in the eat ™,

Hawever, since after higation of the thoracic duct a variable amount of
fymph may still be reaching the blood through the right lymph duct, an
obvious tmpravement on this type of expenment would be to e both
tincts and 50 obviate this source of exrror  Irom an experiment such as
that of Bunting and Huston {sga1) wm which 6 hours after higature of the
thoracic and sght lymphatc ducts the blood lymphocytes fell from 4,770
ta 340 per cmm, & wauld scem that the case had been fully proved w
favour of the view that the vast wgacry of the circulating lymphocytes
reach the blood via these tno ducts  But there 13 one sertous objection
to such an anterpretation, which is that m all these acute expeniments the
experumental procedure in atself induces a marked fallin the blood lympha-
cytes and the findings are therefore not as convincing as they would at
first sight appear  Any prolonged operation gives nise to masked lympho-
penia, urrespective of whether the mam Jymph ducts are cannulated or
nat, as noted by Sanders, Florey and Barnes (1940) and others. In fact,
of an ammal ¢ merely anaesthenzed and left lying quietly for 2 hours 1ts
blood fymph show am app ble fall (Yoffey, 1933)  According
1o Andseasen and Gortheb (1947} thas post-operative Jymphopenta 1s most
marked dunag the first 24 houts, at the end of which it 15 34} not back
to normal, and they attnbute this to non-specific factors which the
arganssm elimnates “1n the course of the first fow days " In paxt,
at any rate, it could be a non-spectfic “ stress” reaction,

Lymphopensa 1s afso produced by cannulating the thoracic duct and
duiverting sts fymph to the exterior {e.z Bied and von Decastello, 1901 ;
Bann, 1903-1904, Kmndwall, 1927)  Bants cstes expertments of Crescenzs
to the effect that whereas sunple fistuls of the thosaerc duct produces a
fall of one-half to twe-thirds i the bload fymphocytes, of the splieen 1s
first removed the fall 1s greater—four-fifths to ten-el Here agan
1138 difficult to distingussh between the effects of the drversion of lymph
and the aperative procedure.  Snce these expersments were done ruch

dd ! has fated sbout the output of lymphoeytes vis
the thoracie duct, and this we shall proceed to discuss.
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In such animals a marrow volume equal to 2 per cent of the body weight
(Hudson and Yoffey, 1954) gives a total volume of 8 comm. and 2 total
marrow lymphocyte content of 1200 X 108,

The blood lymphocytes m a series of 17 anmals averaged 4,730 per
c.mm. (Harrs et al., 1954), and with a blood volume of 7 5 ml. per 100 g
of body weight (Masouredis and Melcher, 1g31) this would mean a total
blood lymphocyte content of 142 X 10% On the basis of these figures
the ratio of marrow to blood (M B) lymphocytes is about 8:1. Ths
is a comparatively low ratio, and 1n fact, if for this calculation we use the
marrow lymphocyte count (322,000 per c.mm.) in the same series of
ammals as that from which the blood lymphocyte count was obtamed
(Harris et al., 1954) there would be 2 marrow lymphocyte population of
2,576 X 10% 1 e an M:B ratio of abaut 18 to 1. Before the full significance
of these figures can be appreciated they must be compared with data on
Iymphocyte output.

Ratio of Lymph-borne o other Lymphocytes

We do not know the relative proportion of lymph-borne lymphocytes
to those entering the blood directly, but 1t does not at first sight seem Iikely
that many lymphocytes enter the blood other than via the lymph, for 2s we
have noted in complete lymphatic obstruction (Blalock ef al., 1937), where

6001

1 T T 1 T T T T T T
x
£ so00
R B NI U [ .
[
£ 4000}
Ea00- |
S0001
= '
T 20001
£ H
1000}
: 3 L i} i3 1 1 1 1 1L
0 2 4 & 8 10 12 14 16 18 20
Days

Fic 82z —Cunc showing the absolute number of small lymphocytes per cubic
mmullimetre of blood m a cat in which the thoracic duct was ligated at X

On the 19th day the number of small lymphocyres had sgain reached s preligation lexst  The hort-
2omal broken hine dscates the Jevel of small fymphocytes at the time of operation
(From Lee, 1922, Fog L p 251)

the lymph-borne lymphocytes are completely excluded from the blood,
the blood lymphocytes fall practically to zero.  Partial lymphatic obstruc-
tion, effected by ligating the thoracic or the thoracic and the night lymphatic
ducts was thought for many years to lead to the same conclusion. In
either case a collateral circulation gradually opens and after a time the
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TASLE 47

Hourly output of thoracic duct lymphocytes (dog), 1n each case calculated for
2 body weight of 10 kg.

No of

Lymphocy 1es
ammal

m mlhons
1409
885
4“7
1999
1855
302
593
168 2
256 6
4415
1235
Average hourly output (21 experiments)
Average output for 24 hours . .
In proportion to body weight a human

O 0ot O bt N =

10
1

being weighing 70 kg.
would have a total daily thoracic duct lymphocyte output of

No of Lymphocy tes
armal n mnllions

12 2404

13 209 6

14 4061

15 1944

16 1477

17 8754

8 1zt §

19 1498

20 1387

21 221§

. 211 6 millions

5,078 mitlions

35,546 millions
From Yofley (1935-1936)

for lymphocyte production obtarned m these experiments must be munimal
ones, Since only the thoracic duct was cannulated, lymph from the night

lymph duct—which drains the nght
fore limb, right side of the head and
neck, and night half of the thorax—
was not included. Moreover, the
ammals studied were completely
anaesthetized and m such ammals
thoracic duct lymph comes almost
lusively from the abd t
some slight extent from the liver,
but mostly from the ntestines  Its
lymphocytes are, therefore, dernved
almostentirely fromthe intestines and
mesenteric nodes, there being practi-
cafly no spontaneous flow of lymph
from the extremities or from the head
and neck 1n 2 quescent dog. The
large numbers of lymphocytes from
nodes in the head and neck, therefore,
which would ordinanly find their way
into the cervical lymph (see Tables
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83 —Companson _of figures for
thoracic duct Jymphocyte output n
different ammals  We are_indebted
for this figure to Dr W O Rembardt
The_colculitions are based on the following

Fic

oy
Hungerfurd and Reinhsrdr, 1950
Rabbit  Sanders, Florey and Barnes, 1940
Guineaprz  Rewshards and Yoffey 1956
Cat Ada nders and Lawrence, 1945

938
. Byron et ol , 1953

The human data were obtaned from disessed
ndnduals and muss be treated wath reserve

42 and 43) are not represented in lymphocyte output figures such as those
of Table 47, except forthe data of Rewhardt (1946). ~ Asfaraslymphocytes
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Troractc Duct LyMpHOCYTES

Number 1 Relation to Lymphocyte Output

For the estimation of lymph-borne lymphocytes, and thus of the
Iymphocytoposetic activity of those lymphoid tissues which possess efferent
lymphatics, lymph should be collected from both thoracic and right lymgh
ducts  As a rule, however, observations have been confined to the thoracic
duct. Evenf both main ducts are cannulated, however, there still remain
tivo as yet unknown factors, namely the extent to whach lymphocytes may
enter the blood through other lymphatico-venous anastomoses, or the
number of lymphocytes which may enter the blood from the lymphotd
tissues directly.

As far as the right lymph duct is concerned singularly few data are
available. From scanty observations such as those of Warren and Drnker
(1942) 1t 1s clear that on occasion the lymphocyte content of right duct
lymph may be remarkably high Since most of the lymph from both
lungs drains into the right lymph duct, the cell content of this lymph
would represent presumably the contribution of pulmonary and possibly
mediastinal lymphoid tissue.  (See also Courtice, Harding and Stembeck,
1953) Whaler and Widdicombe (1956) found that i rabbits in which
the tight lymph duct had been ligated the datly lymphocyte output of the
thoracie duct rose from 33 X 10° to 7.4 X 10°. (See also page 351

Numerous estimates have been made (see Table 44) of the concentra-
tion of lymphocytes in thoracic duct lymph, and the total number of
Iymphocytes entering the blood via the thoractc duct. 'The problem was
re-investigated by one of us i the thoracic duct lymph of the dog (Yoffey,
1932~1933 ; 1935-1936) by making counts at 15 minute mtervals, using
for each count 3 drops of lymph m a small paraffin-lined tube At the
end of each hour, the mean of these counts was taken as representing the
count in the total lymph collected during that time. Later workers used
improved techniques Sanders, Florey and Barnes (1940) allowed 2
known amount of a 3 per cent sodum citrate solution to mix with the
lymph and so collected 1t continuously for many hours without risk ?f
clotting. In recent years, since heparin has become freely avartable, it
has increasingly been used as an anti-coagulant. ‘The use of polyviny
or polyethylene plastic tubes as cannulze has also greatly facilitated the
collection of lymph over periods of several days (Bollman, Can and
Grndlay, 1948; Mann and Higgins, 1950; Bierman et al., 1953)-

Table 47 gives the results obtaned by one of us in 21 dogs. It walf
be noted that the lymphocyte output is subject to considerable varsation,
as has been noted by other workers (e g Sanders, Florey and Barnes,
1940). Inevaluating these results it should be emphasized that the figures
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node, but must either have been formed by the endothelum of the lymph
capillaries—for which there is no evidence whatever (Clark and Clark,
1932)—0r have entered from the tissue spaces  Since there is probably
no active multipheation of lymphocytes in normal tissues, we
must conclude therefore that cells which enter the lymph from the ussue
spaces are cells passing from blood to lymph, and that they are present
in the tissues en route from one stream to the other. Clark and Clark
(1930) have repeatedly observed the migration of lymphocytes from blood
capillaries into the connective tissues, and (1936-1937) from the tissues
into lymphatic vessels. A further possibility has been suggested by
Osogoe {1943), who reported that an interstitial injection of a suspension
of lymphocytes was d via the blood, not the lymphatic

E 8000  emee Lymphocytes In blood §
G 7000} grenq Lymphocytes in perspheral lymph g

V346 78 9100 121316181920212223
Number of experiment
Fic 84 —Lymphocyte counts 1n blood and peripheral lymph 1n eighteen experiments
Lymphocytes an penpheral lymph do not fluctuate with those in the blood
The Tymphocyte population of penpheral lymph s maintauned at a fairly constant level
(From Yoffey and Dinnker, 19392, Fiz 2, p 425)

o -
ae
P . 5 o oo a.

capilfaries. This would imply that peripheral lymph contains no lympho-
cytes whatever, which is not the case. However, Osogoe (loc cit ) quotes
some work of Hitachi according to which collections of Iymphoid tissue
are to be found mn the walls of Iymphatic vessels, and 1t 1s cells denved
from this source which are to be found in the lymph  If ths 1s correct,
then there may not even be a limited circulation of lymphocytes such as
has been assumed by Yoffey and Drinker (1939)  But while one cannot
assert that lymphoid tissue is never to be found in the walls of lymphatic
vessels, we believe that 1t must be very infrequent in mammals, though 1n
birds (see p 24) the position may be different

From the expeniments of Yoffey and Drinker (19394) (see Table 40),
1t is clear that perspheral lymph normally contatns some lymphocytes, the
mean count in the dog 1n these experiments beng 280 per c.mm.  We may
observe, mnaidentally, that lymphocytes 1n penipheral Iymph are main-
tamed at a fawrly constant level (see Fig 84) ; thus we mterpret as meaning
that the lymph popul of the ive tissues is at an equally




344 CELL CONTENT OF LYMPH

from leg lymph are concerned, the only figures available (see Table 42),
which might help us to estimate even grossly the numbers of these cells
normally finding their way into thoracic duct lymph, are not wholly
satisfactory since in the experiments m which they were obtained the
relation of the point of lymph collection to lymph nodes and the mamn
Iymphatic pathway 1s not given.

But granted that the lymphocytes 1n thoracic duct lymph are derived
mainly from the abdomen, 1s it possible to state with precision whether
any special region is mnvolved ?  Sanders and Florey (1940) showed in
the rabbit that after removal of the pancreas of Asellt a marked fall in the
blood lymphocytes occurred, though a substantial number still remained
Though they also removed Peyer’s patches and the sacculus rotundus—
the latter containing a considerable amount of lymphoid tissue—they did
not subsequently measure the thoracic duct lymphocyte output in these
arumals, More recently Mann and Higgins (1950) showed in rats that
wirtually the same figures for lymphocyte output were obtained whether
they cannulated the thoracic duct 1n the neck, or the mam intestinal lymph
trunk n the abdomen. They showed that relatively few cells entered
the thoracic duct from liver lymph and felt justified 1n concluding that
“ ... with the ammal unanaesthetized and freely feeding but limted
1n its activity, the intestine appears to be practically the exclustve source
of the lymphocytes w the lymph”. Though they do not mention the
pancreas of Asell, 1t would appear from their description that thei
“intestinal ” lymph dramned this also,

Numbers in Relation to Perspheral Lymph : Circulation of Lymphocytes

Granung the assumption that large numbers of lymphocytes are datly
entering the blood via the thoracic duct, the question arises as to whether
these are newly formed cells, or whether they are cells which have entered
the lymph from the blood stream to which they are now returning.
Nothing is known of any possible function that such a circulation of
lymphocytes might subserve.

For the problem under consideration 1t is necessary to examine lymph
which has not yet traversed a node or any orgamized mass of lymphoid
tissue, since lymph which has made such a passage contains many lympho-
cytes, and one cannot say whether these cells were present in the lymph
before it reached the node or whether they were taken up from the node
during transit, Several observers have shown that large numbers of cells
are added to lymph when it passes through a node (Heyfelder, 1852}
Bricke, 1854; Goodall and Paton, 1903-1906; Florey, 1926-1927;
Haynes and Field, 1931 Baker, 1932-1933).

Cells present in peripheral lymph cannot have been derived from 2
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the observations of Bierman and his co-workers, lymph was draining freely
for periods ranging from 2-11 days, without any obvious effect on the
condition of the patients or the composition of the bload, though i the
case described by Courtice, S ds and Steinbeck the fistula was
associated wath lowering of the plasma proteins and poor general con-
dition, In the animal experiments of Mann and Higgins the thoracic
duct fistula was maintained in several instances for 6 days, in those of
Shrewsbury and Remhardt for 4 days, and in those of Glenn, Bauer and
Cresson for periods up to 12 days In all these animal experiments the
thoracic duct lymphocyte output showed 2 progressive decrease, while
at the same time there was a fall in the blood lymphocytes. At first sight
these experiments might appear to support the hypothesis of a lymphocyte
arculation, but in fact, if one P the lympt llected 1n the
thoracic duct fistulae wath those disappearing from the blood, the former
greatly exceed the latter

Reinhardt, using unpubhished haematological data from the experiments
of Shrewsbury and Reinhardt (1952), has been kind enough to make some
caleulatsons for us on these lines, from which 1t appears that in anmmals
whose fluid intake consisted of 1 per cent NaCl, i the 4-day fistula
experiments 75 times more lymphocytes were collected mn thoracic duct
lymph than were lost from the blood, as judged by a companison of the
blood lymphocytes at the beginning and end of the experimental period
In anumals given water to drink the ratio was 14. 1. Ratios such as these
make it very difficult to accept a simple recirculation hypothesis. The
progressive fall in lymphocyte output has not yet been accounted for, and
Mann and Higgins (1930) attempted to prevent 1t by re-injection of the
fistula lymph, but without success Glenn, Bauer and Cresson (1949)
exarmuned hustologically the popliteal nodes of 2 dogs before and after a
fistula had been established, but could find nothing to indicate dimmushed
lymphocytopoiesis

By way of summary we may say therefore that circulation of lympho-
cytes between blood and lymph occurs on only a small scale, and that
the majonty of the lymphocytes which enter the blood through the mam
lymph ducts are newly formed cells, This view 1s based upon (1) the
evidence of new cell formation m lymphoid tissue, as observed directly
by mutotic counts, and indirectly through the P3? turnover assoctated
with the synthesis of desoxynt leoprotemn.  (2) The d activity
of lymphoid tissue on feeding and 1ts dimmished actiity when food 1s
withheld  (3) The fall 1n the blood lymphocytes after lymphoid tissue
extirpation and the subseq T of new [; hoid tissue  (4)
The results of prolonged dramage of the thoracic duct when the lymph
contains many more lymphocytes than can have been denived from the
blood  (5) The low lymphocyte count of perspheral lymph
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constant level. To the extent that some lymphocytes are always entering
penpheral lymph from the blood, 2 erculation of lymphocytes may be
said to take place. (See also Allen, 1945.) But when one compares
peripheral and central lymph, these circulating lymphocytes are found to
be only a small fraction of the total number entening the blood. The
average lymphocyte count 1n the thoracic duct lymph of the dog (24
expermments, Yoffey, 1932-1933) was 9,040 per cmm.; the average
count m peripheral lymph (Yoffey and Drinker, 19394), 280 per c.mm
In these experiments, therefore, of the lymphocytes entering the blood via
the lymph, 1 1 32 might be regarded as returning to the blood after having
entered the lymph, while the other 31 were newly formed cells.

Rous (19o8a) gives a considerably lower figure for thoracic duct
Iymphocytes, owing no doubt to the fact that his animals were starved for
24 10 48 hours before the experiments ; as has already been pointed out
(Chapter 5), starvation often has a depressant effect on lymphocyte forma-
tion. The mean total white cell count (14 experiments) m Rous's series
was 4,720 per cmm. Even with these lower figures, the proportion of
penpheral to central lymphocytes weuld be about 1 to 16. .

Sjovall (1936) does not accept this interpretation of a very hmlfed
circulation of lymphocytes but advances the analogy of a particle-contain
g lake  He argues that if at any given time there are more particles 1
the water leaving the lake than entermg 1t, this does not prove that the
particles were actually formed in the lake, but merely that they were
present 1n 1t when water passed through. This objection no doubt could
be applied to a single observation ; but if it can repeatedly be shof\n that
there are always far more particles leaving the lake than entering it, then
the analogy breaks down Furthermore, the lake of this analogy corres-
ponds to lymph nodes and lymphoid tissues, whose lymphocytes are not
mert particles but cells undergoing active smultiplication, (See akso
Fichtelws, 1953 )  Farr (1951) suggests that lymphocytes might pass from
the blood to the lymphoid tissues direct, without first entering the Iymph
stream,

The hypothests of a lymphocyte arculation may be put to the test
indirectly in several ways If most of the blood lymphocytes enter the
fymph, one would expect the lymphocyte content of these two fluds to
run parallel  Ths, however, 15 not the case. Fig 84 shows that there
is no numerical relationship between lymph in blood and
in peripheral lymph. (See also Bierman, Byron e al., 1953.) .

In recent years new techmiques, mvolving the use of plastic cn{mulacv
have made possible prolonged drainage of lymph from the thoracic duct
(Mann and Higgins 1950, and Shrewsbury and Reinhardt, 1952, both
working with ats; Glenn, Bauer and Cresson, 1949, dog; Courtice,
Simmonds and Steinbeck, 1951, man; Bierman et al, 1953, man). In
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been made in various ways, One of the most obyvtous of these 13 to
make quantitative compansons between thoracic duct and blood lympho-
cytes ‘This is a useful approach to the problem, though 1t is one which s
open to criticism on several scores. As an illustration of this type of
approach we may tahe the data of Yofley (1936) Figures for thoracic
duct ly mphocyte output have been presented in Table 47, and it is apparent
that the output in dogs shows great vanation. Is this varbility per-
manent? Does one dog normally and regularly have only 30,200,000

Iymphocy +«'- - 2 duct 1nto the bload, while
another I+ Lo . 's that amount ? It seems
unlikely, Lo 1 be so, In experiment 17

Fic. 85 —Disgram ilustating features of the hfe cycle of
1 ocyte

A, Tymphoid tissuee from which ymphoeytes puss dircerly into the blood , B. lymphoid tissuen from
Which [ymphocytes fimst enicr the Jymph sircu, fn whith they are then comeyed 1 the blood

(From Yoffcy and Drnker, 19300, F18 1, P 424}

(Table 47), for example, an assumption of constancy of cell content mn the
thoracic duct of 1ndividual animals would mean a Iymphocyte output

circulation ’ !

The number of lymphocytes i the blood may be calculated approvi-
mately from the count per cmm. and the estimated blood volume.
Mayerson (1930) m 60 dogs found the average count of small and large
mononuclears 1 the blood to be 2,680 per c.mm.  If we assume that all
these mononuclears were lymphocytes—which they almost certainly were
not—then any error duced in calculations of the daily repl! of
blood lymphocytes will lead to under- rather than to overstatement. The
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Under these circumstances, the only way in which the facts could be
made to fit 1n with the hypothesis of a lymphocyte circulation would be
on the assumption that lymph nodes are capable of concentrating lymph.
If thus assumption were fact, the protein content of lymph leaving nodes
would be much higher than that of lymph entering nodes; such is not
the case. Many experiments have shown that lymph protein, penipheral
and central to nodes, is identical 1n amount. There ts thus na direct
evidence for absorption of water in nodes, It may be held that fluid
concentration is obtained by the simultanecus absorption of water and of
lymph protein, so that the concentration of the lymph protein remains
constant, but the lymphocytes per c.mm of fluid increase in number.
If, however, the blood capillaries of lymph nodes are capable of large scale
absorption of protemn, they are not only unique members of the blood
capillary system, but at the same time display a miraculous ability to
absorb proten so equitably as to make afferent and efferent lymph precisely
equal in protemn content.

Numbers 1 Relation to Blood Lymphocytes

Large numbers of lymphocytes regularly enter the blood via the
thoracic duct  Since the number of lymphocytes in the blood remains
fairly constant, 1t is evident that lymphocytes must be disappearing from
the blood at the same rate as they are entering it.  In the following pages
we shall discuss vartous aspects of this relationship between thoracte duct
and blood lymphocytes. It will help to clanfy the problem if we outhne
it schematically (Fig. 85).

Lymphocytes are formed in the various lymphoid tissues, and may
enter the blood either directly, without first passing into the lymph
(Fig. 85—4), or via the lymph stream, B The fate of the lymphocytes
once they have entered the blood 15 unknown It has been suggested that
they may disappear from the blood in one of four ways: (1) They may
pass into the connective tissues (Fig. 85~—1I), thence into the lymphatic
vessels and back into the blood. The experimental evidence indicates
that this explanation would account for the disappearance of only ene-
sixteenth to one-thirty-second of the blood lymphocytes. (2) They may
pass through the mucous membrane nto the lumen of the alimentary
canal and so be lost to the animal (Fig 85~—1I1). (3) They may be filtered
aut of the blood stream by the bone marrow (Fig. 85—~11I), where they
have been held to constitute the essential cells for blood formation  (4)
They may grow old and degenerate while in the blood. Of these posst-
balities, I, z, and 3 have been indicated in the diagram; 2, 3, and 4 will
be considered 1n detail in subseq: sections.

An important factor in the situation is the length of time during which
lymphocytes remain in the blood. Attempts to answer this question have
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been made in various ways One of the most obvious of these 12 to
make quantitatse comparisons between thoracse duct and blood lympho-
cytes  This is a useful approack to the problem, though it is one which s
open to cnuosm on seversd scores  As an Wustrtion of this type of
approach we may tahe the dota of Yofley (1936). Figures for thoraaie
duct lymphocyte output have been presented m Table 47, and st 13 spparent
that the output wn dogs shows great vamation. Is this variability per-
manent? Does one dog normally and regularly have only jo,200,000
fymphocytes per hour pasuing via the thoracic duct into the blood, while
another has 875,500,000—almost thity times that amount ? It seems
unbikely, for severa! reasons, that this should be so.  In expemment 137

Fic 85 ~Dugram dlustrating features of the bfe cycle of
the cvte

4, Inphord sustuis from which Symuhocyies pess durcesty sato she blood , B, ymphoud wssues
Which 1y mphacytes fint snter the Impt sreatn, 11 Ach they sre then comeyad co 1ot Boad T T

(From Yoffey and Drvker 10300 Fig L p 438}

(Table 47), for example, an assumption of constancy of celf content in the
thoracie duct of individual animals would mean # Iymphocyte output
during the 24 hours 1n this particular dog of 21,000,000,000, or 4-1§ tsmes
the average figure. The significance of thus figure may best be appreciated
when it 55 compared with the total number of lymphocytes in the
arculation.

The number of lymphocytes 1n the blood may be caleulated approv-
mately from the count per cmum. and the estimated blood volume.
Mayerson {1930) in 6o dogs found the average count of small and farge
mononuclears 1 the blood to be 2,680 per cmm. I we assume that all
these lears were Iymph buch they almost certainly were
nat—then any error d 1 caleuk of the daly repk; of
blood lymphocytes will tead to under- rather than ta averstatement. The
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blood volume may be caleulated from the body weight, Smith, Amold
and Whipple (1921}, after a careful companson of the various methods
on the same group of dogs and after an analysis of the pussible sources
of errar, conclude that the blood volume in dogs is g 2 ml per 100 g of
body weight. A 10 kg. dog would have a blood volume of 920 ml,, and
would contatn 2,465,000,000 lymphacytes. Since the blood lymphocytes
remain constant over a period—so that the same mimber must be entering
the blood as are leaving 1t—lymphocyte production on a scale as vast as
that found in experiment 17 (Table 48) would be sufficient to replace the
blood lymphocytes m the average dag 8-5 to 10 times daily.  Actually the
blood lymphocytes in this experiment were above the average, being
6,170 per c.mm ; but even gt this higher level they were being replaced
371 times per day.

The dog used mn experiment 17 had the highest lymphocyte output
of the ammals studied. The average figure for the senes would appea
to be a fairer one to use and probably gives a truer prcture of thoracic
duct lymphocyte production over a period, On the basis of this figure,
the average daily output of lymphocytes from the thoracic duct of
a 10 kg. dog is §,078,000,000  This means that the blood lymphocytes are
normally replaced 2-06 times per day and we may refer to this as the
D RF. (Daily Replacement Factor). If we adopt the later figure of
Courtice (1943) for the blood volume in the dog, namely 7 9 ml per 100 8.
body weight, the D.R F. would be 2 little higher, 238. The lymphocytes,
on thus basis, remain in the blood for only 12 hours or a little under Other
figures for the D.R.F. are: Sanders, Florey and Barnes (1940), ©5-3'5
in the cat, 5-0 1n the rabbit; Adams, Saunders and Lawrence (1945)
22 1 the cat; Remhardt (1946), 205 1n the rat; Mann and Fhggins
(1950), 5:0-6 0 in the rat; Courtice, Simmonds and Stembeck (x951)
10 or more inman  On the whole, one has the impression that in smaller
amimals both the number of lymphocytes in lymph and the D.R.F. tend
to be higher than in large animals, but the point cannot be made with
any degree of certainty. As far as man 1s concesned, the data available
(Courtice, Stmmonds and Steinbeck, 1951 ; Bierman et al., 1953) appear
to indicate 2 lower concentration of lymphocytes in thoracic duct lymp!
than 15 to be found 1n most animals, but the data were obtaned from
patients who were 11l and may be below the normal figure.

1t should be emphasized that estimates of the D.R.F. based solely on
thoracic duct lymphocyte output are minimal. To calculate the true
figure we should need to know the number of cells entering the blood

through channels other than the thoracic duct and it might proe 1o be
e ey PR ., 1 iean Yo pnamg rertin
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noted it may be sufficient to reverse the iymphopensa whuch is usually
gssociated with thoraose duct cannulation  In these cases it may n fact
exceed the thoracic duct cutput unless ne assume some mterference with
the escape of lymphocytes from the bleod—but even if it mescly equatled
1t, the figures which we have just given for the D.R T would need to be
doubled. If this were to hold good 1n all cases—and of this we are by no
means sure—it would mean that in the 1t and rabbst we would bhave o
D.RF. of about 10, with the Iymphecytes remaming i the blood for
about 2} hours,

Of interest wn this connection are the expeniments already noted of
Whaler and Widdicombe (1956}, They first estimated thoracte duct
Iymphocyte vutput in a number of rabbits, and obtaned a figure of
33 x 10" eelfs per day, agreewng with the data of Sanders, Florey and
Barnes (1940} After lgating the night lymph duct, the therzeic duct
output rose to 7 4 x 10 cells per day, and this incresse they sttnbuted
to the fact that lymphocytes which would normally have been entering
the blood vsa the right lymph duct were now passing through anastomotic
channels 1o the thoracie duct  They caleulated that, making alfowance
for the subclavian and cervical duct output 1 addition, the D.RF m
the tabbit was about 120, and m the st 240

That lymphocytes remam in the blood for a short time onfy may be
shownn another way. By higating the thoracic and nght Iymphatie ducts,
ar by cannulating the thoraese duct 20d deverting 113 lymph from the blood,
one prevents 3 large number of newly formed lymphocytes from entenng
the blood, but does not presumably mterfere with the mechamsm whereby
lymphocytes already present in the blood leave it Under these crrcum-
stances, the blood lymphocytes fall rapidly (Table 48) Thus, 1n an
expeniment of Bunting and Huston (1925) sn the rabbt, hgation of the
thoracic and night lymphatic ducts was folloned by a fall in the blood
Jymphocytes from 4,770 te 340 pesr cmm 1 6 hours  This 15 significant
even if st 43 not entwrely consequent upon the ligation of the ducts, but ss
sn addion due to the eperatne procedure uselfprovided that ¢ 15 not

d with marked tymphocytolystis.  This sesult suggests that in the
sabbut the lymphocytes semasn in the blood for an even shoster tme than
they do o the dog. It 35 mteresting to note that under these crcum-
stances though the lymphocytes fall so markedly, they never disappear
from the blood completely Though the main mflow to the blood ss
checked, some lymphocytes are sull entenng, euher directly from the
Iymphocytopaietic tissues ar through small additional Iymphaticovenous

the ulumate enk of which permits the return
of the blood lymphocytes to normal.  Thus, in an experrment of Biedl
and von Decastello {1901), after higation of the thoratie and night lymphatic
ducts, the blood Jymphocytes fell from 2,147 0 1,146 1 6 hours, to
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452 after 1 day ; to 404 after 2 days ; and after 4 days had risen to 1,523
per c.mm, suggesting perhaps the development of a new channel of entry
into the blood, though other explanations could also be advanced

In considering variations 1n thoracie duct lymphocyte output it should
be noted that the concentration of lymphocytes may undergo either pro-
gressive increase or diminution during the course of an expersment

‘TABLE 48

Effect on blood lymphocytes of ligating thoracic duct, or of higating thoracic duct
with night lymphatic or both cervical ducts

Blood lymphocytes
per cubic milfimetre Time after
Author  Ammal ligature of Remarks
Before  After making
higature Igature blood count
Lee (19224) Cat 4689 2050 12 hours Thoracic duct hgated
(Approx) (see fig. 82)
" 3139 1,373 12 hours ‘Thoracic duct Igated
(Approx) (see fig. 82) _
Biedland von Dog 2,147 1,146 6 hours Thoracic and right lym-
Decastello — 452 1 day phatie ducts higated
(1g01) - 494 2 days
— 5523 4, X
Bunting and Rabbit 2,800 1,064 5 hours Thoracic and night fym-
phatic ducts hgated

Huston

(1921) " 4,770 340 6 ,,  Thoracic and both cer-
vical lymph  dusts
ligated

Dawvis and Dog 4,390 3,340 8 ,  Thoracie and cemc:ll

Carlsan " — 2,460 20 ,, lymph  ducts ligate

(1900-1910) ,, 2,240 1,040 18 1n both animals

(Yoffey, 1935-1936; Sanders, Florey and Barnes, 1940) in which the
rate of lymph flow remains unaltered  Such variation is possibly to be
correlated with the cychc changes which occur in lymphoid tissue, demon-
strated histologically by Conway (1937).

Fate oF BLoobp LympHOCYTES

Disintegration in the Blood
The quantitative relationship thus established between thoracic duct
and blood lymphocytes would hold good whether the lymphocytes dis-
integrated in the blood or left the blood stream.  For the further consldc.rn-
tion of the fate of the blood lymphocyte, 1t is necessary to, determine
whether large scale disintegration does actually occur. There is nol :i_'aul_it
that camn dicintanratine hrmatacae T e e e -
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mn the blood does not scem to be the fate of the majarity of the blood
Iymphocytes.

Bunting and Huston (1921) counted the lymphocytes in the freely
fawing bload of the rabbit and then 1solated a section of the pugular vein
between double higatures. Cell caunts in this yugular blood were made
6 hours later in some antmals and z4 hours later in others. ' In the
sthined §im from the jugular blood, the most striking feature ia the fact
that the lymphocytes show no tendency towards disintegration but are
as sharply stained and clear-cut in the differentiation of nucleus and proto-
plasmic rim as i films from the freely circulaung blood, We believe
that the expenments, though faulty, dicate that there is not the rapid
disintegration of the cells which would be necessary to explam the rate
of thetr disappearance {rom the blaed when the supply 15 cut ofl.  They
raust leave the blood stream ™

Wiseman {1931~1932) concluded that ““at least a poruon of the
so-called lymphocytes anse, mature, function and die as lymphocytes
without differentiating 1020 other cell types *  Whether one accepts this
statemnent or not depends upon the size of the ** portion ™', It seems clear
from the general trend of Wiseman's paper that he interpeets the word
portion somewhat hiberally. He descnbed in the circulating bloed an
end stage of the lymphocyte, consisting—n the supravitally staned
preparation —-of an apparently free nucleus without ¢yteplasm or definite
structure of its chromatin.  The nuelear outhne 15 round and very sharp,
resembhing that of cells treated wath acetic a¢id.  * This form has been
found up to about § per cent of the total lymphocytes.” But sn view of
the rapid rate of disappearance of lymphocytes from the bload, far more of
these end stages should be seen \f senescence and degeneration in the
blood stream were the mam reason for lymphacyte disappearance  Inthe
expesiments of Buming and Huston, cells which would have disappeared
from the bload s 6 hours were shown not to have undergone degeneratuve
changes even after 24 hours, Furthermore, s tissue cultures, thoractc
duct fymphocytes which are about to enter the circulatian and die within

12 houes, if Wiseman's interpretation 15 correct, possess a viability of
several days  This 15 admitted, even by those workers sho have heen
unable to detect any sign of further growth and differentiation  [n thus
connection the expersments of Ebert, Sanders and Florey {1940) are of
especial nterest,  Using the transpacent chamber technique in the rabbit's
¢ar, they found that fymphocytes from a fragment of popliteal fymph
node (autogenous) remained alve and motile mn the neghbourhood of
blood vessels in one case for 7 days, s another for 8 days, while 1n a
third many lymphocytes were still present after 26 days.  That cells which
can hive for this Jength of time should regularly enter the blood stream

and disintegrate within 2 few hours 1s difficult to believe.
LAA
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Excretion wmto Lumen of Almentary Canal

Bunting and Huston (1921), after noting the rapid disappearance of
lymphocytes from the blood and finding no evidence of their destruction
while 1n the blood stream, suggested that they were excreted into the
lumen of the alimentary canal. On histalogical examination of the
intestine, these mvestigators found large numbers of lymphocytes in the
epithelium close to the surface and some free lymphocytes in the lumen
of the mtestine close to the mucosa,

Hellman (1932) and Stenquist {1934) could not confirm the finding
by Bunting and Huston that there is an extensive migration of lymphocytes
through the mucous membranes  Hellman dented the occurrence of this
in the tonsillar epithelium, 1n particular. (See also Ikeda, 1950-1951;
Isazcs and Danielian, 1927.) Stenquist concluded that if the intestines
are handled carefully and not subjected to excessive manipulation, evidence
of lymphocytic migration through the mucosa is difficult to obtain. He
nevertheless assigned an antibactersal function to the lymphocytes in the
intestinal wall and found confirmation of this in the fact that lymphocytes
are absent from the mucous and submucous coats of the intestines in
bacteria-free guinea-pigs. On the other hand, in newborn animals large
numbers of lymphocytes are present 1n the intestinal wall even before
bacterial contamination occurs,

Kelsall (1946), working with hamsters, found that there were many
lymphocytes present both 1n and between the intestinal epithelial cells,
but that the overwhelming majority (g6 4 per cent out of 6,595 counted)
were . the deeper portion of these cells, between the nucleus and the
basement membrane. This would suggest that though the lymphocytes
1n this sithation are very close to the lumen of the intestine, they do not
quite reach it. She further found no evid of lymphocyte dissol 0
or fragmentation, but on the contrary thought it possible, though she did
not exanune the pomt 1n detail, that there might be a transformation of
lymphocytes 1nto plasma cells which then migrated into the stroma flf
the vl Measurement showed that the nucler of small lymphocytes ia
the epithelium were the same size as nucler of small lymphocytes in
adjacent Peyer’s patches.  As far as fragmentation was concerned, Kelsall,
because of the high thymonucleic acid content of lymphocytes, thought
that 1f they fragmented the epithelial cells should contam pan.iclcs rich
1n thymonucleic acd ; however, staming for thymonucleic acid by the
Feulgen method failed to demonstrate these, i

Andrew and Sosa (1947) observed many lymphocytes undﬂgﬂfng
mitosis within the cells of the intestinal epithelium of mice, thus con.ﬁrml.ng
the earlier work of Andrew and Andrew (1945). Nevertheless, in spite
of the not infrequent mitoses, they thought that on the whole the histo-
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trachea (Andrew and Burns, 1947), but in this situation a regular migration
into the lumen was considered improbable.

It is clear then that though many lymphocytes are found in the intes-
tinal mucosa close to the Jumen, this m itself does not prove that thcy
actually enter the lumen, It is obvi desirable to have
about the number of lymphocytes actua“) present 7n the lumen. In this
connection the experiments of Jassinowsky (1925) ate frequently quoted,
but they are in fact smgularly unconvincing. In 6 rabbits, 2 dogs and
1 cat, he made an incision in the abdomnal wall and brought to the
exterior a loop of intestine which was hept moust with warm normal saline.
Into either end of the loop he tied 2 cannula, connected with a rubber
tube and funnel, and into one funnel poured 20 ml of warm sahne By
alternately raising and lo“enng the funnel at either end, the loop was
wrigated 6-9 times every § min for -1 hr., and the washings evammed
for cells. These d varying bers of lymphocytes,
butalsoa iderable number of desq pithelial cells It 1s not
altogether surpnising that there was 2 fair degree of correlation between
the extent of the desquamation and the number of lymphocytes.
Jassinowsky then endeavoured to find out whether the lymphocytes which
had (so he believed) rmugrated through the intestinal epithelium came from
blood vessels or lymphotd nodules. ~ Accordingly, 1n one animal he Iigated
all the blood vessels supplymng an intestmal loop and then made further
ingations. He found that agam (E‘(Cept for the appendix) |ymph0¢y!cS
and epithelial cells d in the The
of epithelsal cells he did not attempt to explain, but that of the lymphocytes
he attributed to “ emigration "',

How many lymphocytes are there in the mtestinal mucosa—apart, that
15, from the solitary and the aggregated nodules > The only mformation
available has been provided by Kindred (194z), who concluded that the
ntestinal epithelium contamed three times as many lymphoeytes as the
arculating blood  From a quantitative pomnt of view, therefore, this ratto
1s not sncompatible with the hypothesis of the mtestinal ehmination of
Iymphocytes

Apart from the direct of 1 ): m the i 1
lumen, an indirect method of experimental approach was adopted by Erf
(1940), who sub, d rabbits to gast: y and then observed
the rate of disappearance from the blood of Iymphocytes already in it,
as well as of others which were injected mtra\enously He found !hat
“ Viable 1 hocytes, erther or

ic,
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mntravenously to esther normal or gastro-enterectomuzed rabbits, disappear
very rapidly from the circulating blood. Excretion of lymphocytes
through the mucosa of the stomach and intestines 15 not the only
mechamsm responsible for lymphocyte destruction.” Apart from the
assumption that the only purpose for which lymphocytes leave the blood
is to be destroyed, this 1s an mteresting contribution to the problem of the
fate of the blood lymphocyte, more clear-cut than the experiments on
enterectomy and the blood lymphocytes described by Yoffey (1942).

It should, however, be noted that experiments such as those performed
by Erf, while they show that lymphocytes may rapidly leave the blood
mn large numbers even after the removal of most of the altmentary canal,
do not directly disprove the occurrence of ntestinal elmnation

Since the lymphocyte 1s not phagocytic the advocates of the intestinal
ehmination hypothests have suggested that 1ts function 1s to affix tovins
(e g Bunting and Huston, 1921; Moor and Newport, 1939)

Sjovall (1936) also resorts to the hypothesis of toxin fixation to support
his general theory of a synergic action between the circulating lymphocytes
and the fixed reticulum cells of the Iymphoid tissues. He suggests that
Iymphocytes pass out of the blood stream 1nto the connective tissues, take
up endogenous and exogenous toxins, and transport them to the lymph
nodes, where they are neutralized or destroyed by the fixed reticulum
cells. The lymphocytes thus freed of toxins re-enter the blood to start
the toxn-fixing cycle once more. The recent work of Coons and his
collaborators (see p. 275) has however shown that lymphocytes do not take
up more than traces of toxin or antitoxin.

Saliva may contamn at times an appreciable number of leucocytes, but
from observations such as those of Isaacs and Danielian (1927) and Tkeda
(1950-1951), 1t 15 clear that the bulk of the salivary corpuscles, with some
exceptions, are neutrophile granulocytes. Isaacs and Damelian (1927)
found this to be so even in cases of lymphatic leukemua, but they did find
tnereased numbers of saltvary lymphocytes in patients with pyorrhoez
Tkeda (1950-1951) comments -  Lymphocytes never occurred i salna
1n one-seventh of all cases.” But the cells, 1f present, ranged from o 4
to 17 per cent, the latter figure being found n a patient with oral inflam-
mation. It 1s of interest that in the vagina also the bulk of the leucocytes
are polymorphs; and Iymphocytes, monocytes and eosmophiles together
never constitute more than 4 per cent of the total cell count (Gutmacher,
1926).
s IZ is perhaps appropriate at this pomt to refer to the suggestion by
Andrew and Andrew (1949) of a novel fate for the bloed Iy'mphocy.tt
‘They point out, after a survey of the hterature, that: * The impression
that the mitotic divisions present in epidermis are not numerous ¢nough
to account for the amount of cell renewal necessary has been expressed
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by varjous authors.” But if this be true, either the epidermal cells must
multiply by amitotic division, for which there seems to be no satisfactory
mdcncc, or clse one must postulate * the addition to the epidermus of

idermal cells with subseq; differentiation of such cells to become
epithelial in character . On the basis of their histological studies, Andrew
and Andrew conclude that lymphocytes are of constant occurrence in the
normal epidermis of the rat and of man, in which they constitute 1-3 per
cent of the cells of the stratum germinativum ; they are not found in the
layers superficial to this  These lymphocytes do not degenerate, but
undergo changes both in their nucleus and cytoplasm to become finally
transformed 1nto epithelial cells, Such an ongin for the cells of the
epidermis would account both for the infrequent occutrence of mitotic
figures 1n the stratum germinatnum, and for the inability to demonstrate
any other mode of rapid regeneration,

However, Andreascn (\95 2) was unable ta find 10 the epidernus any
evtdence of lymphacy and luded that * the ultimate
fate of the e prdermal ly 1s d . He also thought
that *“ the epidermus 15 one of (hc duspos;\l areas for the lymphocytes of the
body, and 1t seems probable that released enzymes or breakdown products
of the lymphacytes may be of importance 1n the metabolism of the
epidermal epithelum .

Lymphocytes i Connective Tissue
Of the three mmin groups of scattered lymphocytes, our sgnorance 1s
perhaps most profound concerning those 1n the connective tissues of the
body. There 1s no doubt that a small number of lymphocytes 1s continu-
ally escaping from the blood capillaries all over the body (though enly
t0 2 minor extent in the nervous system) mm (h: connective tissues, and
thence finding their way into lymph Tt ble that
some multiphcation of lymphocytes may occur 1n the connective tissues,
though m connective tissue spreads nutosis of lymphocytes 1s exceedingly
mfrequent  Nevertheless, thc possibility of such mmms cannot be com-
pletely excluded, more pecially 1n pathol where the
question of the ongin of the lymphocytes which may appear on occasion
i such large numbers has long been a source of comroversy Some of
the key ref to the I onthe h
ongin of the lymphocytes 1n inflammation, may be {ound in the papers
of l\oluuch (1939) and of Rebuck and walcy {1953)
study of tissue lymp has been made,
1\" nve ““gamr has yet undeml\en the heroic tash of counting lympho-
Cytes 1n serial sections of an entire ammal, or even of trying to obtain
an approximate idea of the magmtude of the 1 ymph of
the connective tissue by thus examining even a hm\ted mass of tissue,
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Allen (1945) argued that the peritoneum could be regarded as a greatly
enlarged tissue space and the lymphatics of the diaphragm as the Iymph
vessels that drained this space. He then made cell counts of peritoneal
flud and diaphragmatic lymph, and found a consistently higher count—
of both lymphocytes and other cells—in the former. He concluded,
therefore, that lymphatic endothelium offers a certain degree of resistance
to the passage of lymphocytes, and interpreted this to mean that the
essential function of the lymphocyte is discharged while in the connective
tissue  This 15 an interesting hypothesis, but is open to a number of
objections. Apart from the question as to whether it 1s safe to mnfer that
the conditions found 1n the peritoneal cavity are applicable to the connec-
tive tissues generally, it must be remembered that the lymphocyte is an
actively motile cell and presumably does not function as an inert particle
Unless one postulates a chemotactic attraction of lymphatic endothelium
for the lymphocyte—and so far there 1s no evidence of any chemotactic
stimulus for lymphocytes (McCutcheon, 1955)—there will be as many
lymphocytes in the connective tissues moving away from lymphatic capil-
lanies as towards them. The Iymphocyte population of the connective
tissues will therefore represent, 1n part at any rate, a dynamic and not 2
static equilibrium It 1s not simply a question of the steady passage of
lymphocytes through these tissues in one directton only, namely, from
blood to lymphatic capillaries ; the ional of lymph
away from the lymphatic endothelium would account very largely for
*“ discrimnation .

te:

Passage into Bone Marrow
Possible passage of lymphocytes into bone marrow, together with the
prablem of the developmental potentialities of the lymphocyte, is discussed
at length in Chapter 7

‘THe BLOOD SPAN AND THE LIFE SPAN OF TiE LYMPHOCYTE

In an attempt to throw further light on the fate of the lymphocyte
once 1t enters the blood, numerous expeniments have been performed
involving a variety of techniques, including the fusion of lympkh
with and without some form of labelling, parabiotic preparations, and
cross-circulation experiments. In addition, lymphocytes have been
labelled—by radio-active isotopes or fluorescent dyes—in the intact
orgauism. 'Though our man interest is in the lymphocyte, it will be con-
venient in describing these experiments to refer also to some of the results
concerning other leucocytes. It is important, in considering the data
about to be presented, to distinguish clearly between the total l:ngth of
life of the leucocytes (life span), and the length of time they spend in the

blood stream (blood span).
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Simple Transfusion

One of the carliest observations was made by Minot and Isaacs (1925).
A patient with advanced lymphosarcoma with a leucocyte count of 6,400
per c.mm. (lymphocytes 155 per cent) was grven 450 ml of blood from
a patient with chronic lymphatic leukaemia, with a blood leucocyte count
of 89,000 (lymphocytes 956 per cent)

I dately after the tr , there was a fourfold increase mn
the blood fymphocytes of the recipient, but within 35 minutes they had
dropped almost to their pre-transfusion level. There was nothing to
ndicate that the transfused lymphocytes were destroyed in the circulation,

In an expenment such as this, the transfused cells were without
doubt predominantly lymphocytic, and the first question which arises 1
whether their reactions could be considered 1dentical with those of the
rectpient’s lymphocytes  If they could, these leuhaemic lymphocytes
would have a blood span of about half an hour The further question
then anises whether this would hold good for non-leuhaemc cells

Weiskotten (1930) gave benzol to rabbits and examined the bone
marrow  He found that when the marrow was no longer producing
neutrophiles they disappeared from the blood in 3-3 days, suggesting
that the neutrophiles remained in the blood a good deal longer than the
lymphocytes. However, Kindred (1942) on the basis of a sertes of
calculations of the volume of myeloid and lymphoid tissues, the proportion
of mitotic cells, the estimated length of the mutotic cycle, and the cells
1n the blood stream, concluded that in the blood of the rat the granulocytes
Wwere replaced six times as frequently as the lymphocytes. Van Dyke
and Huff (1951) recaleulating Kindred’s data concluded that the blood
span of the granulocytes was 30 minutes, of the lymphocytes 188 minutes

Van Dyke and Huff (1951) by quite different methods obtained results
of the same order as Kindred (1942) They used parabiotic rats, one of
which was exposed to radiation (950r) sufficient to destroy the greater
part of its haemopoietic tissues  From data available concerming the
amount of blood passing through the anastomosts between the two animals,
and the leucocytes received by the srradiated from the non-iradiated
member, they concluded that *“ the average survival time of the mononu~
clear leucocytes in the blood of an 1rradiated parabiotic rat was 170 minutes
Wwhile the average survival time of the polymorphonuclear leucocytes was
23 munutes "',

Farr (1951), employing a technique devised by De Bruyn, Robertson
2nd Farr (1950), injected 1ntravenously into rabbits suspensions of auto~
genous lymphocytes which had been obtained from their own popliteal
nodes, and which before injection had been labelled with 3,6,diamino-10
methylacridinium chlorde.  This 1 a non-toxic vital nuclear stain, which
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Allen (1945) argued that the pentoneum could be regarded as a greatly
enlarged tissue space and the lymphatics of the diaphragm as the lymph
vessels that dramed this space. 1le then made cell counts of peritoneal
flurd and draphragmatic lymph, and found a conststently higher count—
of both lymphocytes and other cells—in the former. He concluded,
therefore, that lymphatic endothelium offers a certain degree of reststance
to the passage of lymphocytes, and interpreted this to mean that the
essental function of the lymphocyte 1s discharged while tn the connective
ussue.  This 1s an interesting hypothesis, but is open to a number of
objections.  Apart from the question as to whether it is safe to infer that
the condittons found 1n the peritoneal cavity are applicable to the connec-
tive tissues generally, 1t must be r bered that the lymphocyte is an
actively motile cell and presumably does not function as an inert particle.
Unless one postulates a chemotactic attraction of lymphatic endothelium
for the lymphocyte—and so far there 1s no evidence of any chemotactic
sttmulus for lymphocytes (McCutcheon, 1955)—there will be as many
Iymphocytes 1n the connective tissues moving away from lymphatc capil-
lanes as towards them. The lymphocyte population of the connective
tissues will therefore represent, in part at any rate, a dynamic and not 2
static equilibrium. It 1s not simply a question of the steady passage of
lymphocytes through these tissues 1n one direction only, namely, from
blood to lymphatic capillaries, the 1 of lymphocytt
away from the lymphatic endothelum would account very largely for
“ discrimination ',

Passage nto Bone Marrow
Possible passage of lymphocytes into bone marrow, together with the
problem of the developmental potentialities of the lymphocyte, is discussed
at length 1n Chapter 7

TuE BLOOD SpAN AND THE LiFk SPAN OF THE LYMPHOCYTE

In an attempt to throw further light on the fate of the lymphocyte
once 1t enters the blood, numerous expermments have been performed
wnvolving a variety of techruques, including the transfusion of lymphocyt
with and without some form of labelling, parabiotic preparations, and
cross-circulation expenments. In addition, lymphocytes have been
labelled—by radio-active isotopes or fluorescent dyes—in the intact
organism. Though our mamn interest 1s in the lymphocyte, it will be con-
venent in describing these expertments to refer also to some of the results
concerning other leucocytes. It 15 important, in considerng the dat2
about to be presented, to distinguish clearly between the total length of
Iife of the leucocytes (life span), and the length of tme they spend n the

blood stream (blood span).
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kidney. Bone marrow and lymph nodes were unfortunately not examined.
They concluded that the fafure of the crreulating leucorytes 1o increase
after the teansfusion was due 1n the mam to ther sequestsation by the
lungs, ofter both imtravencus and intra-artenal mjection  Leahy,
MeNickle and Smith (21934) transfuscd mto rabbus labefled leucocytes
obtained from petitaneat exudates (produced by sterife sakine an armals
which had previously been given P3%). Taghty-six pes cent of the trans-
fused cells were granulocytes, the remainder manly lymphocytes. They
found that within 3~4 munutes after the injection about 72 per cent of the
total radtoactinity was to be found in the lungs, 3 per cent in the Iner, and
1 per cent in the spleen.  Twenty-four hours after the mjection the mean
tatal activity was 4 per cent wn the lungs, 20 per cent in the Iner, and
28 per cent in the spleen. They inchned to the optnton that the trans-
fused cells were undergong rapid dimntegranion

Lawrence, Lrvin and Wetrich (1945) made & cats leucopenic by srradia-
ton and then established a cross-circutanion with normal cats for tmes
ranging from 2 to 22 hours A simdlar cross-circulation expersment was
also performed with one cat which was suffermg fram nfectious feline
agrasulocytosis.  While the cross-circulation was m progress the leuco-
eyte level gradually rose in the leucopenie arumal, but fell again when the

i ion was d 4. From the rate of falt (881 whute cells
Pper c.mm, per hour) they calculated that the whute blood cells of the cat
were replaced about ane and a half umes mn 23 hours  These experiments
are of great interest, but apply unfortunately to all the blood feucocytes,
without disting g between lymphocytes and other cells,

Whste (1954) transfused 1 man leucocytes labelfed with atabrine
dihydrochlonde, which 1 fow concentraion 2ppears to have no effect on
celt subility,  Donor patients wese gven 50-90 mg of atabrine wintraven-
ously, and 500-659 m! of blood were subsequently withdrawn and trans-
fused immediaxe!y wnta the reaspient  Through a needle m the femoaral
antery blood samples were obtained from the rectptent every 5 min dunng
the Brst half-hour after eransfusion, and every 10 mun for the next hatf-
bour. In some cases counts were continued for 74 hours  Atabnine-
contaming cells were easly recogmzed by thewr bright yellow-green
fuorescence in ultra-violet Iight, while untagged cells were mnvamble m
ultra-violer fight but were seen by phase contrast tilumnation

0 patents, with advanced neoplastic disease, recesved transfusions
ofatabnne-taggcd bload, 5 were {zuuh
31 ic) and 5 were het fusi In the latter group, 2 cases
tth non-feukaerme maligmanoies received leuhaemuc blood, 2 with earaino-~
matasts received blood from other patients with cartmomatosis, and 1
eukaenic patsent recewed blood from a case of carcinoma, with grans-
focytosis following infectton. ** Following such transfusions, tagged cells
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can be readily 1dentified by its fluorescence in near ultraviolet light.
Farr found that most of the labelled Iymphocytes left the blood within
the first go minutes, but that in some animals a few lymphocytes remained
in the blood for more than 3 hours, A still smaller number of cells could
be 1dentified 1n the blood even after 72 hours; but here the question
anses whether they had been in the blood throughout that time, or had
been passing in and out of the blood stream. In the main the labelled
lymphocytes were found partly in the bone marrow and partly in the
sarious lymphoid tissues. Those in the marrow apparently became trans-
formed mnto myelocytes, while those 1a the lymphoid tissues, Farr specu-
lates, may give nise to fresh lymphocytes. Also at 12 hours an otcasional
lymphocyte could be seen 1n the lamina propria and submucosa of the
intestine, and 1n connective tissue elsewhere,

Farr's experiments are extremely interesting, If Iymphocytes pass
from the blood to lymphoid tissues in 2 hours it is possible that they enter
the lymphord tissues not via peripheral lymph, but directly from the
blood ; this would be the reverse of the process we have previously con-
stdered, namely the direct passage of lymphocytes from lymphord tissues
to blood. From a technical point of view Farr’s transfuston experiments
are extremely satisfactory, for his suspensi isted of
Iymphocytes m sterile pyrogen-free Tyrode solution. Much mterest
attaches also to the negative finding that he could not detect transfused
lymphocytes in the lung. It is unfortunate that no quantitative informa-
tion is available 1n his experiments concerning the relative numbers of
transfused lymphocytes found in lymphoid tissues and bone marrow
respectively.

Boyd et al. (1948) fed a rat with glycine labelled with C'* and af(fr
24 hours found greater activity in lymphocytes than in granul This
suggests that the turnover of lymphocytes may be appreciably greater
than that of granulocytes.

Weisberger et al (1951) collected rat lymphocytes from the thoracte
duct or a large intestinal tributary. The lymph was collected simultane-
ously from 5-6 rats for 4 hours and was then centrifuged and the cells
washed 1n saline. Fally they were suspended in 1 ml, of saline, contain-
g 30,000 to 65,000 cells per c.mm. Donor rats were given 0-2 me
of P32 24 hours before cannulation, and this became incorporated 1n the
DNA of the lymphocyte nuclei, so that the fate of the transfused lympho-
cytes which had thus been labelled could readily be followed.

They found that the circulating leucocytes fell immediately after the
injection of the lymphocyte suspension into the tail vein, and the fall
continued for at least 5 hours. When radioactive Jymphocytes were
employed, about 28 per cent of the radoactivity was found 1n the lungs,
23 per cent 1n the liver, 4 per cent in the spleen, and 5 per cent 1n the
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total bone marrow volume, an apprecizble part of the 1otal DNAP2 15 4
the bone marrow of the fecipient ammals  Howes er, Fichtehus (oe cit )

fiser has been found in the Iuterature,”

Kline and Cliffton (1932) fed Pa2¢g healthy subjects {6), gwving 2'5 me
of P by mouth as inorganic phosphorus ~ At 24 and 48 hours after
admnistration, znd subsequently every 48 hours UP to 3 weeks, blood was
withdrawn and the DNAP™* content of the leucacytes was measured
3¢ days elapse before there 15 & steep nise it DNAP?? and the authars
assume that this period is required for the formation of the feucocytes in
the bone marrow ; they did not differentiate between tymphocytes and
granulocytes They estumate that the blooy span of the leacocytes after
these ﬁm.;days i3 8 8 days, hence the hfe spants 12 8days  This estrmae
is far in eveess of that piven by most other workers

Fichtehus (1951-1952) also gave Pat gy rabhus, and found 2 relainely
high specific actisaty mn the blood Iymphocytes for a few days, nsing te
@ maximum at 4~5 days, then gradually falling off, bue attaming a second
peak at aboue 15days  The appearance of these “ second top "' feucocytes
%23 also noted jn 5 sheep, This biphasic response s as yet unexplnned,
but stilf more curious is the faet (Fichtelius, 1953) that sf an anumal s
bled, Iabeiled lencoytes can be snduced mn the bloed 4 days after

More Tecently Ottesen (1934} has clarmed that by Iabelling DNA by
me208 of ingray cnously adrunistered P, 1t can be shown that the biood
'!mPhOCytes fall into two drstnet groups, of nhick one s a mean age
(bloag span} of 3 to 4 days, the other—the majoriy~-of abaut 100 to 200
93¥5  Ottesen d inated betw een lymphocytes an, granulocytes, and
concluded thay a5 (he bulk of the granulocytes enter the blood about
6 days after the administration of paz there would be tire for the short.
lived Iymphocyres, which start to encer the blood at 2 days and do so sn
WIOMUM nymberg g 25 days, to enter the bone marrow and become
7 d into granalocytes. Ottesen {¥954) also mives reasons for
M“”"g that Iymphacytes may spend quite a long time i the lymphoid
gans befare they enter the bivod It s dufficult to reconcile these data
With those e have yxcviously eited. It would be VETY interesting to see
Ottesenty EXPertments repeated in younger—and perfectly normal—sub-
JEcts. Of the tyq <ases on which Ottesen based his conclusions, one was
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were found in the peripheral blood of the recipient for periods ranging
from 30-9o min but not thereafter.”” In non-leukaemic individuals the
tagged cells disappeared from the blood more rapidly (often within 30 min)
than i leukaemic individuals,

White brings out one point of exceptional interest. Though the
numbers of blood leucocytes in the recipient do not show a marked change
after the transfusion, their composition alters, since untagged cells become
largely replaced by tagged ones. ** This would suggest that, at least for
the period of the transfusion, there is a rapid emugration of untagged
(1 &, recipient) cells from the circulating blood, followed by reappearance
of the same or other untagged cells as the transfused cells disappear. . . .
On this basts, one may further theonze that leucocytes may have many
intravascular life spans which may be only a fraction of the life span of
the cell,”

Lanman, Bierman and Byron (1950) transfused, into non-leuhaemic
cancer-bearing recip blood ing large bers of mono-
nuclear cells, and found there was only a transient rise in the blood
leucocytes.

Osogoe (1950) prepared suspensions of lymphocytes from the
mesenteric nodes of young (6 months) rabbits and transfused them to other
rabbits. At first most of these lymphocytes were held up 1n the Tungs,
but after 24 hours large numbers were found in the liver, and =f‘5f 48
and 72 hours in the liver and spleen, The cell suspension used contained
many large lymphocytes and lymphoblasts It 1s evident, as Osogoe
himself pomts out, that these experiments do not throw light on the
normal fate of the lymphocyte, but rather on the possible histogenesis of
lymphoid metaplasia. ~ After 3 weeks the lymphocytic accumulations it
the liver had ali disappeared

Fichtehus (1953) performed experiments mostly with 3-month-old rats
The danor rats were given an injection of P32 24 hours beforehand, and
this was taken up 1n the DNA of the developing lymphocytes & nch
suspension of thymocytes 1n saline was then obtained with a total volume
of about 1-0 ml., the cell content being 300,000~340,000 per ¢ mm In
most cases cells were transfused between litter mates (syngenesio-trans-
fusion) though heterotransfusion (rabbit to rat) was also employed.

The labelled lymphocytes were identsfied by extracting the DNAE
24 hours after the transfusion , the number of impulses per mg. DNAP®
was then estimated. Fichtelius measured the relative activity of the
various organs and found the highest values in the spleen, with bone
marrow almost the same, and then in descending order thymus, small
intestine, liver, lymph node and lung o

The interpretation of these transfusion experiments is difficult for
a number of reasons, but 1t is clear that if one takes into account the
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splenic syndrome, the bload from the splenic vemn after the jection of
episephnne showed an increase in granulocyte content of 10,000 and
80,000 leucorytes per canm, respectively.  Ambrus, Ambrus, Johnson and
Harnson (1934) teport that as far as granulacytes are concerned, the fier
and spleen can also sequestrate, though only m small numbers, whereas
the capsfaries of the fimbs do not usually have any effect, except when
marhed saso-dilatation or vaso-constriction ocour.

Levit oF Broob LaMpnocaTes

Lymphocy tosis and Lymphocytopenta

The pumber of lymphocytes in the blood 15 the result of a balance
between incoming and outgoing cells. This will be true whether the
equilibrium is relatiy ely sutic or dynamic, Le. whether cells merely enter
the blood and then when they lease 1t do so for good, or whether they
past in and out of the blood repeatedly.  The tovel of the blood lympho-
cytes may therefore be saried through changes 1 the number exther of
incoming ar cutgoing cells, or of both. Lymphocytosis may thus follow
{a) entry of Iymphacytes into the blood sn mereased numbers, while the
number Jeaving remains unchanged (active lymphocytosis) , or (4) entry of
Iymphoeytes into the blood 1n normal numbers, but exit 1n numbers less
than rermal, so that there is a retention of Bymphecytes m the blood
{passive fymphocytosis)  Sudlar d apply i the case of
ymphopensa,

We may put the postion more contisely by sayng that, sf X = the
number of Iymphocytes entenng, and ¥ = the number leaving the blood,
then normalty, over a pertod ¢

‘Y’ =10 =no change m lfevel

but X

X- X X~ X
T T O e or ¥

.~ < 10 = lymphopema
X X+ x A
or Vi S"A‘ or i"‘" or ';Tv » vo = lymphocytosis

From an ion of the blood Iymphocytes afone st 15 impossibl
to determune the cause of any change 1n thewr nuember.  Ths can be done,
however, by measuring X and Y,

X can be measured in part by counting the lymphacytes passing
through the thoracic and nght lymph ducts, though as we have already
foted, most observers have in fact ignared the right lymph duct and have
assumed that X 15 given to all mtents and purposes by the lymphocytes
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88 years of age and the other, a 44-year-old woman with a gastiiculcer, nas
examuned by X-rays twice during the course of the experiment. It is
Just concervable that this, added to the action of the P32, may have shghtly
mfluenced the result.  If the findings of Ottesen can be taken at their face
value, they would mean that there are two quite distinct varfeties of
lymphocytes, assuming that one 1s dealing here with normal cells ; alter-
natively, some of the cells 1nvolved may be *stress * lymphocytes

We have thus far been considering mainly the life span of normal
tymphocytes; in disease the position may be different. ‘Thus, Osgood
et al (1952), also using P32 for labelling purposes, suggest that m
chronic lymphatic leuhaemua the life span of the lymphocyte may be of
the order of 30 days, whereas in acute lymphatic leukaemia it is less than
7 days  They suggest further that the labelling of DNA with P? makes
1t possible to brochemically the degree of chroncity or acuteness
of individual cases of leukaemia.

The Role of the Lungs

It seems abundantly clear that large numbers of leucocytes can dis-
appear with great rapidity from the circulation and i recent years Bn;rmﬂﬂ
and his colleagues have, in a series of investigations, drawn attention to
the part played in this process by the pulmonary capillaries. Thus
Bierman et al. (1952) examined m 12 subjects the leucocyte content of
blood from peripheral veins and artestes, and also from the right ventricle,
pulmonary artery, hepatic vein, left ventricle or aorta. They made
repeated leucocyte counts during different stages of respiration, and a.150
during the Valsalva and Mueller manoeuvres.  They found that during
inspiration the arternal leucocyte count fell, while the venous count rose;
the reverse changes occurred on expiration, - Fluctuations between 6,000 and
10,000 leucocytes per c.mm. occurred 1n as short a time as 10 sec. while
in 8o sec. the lymphocytes rose from 1,000 to 2,000 per c.mm. ese
and other changes suggest *‘a tidal ebb and flow of leucocytes 1nto and
from the pulmonary circulation of a sigmificant degree .

The problem has been recently reviewed by Brerman (19,
seems clear that as far as this trdal function of the lungs 15 concern
is predominantly the granulocytes which are involved. .

The work of Ambrus, Ambrus and Pachman (1953), using a Slaf‘lng
heart-lung preparation, suggests that it may be possible to submit 10
experimental study in animals the mechanism whereby the lungs take up
cells from the blood or release them. 'These workers also agree that 1t 18
mainly in the Jungs that granulocytes can be removed from the blood
mn large numbers .

BLE’. the lungs are not the only organs to be considered.  Wright,
Doan, Bouroncle and Zollinger (1951) found that, 1n 2 cases of the hyper-

55), and it
ed, it
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expenment is the exception rather than the rule; 1t is not however too
wfrequent an occurrence, though one which we are as yet unable to
explain,

In general, caleulations of the 1L.R. on the lines we have just jndicated
are unsatssfactory mainly because we are unable to measure X with
accuracy.  {See also Sanders, lorey and Barnes, 1940.) A further com-
plication, even if we could measure 1t, might be introduced by * stress *
reactions (see p 374) Ilowever, measurements of thoracic duct lympho-
cytes may nevertheless be of great value, for they can give a clear indrcation
of the trend in lymphocyte output and tell us whether this 1s above or
below the normal level. Chmically and expermentally a vast number of
observations have been made on changes in the blood Iymphocytes and 1t
s obvious that their full signifi cannot be apy d untit we hnow
the destination of these cells. But it may be possible to obtain from the
trend of the thoracic duct lymphocyte output an indication as to whether
lymphacytosis is due to i d prod d hed

or i ehmina-

oy .
tion of lymphacytes (’)‘ or L), or whether lymphopenia 15 due to

=
. X- X
diminished production or increased elimination (? or T”) This

method of approach has not been utilized sufficiently until now

Lymphacytosis due to Increased Entry of Lymphocytes tnto Blood

Lymph due to i d entry of lymph mto the blood
was first direetly observed by Rous (1908b), following the admunsstratron
of pilocarpine, ~* The intravenous nection of pilocarpine nitrate causes
m the dog a rapid and considerable increase i the output of lymphocytes
through the thoracic duct The corresponding lymphocytosis induced

Y the drug in the blood of this animal 1s not profound, and mcreased
cell-output with the lymph will explain a large part if not all of 1t .
These findings are 1n accord with the theory that makes mechantcal factors
responsible for rapidly appearing lymphoeytosis " (see Fig 86) Ehrlich
and Lazarug (1905) also beheved that lymphocytosss 1n general was of
simple mechanrcal origin. * Accordingly one 1s obliged to conclude that
a IYmP}.mcytusis occurs when in response to an increased circulation of
lymph in » greater or less extensive lymphatic region, more elements are
mechanically forced from the Iympheglands, . . . We must, therefore,
consider Iymphocytosis as the result of a mechanical process” This
0215:;‘510:‘:2", phosd tissues 1s probably responstble for lymp

There are, however, several types of more slowly developing lympho-
ytosis associated with hypertrophy of the lymphotd tissues, 1n which the
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in theracte duct lymph. If we could assume that such was the case snd
were to ignore all other lymphocytes entering the blood, the calculation
would be simple, for ¥ could be measured indircctly. By cannulating
the thoracic and figating the nght lymphatic duct, we can divert from the
blood stream the entering lymphocytes, without preventing the exit of those
already 1n the blood. As a q of this procedure, the blood
Iymphocytes will fall, the total loss (¥) can be calculated from the drop
per c.mm, and the blood volume.

The ratio thus calculated of ing to outgoing lymphacytes e
term the Index of Lymphocyte Replacement, or more briefly the LLR.
In the normal animal with blood lymphocytes maintained at a constant
level the true IL.R. should be 10 However, the true LL.R. cannot at
present be calculated and all we can do is to measure the apparent I L.R,
namely the ratio of thoracic duct lymphocytes to those disappearing from
the blood.

TABLE 49
h

App index of | 1e repl 1 normal dog (ravo of lymphocytes
entermg blood lymphocytes leaving blood)

Thoracic duct lymphocyte  Blood lymphoceyte loss Index of

Dog output s nnlhons durtng e mullions during the  lymphoryie
no the expenmental perrod ¢ I perto le !
1 582 1,175 049
2 592 677 o8z
3 2,027 1,753 116

Table 49 gives three calculations of the apparent LL.R in dogs undet
chioralose anaesthesta These calculations are based on cannulation of
the thoracic duct without any mterference with the nght lymph duct
In the anaesthetized (chloralose) dog the I L.R, measured in this way is
usually less than 1-0. This is not surpnsing, since even if the true LL.R
were 1n fact 1-0 the thoracic duct lymphocytes are only a portion of X
Furthermore, in the anaesthetized animal much of the body Iymph'“l!h
its contamned lymphocytes is no longer flowing, so that X, even x{ we
could measure 1t accurately, would probably be dimished. But since
¥, the movement of lymphacytes out of the blood, does not dcpenq upon
the flow of lymph, 1t would presumably not be interfered with in the
anaesthetized anumal, and hence X < ¥, and the LL.R. < 10, so that
the blood lymphocytes would fall. This 1s probably the main reason for
the fall in the blood lymphocytes of an anaesthetized animal (Yoffey, 1935)-

The last experiment 1n Table 49 shows an LL.R. greater than 103
in this instance the thoracic duct lymph flow almost trebled towards the
middle of the experiment, giving rise to a marked increase in lymphocyte
output. Such increase in lymphocyte output during the course of an
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experiment is the exception rather than the rule; it is not however too
infrequent an occurrence, though one which we are as yet unable to
explun

In general, calculations of the I.L.R. on the hnes we have just mdicated
are unsausfactory mainly because we are unable to measure X with
accuracy, (See also Sanders, Florey and Barnes, 1940) A further com-
plication, even if we could measure 1t, might be 1troduced by * stress ™
reactions (see p 374). lowever, measurements of thoracic duct lympho-
cytes may nesertheless be of great value, for they can give a clear indication
of the trend in lymphocyte output and tell us whether this 15 above or
below the normal level.  Chnically and experimentally a vast number of
observations have been made on changes 1n the blood lymphocytes and it
15 obvious that their full significance cannot be appreciated until we know
the destination of these cells. But it may be possible to obtamn from the
trend of the thoracic duct lymphocyte output an indication as to whether
Iymphocytosis is due to increased production or diminished elimna-

X

S
tion of lymphocytes (?' or 7:), or whether lymphopenta 15 due to

¥ }'f) This
method of approach has not been utilized sufficiently until now

dimnished production or increased elimmation (—:f or =

Lymphocytosis due to Increased Entry of Lymphocytes tnto Blood

Lymphocytosis due 1o increased entry of lymphocytes mto the blood
was first directly obsersed by Rous (1g085), following the admutustration
of pilocarpine. * The intrayenous injection of pilocarpine mutrate causes
in the dog a rapid and considerable increase m the output of lymphocytes
through the thoracie duct. The corresponding lymphocytosis nduced
by the drug in the blood of this animal is not profound, and mcreased
cell-output with the lymph vll explain a large part of not all of 1t . . -
These findings are in accord with the theory that makes mechanical factors
responsible for rapidly appearing lymphocytosis * (see Fig 86) Ehrlich
and Lazarus (1905) also believed that lymphocytosis in general was of
stmple mech Lorigin  * Accordingly one 15 obliged to conclude that
2 lymphocytosis occurs when 1n response to an ncreased crrculation of
lymph 1n 4 greater or less lymphatic region, more el are
mechanically forced from the lymph-glands. . . We must, thercfore,
constder lymphocytosis as the result of a mechanical process” This
Rushung out of lymphotd tissues is probably responsible for Iymphocytosis
of rapid onset.

There are, however, several types of more slowly developing lympho-
“ytons aseociated with hypertrophy of the lymphoid tissues, mn which the
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rate of lymphocyte production is apparently stepped up more gradually
but remains at a higher level for some time. In none of these cases has
the increased lymphocyte output been directly estimated via the thoracic
duct, but only inferred from examination of the lymphoid tissues. Thus,
Wiseman (19314) found that in the lymphocytosis produced by parentally
admirnustered protein the lymph nodes and the spleen showed hyperplastic
changes. Nakahara and Murphy (19z1) induced Iymphocytosis in rats,
guinea-pigs, and rabbats by dry heat ; in mice, by injecting emulsions of
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Minutes
Fic 86 —Chart showing the increased output of thoracic duct lymphocytes in 2 dog
following the admunistration of pilocarpine mutrate
Ordinates, cakulated number of white cells in Iymph dunng 5 minutes, expressed 1o mi
Abscissae, Gme 1n munutes
(Redrawn with omussion of curves not pertinent to our discussion, from Rous, 19085, chart 5, p 337

thons

homologous living tissues; and in mice and rabbuts, by small doses of
X-rays. A lymphocytosis developed which was jated with increased
mitotic actvity of the germ centres. Von Albertni, Gasser an

Wuhrmann (1935-1936) also produced lymphocytosts by means of X-rays
but found that the active regeneration was most marked in the diffuse
lymphoid tissue of the nodes, not 1n the germ centres.

It 15 1nteresting to note, however, that even under these circumstances
there may possibly develop a lymphopenia rather than a Iymphocytosis,
despite the fact that lymphocyte production 1s above normal, owing to
an excessive demand for lymphocytes elsewhere. This would be 2

+

lymphopenia of the ;{f  variety, and 1t is not unlikely that this is the type of

lymphopena which developed 1n experiments such as those of Lawrence,
Dowdy and Valentine (1948), who noted that though regeneration of Iymgh
nodes was complete 20 days after irradiation, there was still lymphopenia
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at 25 days. Thoracic duct cannulation in these amals should be able to
give defimite proof or otherwise of thxs imcrpmztion

Some bacteria also stimul, actyy
Reference has already been made to lhc nork nf l‘.hnch (19-96 and c)
with staphylococet, 1 which there was a moderate lymphocytosss with
distiact hyperplasia of the [ymphod tissues  The effect of Hoemaphilos
pertussis 18 even more striking. It 15 well known chically that a marked
Iymphocytosis may deselop during attacks of whooping cough. Tuma
{3037) found in rabbuts that **an absolute Iymphocytosis 15 produced
23 hours after the intravenous injection mto rabbuts of hving and killed
pertussis baosth ™, which coused a moderate hyperplzsia of the lymphatic
tissue 1n the spleen and mesentenc lymph nodes, In the thomoe dust
lymph, the as erage celf count w38 34,000 1n normal antmals, but no greater
than 43,000 per c.mm 11 the animals ingected vath pertussis bacth  This

supgests 2 lymphocytosis of the ')\~ type, particularly im view of the hyper-

plassa of the lymphoid tissues  Unf fy data on the total lymph
flow and lymphocyte output ase lacking

Harvey (19o6-1go7) found n rabbuts that a lymphocytosis could
rapidly be produced by the iy of pilocarpne, , and barwim
chlonide, the lymphocytoss sppeanng ia as short a tune as 10 minutes.
Haney attributed 1t solely to the contraction of smooth muscle w the
spieen and lymphatic nodes and found that it could be presented “of
atropine precedes the wcorporation of any drug whach sumulates plan
rmuscle tissue, through the motor * nerve-endings * of 3 more central part >
Meyerhof {1540} teported that an alcoholic extract of the acetone insoluble
residue of the mesentenc lymph nodes of the calf caused 3 lymphocytosis
when gen subcutancously to gumea-pigs  There are no data upon the
effects of such extracts in larger animals or sn man

The lymphocytosss, described by many suthors, followng vigotous
exercise of short duration (Ernst and Hervheimer, 1924, Manm, 1932)
may be mamnly of the mechanical type due to increased lymph flow from
the himbs and abdomen.  Rous (29o84) showed m dogs that * the lympho~
cyte outpu: may be tnpled or quadi d durmg z long
struggle ”  But, as noted by Farns (1938a and & and 1g43} and others
emotional factors, operating perhaps through an endocrne mechaniom,
may piay a very imponiant part also  (For further Iuterature see Farus,
1943, Gareey and Bryan, 1935}

It 15 perhaps pertinent to refer at this point to the observations of
Bierman &2 2l (1953) on thoracic duct lymph 1n man. Leukaerma 1s
generally regarded as bcmg due to ;verproduction of leucacytes, and in
the case of b ia it would be te to expect some

sindication, 10 the thoracie duct lymph, of an increased entry of lympho-~
L—~BE
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cytes into the blood. Bierman found that in § patients with lymphatic
leuhaemiz, the mean lymphocyte content of thoracic duct lymph (t2hing
the highest counts) was 64,600 per c.mm., while the count in peripheral
biood at the same time averaged 260,900, This gives a ratio of thoracic
duct to blood lymphocytes of 1:4, Bierman and his co-worhers interpret
thetr results to mean that leukaemia may not altogether be due to excessive
production of lymphocytes and their discharge into the blood. Sub-
sequently Brerman (1955) developed this thesis further. It is, of course,
quite possible that leukaemia is due to interference with the passage of
lymphocytes out of the blood. But 1n addition, when one reviews the
data of Bierman et al. (1g53), it 1s clear that we need more information
before we shall be i a position to decide this point. The data so far
available certainly suggest that * in some patients with lymphatic leukemia,
over-production or excessive delivery of Jeukocytes is not present at all
umes”  But on the whole, their figures undoubtedly reveal lesels of
lymphacyte production tending towards the high side, and 1f there is no
change 1n the number of lymphocytes leaving the blood, leukaemia could

X+
be regarded as a ined and prog lymphocytosis of the A type.

A relatively small increase n lymphocyte production would suffice if
contmued over a long period. This interpretation would be true only
on the assumption that both the blood and the life span of the lymphocyte
were unchanged, whereas mn fact it 1s quite possible that such is not the
case and another variable may thereby be introduced. ‘Thus according to
Osgood et al (1952) the life span of the lymphacyte may be of the order of
30 days in chronic leukaemia and 7 days or even less in acute Jeukaemia.

Reinhardt, Ensell and Yoffey (1955) have recently been mnvestigating
(guinea-pigs) the output of thoracic duct lymphocytes following splenec-
tomy, an operation which is frequently reported to give e to chronic
Iymphocytosis. It was found that 40 days after splenectomy there
appeared to be a slightly increased lymphocyte output which was not
statistically sigrficant  If these results can be substantiated, the lympho-

+
cytosis which follows splenectomy would be A;; in type. (See also

page 267 for marrow changes after splenectomy )

Lymphopenia due to Dimimshed Entry of Lymphocytes into Blood

2

ymphopenia due to dimimished entry of lymphocytes into the blood
would perhaps best be exemplified by experiments involving the removal
of a sufficient mass of lymphord tissue.  Observations of lymphocyte out-
put in such cases have not been made. In recent years, h?“‘fvef, data
have become available on lymphocyte output following irradiation (Ross,
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Furth and Bigelow, 1952 ; Brown, Hardenbergh and Tullss, 1950). Thus
the latter workers noted that in dogs exposed to joor total body X-radiation
there was a precipitous fall i the cell content of thoracic duct lymph
within 4 hours after irradtatton, the low level being maintamed throughout
the observation penod (6} days)
Digestive Leucocytosis

The leucocytosis alleged to follow digestion has an extensive but
inconclusive literature, which has been fully reviewed by Arneth and
Ostendorf (1923) and by Garry and Bryan (1935). Moleschott (18354)
described a two-thirds increase i the blood leucocytes following a meal
nich m protein. Since Moleschott’s time the occurrence of digestive
leucocytosss has been alternately affirmed and denied It seems not
unreasonable to suppose that increased peristalsis might be associated
with an mcreased lymph flow from the intestine and a lymphocytosis of
the mechanieal, flush-out type ~ Goodall, Gulland and Paton (1903-1904)
found 1n dogs that digestive leucocytosis definitely occurred and that 1t
was composite 1 nature : there was a constant increase 1n the lymphocytes
and a varable increase i the granulocytes.  Arneth and Ostendorf (1923)
on the other hand deny the existence of a lymphocytosis.  In view of these
and many other conflicting reports, 1t 1s not surprising to find a paper by
Videbaek (1946), entitled : ** Is  digestive leukocytosis *areality 27 The
reaction, 1f 1t occurs, seems to be exceedingly varible and some of the
conflicting results may be due to species differences  As to the sigmfi-
cance of the leucocytosis, we have no mformation. Paton (1922) suggests
that the leucocytes are responsible for the absorption of protem, but there
18 no convineing evidence that such 1s actually the case.

Mecnanism of CoNTROL OF Lympromp Tissue

We do not know how the balance 1s normally maintained between
lymph entering and lymphocytes leaving the blood. In the case
ofa free cell, such as the cnrculatmg lymphocyte, a direct nervous control
18 1mposs:ble, and 1n xecent years haematologists have devotcd much

to More esp th
stress response explains much that was previously obscure, though 1t has
raised additional problems

In one of the earhier reviews of the pmblem, Hoff (1934) beheves
that alterations i the acid-base equlit of fi
portance, Lesserung of the alkal reserve 1s folluwed by granu]ocytosxs,
while an increase lates the prod ofa . A typcal
lymphocytosss of this nature 1s pruduced by hypervemdatwn Stmilar
considerations are apphed by Hoff to local inflammatory reactions In
acute inflammation the reaction inclines to the acid side with a resultant
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outpouring of granulocytes ; whereas in chronic inflammatton the reaction
tends to be neutral or alkaline, and lymphocytes appear on the scene in
large numbers The evidence on this point, however, is conflicting
Menkin and Warner (1937), examinmng the exudate which appeared after
the 1ntrapleural injection of turpentine in dogs, found that * with the
increase in the hydrogen 10n concentration to a pH below 7:0 polymorpho-
nuclear leukocytes seem unable to survive and the predomenating infiltrat-
" N

ing cell 1s the lear te. A of an alkaline pH
cds panied by 2 prepond e of polymorpt lear leuko-
cytes. . Increase in the blood calcium also tends to be associated

with granulocytosis

Endocrine Factors

The lterature dealing with the influence of hormones upon the
leucocytes in general and the lymphocytes in particular has grown consider-
ably during the past decade  We propose here to give only a brief outlne
of the story, as yet incomplete. For a fuller treatment of this problem the
reader should consult reviews such as those of Dougherty (1952), Gordop
(1954) and Ehrich and Serfter (1953). In discussing the problem it
should be emphasized at the outset that 1t 1s extremely difficult if not
impossible to consider the effects of hormones m isolatton, since there
15 s0 much interaction between them. It 1s also difficult to dxs(mguls}l
betsseen a direct hormonal effect and a secondary result of the metabolic
changes to which 1t gives nse

Insulin has been held to play an important role, Stockinger ?nd
Kober (1931) found that in fasting subjects the subcutaneous 1mjec-
tion of 16 umts of insuln produced a lymphocytosts which reached 1ts
maximum after 2 hours.  Such rapid development would seem to indicate
a mechanical onigin, and Quigley and Barnes (1930) and others have, 1
fact, shown that 1nsuhin causes a hypermotility of the gut, thus suggesting
a possible smlanty between nsulin lymphocytosis and that following
pilocarpme. Though for a time the occurrence of insuln lymphocytosis
was not umversally accepted (eg. Latta and Henderson, 1937, who
reviewed the earher literature), later work has substantiated it (Volk and
Lazarus, rgs1) and at the same time has shown that glucose exerts a0
opposite effect 1n giving nse to lymphopenia, whether admunistered orally
(Freeman and Elmadjan, 1946; Elmadjan, Freeman and Pin?u.S, 19}6)
or intravenously (Lazarus ef al., 1950). The simultaneous administration
of insulin and glucose results, according to Volk and Lazarus (1951), 1
a lesser degree of lymphocytosis than after nsulin alone  However, a8
one illustration out of many of the difficulty of analysing hormonal actton,
Hokfelt (1953) has shown that in the cat insulin stimulates the specx;ﬁc
discharge of adrenalin (not nor-adrenalin) from the adrenal medulla.
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Adrenalin, in turn, can result in the discharge of ACTH from the anterior

lobe of the pituitary, and so bring into action the steroid secretion of the

adrenal cortex (cf. Zwecher, 1948). ,
e e R R SR S .

of Iy

el - . .

Jaffe, 1924) pmms to the occurrence of th)mxc atrophy after thyroidec-

tomy. Naegeli (1931) states that neither 1n hyperthyroidism nor after

the admimstration of thyroxin is lymphucytosls a regulfar occurrence.

Hm\cscr, Axclrod :md Bcrm:m (lg_,l) \\ho gl\c an evcellem review of the

B L

of toxic hyperthyroidism that this type of reaction occurs, and that in
simple hyperthyroidism there 13 no sign of excessne lymphoud tissue
activity Gregmre (1941 i 19424, b and ¢) has investigated the problem
hormone, He found that the
lh)mus and lymph nodes of rats (or the thymus of chicks) did not enlarge
after the administration of thyrotropic hormone, though they did so
markedly if the hormone were given after adrenalectomy. Grégorre also
induced thymuc invelution by trradiation and then carefully studied the
factors mfluencing 1ts regeneration.

In recent years the adrenals and to a lesser extent the gonads have
received most attention in connection with the control of lymphotd tissue.
From the ume when Addison (1855) first noted, in one of the eleven cases
on which he based his description of the disease named after him, a maxked
ncrease 1n the white cells of the blood, evid: has steadily
to indicate a close connexion between lymphoid tissue and the suprarenal
cortex  In Addison’s disease there 1s usually to be found a marked
lymph , with a condi bling status lymp
at aumpsy (cf Star, 1885) Large numbers of lymphoid follicles may
develop 1n the bone marrow (Hedinger, 1907), though as we have
repeatedly emphasized (see also Sundberg, 1953) they are very infrequent
1n normal marrow,

These and many other chnical observations of this type suggested
strongly that the adrenal cortex exerted somehow a depressant effect upon
the thymo-lymphatic system, and experimental studies seemed to fit in
very well mch this rdea Thus Jaffe (1924) found in rats that the thymus

d after ad while Marine, Manley and Bauman

(x924) obtained the same result i in rabbits and in fact noted that if the

had been perfi d when the thymus was already under-

gomng involution, regeneration occurred (cf. Simpson, Dennison and
Korenchewsky, 1934; Reinhardt and Holmes, 1940).
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outpouring of granulocytes ; whereas 1n chronic inflammation the reaction
tends to be neutral or alkaline, and lymphocytes appear on the scene m
large numbers. The evidence on this point, however, is conflicting
Menkin and Warner (1937), examining the exudate which appeared after
the intrapleural injection of turpentine in dogs, found that * with the
increase 1n the hydrogen ion concentration to a pH below 7 o polymorpho-
nuclear leukocytes seem unable to survive and the predominating infiltrat-
ing cell 1s the mononuclear phagocyte A maintenance of an alkaline pH
LS P d by 2 prepond of polymorphonuclear leuko-
cytes . .." Increase in the blood calcium also tends to be associated
with granulocytosis.

Endocrine Factors

The hterature dealing with the influence of hormones upon the
leucocytes m general and the lymphocytes in particular has grown constder-
ably duning the past decade W propose here to give only a brief outline
of the story, as yet incomplete  For a fuller treatment of this problem the
reader should consult reviews such as those of Dougherty (1952), Gordon
(1954) and Ehnch and Seifter (1953) In discussing the problem it
should be emphasized at the outset that 1t is extremely difficult if not
mpossble to consider the effects of hormones 1n 1solation, sice there
1s so much interaction between them. It is also difficult to dxstinguls.h
between a direct hormonal effect and a secondary result of the metabolic
changes to which it gives rise

Insulin has been held to play an mmportant réle. Stochinger and
Kober (1931) found that mn fasting subjects the subcutaneous injec-
tion of 10 umts of msulm produced a lymphocytosis which reached 1ts
maximum after 2 hours  Such rapid development would seem to indicate
a mechanical ongin, and Quigley and Barnes (1930) and others have, 1n
fact, shown that wmsulin causes a hypermotility of the gut, thus suggesting
a possible stmilarity between insultn lymphocytosis and that following
pilocarpine  Though for a time the occurrence of insulin lymphocytosis
was not umwversally accepted (eg. Latta and Henderson, 1937, who
reviewed the earlter literature), later work has substantiated 1t (Volk and
Lazarus, 1951) and at the same time has shown that glucose exerts an
oppostte effect 1n giving nise to lymphopenia, whether admi d orally
(Freeman and Elmadjan, 1946, Elmadjan, Freeman and Pmncus, 1946)
or intravenously (Lazarus ef af, 1950)  The simultaneous administratton
of msulin and glucose results, according to Volk and Lazarus (1951), in
a lesser degree of lymphocytosis than after insulin alone. However, 3
one illustration out of many of the difficulty of analysing hormonal action,
Hokfelt (1953) has shown that in the cat insulin stumulates the spccll:it
discharge of adrenalin (not nor-adrenaln) from the adrenal medulla.
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and a hilia which they regarded as pecific, as
well as a shight decrease m ‘red cell count and haemoglobin concentration
Desoxycorticosterone, on the other hand, was without effect on the blood
lymphocytes.

At this point they endeavoured to find some reason for the lymphocyto-
Iytic and other degeneratnne changes in the lymphocytes. They noted
that the lymphop:nm and lymphmd tissue changes were associated with
an increase in the serum proteins, which they then decided were partly
antibody globulim, and they fuded th that lymph were
rich in antibodies, We have dealt elsewhere (p. 270) with some of the
basic evidence on antibody formation, and need only cite here some
additional work relating to steroid hormones,

Dougherty and White (1944), Kass (1945) and W huc and Dougherty
(1945) also showed that cells—again pr phacytes for the most
pan—from mmccd lymph nod:s were nch m anhbodn Chase, White

o e

- ~ sncasbhan

could pmducc an ncreased annbody titre. However, Eisen et al (1947)
reported that ““ identical of serum antibodies and gamma
globulin were found in adrenalectomized rats repeatedly injected during
1mmunuzation with ACE and 1n similar animals not receiving ACE (extract
of suprarenal cortex) ™ ; a similar finding i cats was reported by Thatcher,
Houghton and Zewgler (1948). It 13 pertinent 1n this connexion to quote
the experiments of Andreasen ef al. (1948), who showed that n the rat
extirpation of go per cent of lymphoud tissue was without sigmficant effect
on the normal range of serum proteins.

Closely related to the problem of antibody formation is the transfer
of sensttivity by cells, lymphocytes or otherwise. (See for example
Landstemer and Chase, 1942, Chase, 1945, Haxthausen, 1947, Stavitsky,
1948 ; Lawrence, 1949 ; Miller and Favour, 1951 ; Wesslén, 19525 and ¢
and Chase, 1953.) There 15 evidence that washed cells from sensitized
amimals, when given to normal 2mmals intravenously, mtmpcritoneally,
or mtradermally, can somehow confer sensitvity on the recipient. When
the source of the washed cells was peritoneal exudate, buffy coat of peri-
pheral blood, or spleen, “ the effectiveness . . . has shown a parallelism
with the content of lymphocytes ” (Chase, x953), though exact data are
difficult to obtain, Even in the case of lymph nodes, where according
to Chase small lymphocytes are preponderant to the extent of 95 per
cent or more ", there 1s still need for caution 1n mterpreting the results
Coons, Leduc and Connolly (1955) point out that ** . in a Iymph
node stimulated by an antigen for the first time, considerably less than
1 per cent of the cells present are engaged 1 antubody production .
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However, 1t was not until Selye (1937) described the adaptation
syndrome (* alarm reaction ") that really intensive study was made of the
relationship between the adrenals and lymphoid tissue. A wide vanety
of agents functioned as non-specific stress or alarming stimuli, and set
in motion changes which resulted in the secretion by the anterior lobe of
the pitwtary of ACTH, which then entered the blood stream and on
reaching the adrenal cortex stimulated the secretion of steroid hormones
The range of substances or conditions which can act as alarming stimuli
soon became so great, mcluding (Selye, 1940) lar exercise, exposure
to cold, or to the rays of the sun, and even moderate fasting, that in
considering the action of almost any substance on the lymphoid tssues
one must take into consideration the possibility that the results are 2
non-specific ““ stress * response, mediated via the pituitary and adrenals.

One of the striking changes 1n the alarm reaction is acute m-
volution of the thymus and to a lesser extent of other lymphoid tissues.
These changes were analysed in greater detail when supplies of ACTH
and punfied sterod hormones became more freely available. Thus
admunistration of ACTH was soan shown to result in loss of weight and
atrophic changes 1 Iymphoid tissue (e.g. Stmpson ef ef,, 19435 Sayers,
White and Long, 1943 ; Dougherty and White, 1943 ; Yoffey and Baxter,
1946, and others). ‘The alterations m the thymus and lymphoid tissues
were subsequently studied by Dougherty and White (1044, 1945) and
more recently by Baker, Ingle and Lt (1951) and by Ringertz, Fagracus
and Berglund (1952) On the whole it is true to say that most observers
have confirmed some involutionary effect upon the thymo-lymphatic
system of ACTH and 11-oxysteroids, though White and Dougherty
(1945) suggested that contmued lymphocytolysis might in fact simulate 2
strong p y lymphocytopoietic reaction.

Yoffey and Baxter (1946) gave daily injectons for one month of 2n
aqueous cortical extract to rats and found that it gave rise to a slight but
defimte hyperplasia of lymphoid tissue. ‘The idea of a reactive hyperglasm
was not borne out however by ssmilar experiments with ACTH, associated
with depletion of lymph nodes and thymus but with no evidence of
increased lymphocyte breahdown Baker, Ingle and Li (1951) treated
rats with ACTH for pertods up to 21 days and found atrophy most marl:t'd
in the thymus, but quite evident in lymph nodes also. However, Weir
and Heinle (1950) could not bring about lymphord tissue regression 1
mice by the admnistration of cortisone; nevertheless they did not accept
Dougherty and White’s (1945) suggestion that this was the case because
of a secondary hyperplasia. .

Dougherty and White (1944) found that in mice, rats and rabbits sxqgle
injections of pittary adrenotropic hormone, agueous or oily cortical
extracts, cort and T d E, produced within a few hours
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Yoffey and Bacter (1946), Robestson (1948}, and later Baker, }ng.lc and
Li(1g31) attributed the depressant effect of ACTH mainly to the inhibition
of mitosts. The formation and subsequent detachment of buds from the
cytoplasm of lymphocytes had presiously been deseribed by Downey and
Weidenreich (1912), and there is no doubt that in the examination of
normal Iymph smears this budding can often be seen, even though its
significance 15 not known (ef Williamson, 1950).

A number of observers have studied the action of steroids upon
lymphocytes in witro. Heilman (19335) used hanging drop cultures of
lymph node and thought that cortisone slowed cell migration somewhat,
whie slightly increasing the number of degenerating lymphocytes
Robertson {1948) found that over 2 penod of 12 hours aqueous cortical
extracts had no obvious effect on lymphocyte numbers, though Hechter
and Stone (1948) noted them to be rapidly decreased, Delaunay,
e VO T T . e el #

v o, o
reported mereased disintegration of Iymphocytes 21 hours after adding
. ey ** 7 * rhoursafter cortical acetate.
= sers to have reported rapid
' - latnvely large amounts, and
found 9o per cent of the cells dead after 3 hours. Hechter and Johnson
(1949) found that adding homogenates of lymphoid tissue augments
tymphocytolysis, recalling findings such as those of Herlant (1g50) or
Ickowicz (1953) in the intact amimal.  Trowell (1953) found that in the
cancentrations used cortisone hilled lymphocytes, though very much more
slowly than in w0 His cultures grew on the surface of cotton wool
in an atmosphere of pure oxygen.
It is evident that for the most part, steroid substances do not appear
to have a3 marked or speedy an action on lymphocytes i t1tro 3s i1 1170,
which suggests the possibility that when admimstered m vr10 metabobc
dervatives or interaction with other substances may be responsible for
the resuits observed  Delaunay, Delaunay and Lebrun (1949) suggest
the further possiility that the karyoclasic action of cortical compounds
(and adrenaline) was secondary to vascular changes i lymphoid tissue.
Is any purpose served by the breakdown of large numbers of lympho-
cytes, now that antbody formation can be excluded? White and
Dougherty {1947) suggest that lymphocytes on breaking down serve as
a source of mtrogen, But from their own data, in which after 48 hours
aof fasting g3 mg of nitrogen were attributable to lymphoid tissue, while
430 mg. came from hner and carcass, 1t seems that this would be a relatively
minor rofe. Ehrich and Serfter (1953) 1 a sumulating review of the
problem suggest that the sigruficance of lymphocytolysis may lie in the
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Unless we assume that the development of hypersensitivity and the
formation of antibody depend upon quite different cells, it 1s obviously
a possibility to be borne in mind that only a small number of cells need
be involved mn the process. The experiments of Wesslén (19528), in
which the transferring cells were derived from thoracic duct Iymph, would
appear to implicate the lymphocyte most decisively, though in view of his
finding that 56 per cent of these cells were large lymphocytes, it is
probable that it 1s these rather than the small lymphocytes which are
mainly concerned. But whether this be so or not, all these observations
merely serve to emphasize that, however interesting the problem of hyper-
sensitivity may be, 1t does not appear to throw much light on the rdle of
the lymphocyte in normal amimals.

Thoracte Duct Qutput

In cases where the lymphoid tissue showed atrophic changes after
ACTH and oxysteroids, the lymphopenia which ensued could be con-

. X- , . i
sidered to be yom type, and to investigate this point direct measurements

of thoracic duct lymphacyte output were made by several observers. That
ACTH dimmshed the thoracic duct lymphocytes was noted by Reinhardt
and Lt (1945), Yoffey, Reiss and Baxter (1946), and more recently by
Hungerford, Reinhardt and Li (1952). Hungerford and Reinhardt (1948)
also noted that adrenalectomy 1n rats was followed in 2-3 hours by 2
significant increase n thoracic duct lymphocytes. As against these
observations, Valentine, Craddock and Lawrence (1948) were unable to
detect any significant change m the thoracic duct lymphocytes of normal
and adrenalectomized cats after giving an aqueous adrenal cortical extract
—unfortunately they did not try the effect of ACTH. .

Hungerford, Reinhardt and L1 (1952) found that 1n rats the administra-
don of ACTH 45 min -2 hours before lation significantly diminished
the thoracic duct lymphocyte output 1n normal, though not in adrenalecto-
mized, animals. They also observed that (a) hypophysectomy or adrena-
lectomy raised the lymphocyte output, () that growth hormone had no
effect, and (c) that adrenalin diminished the output both in normal and in
hypophysectormized rats.

The Action of Steroids on Lymphocytes
When Dougherty and White first noted the action of steroids on
lymphoid tissue, they attnbuted it in the main to a direct action on Shc
lymphocyte and the result was ifested either by the lympt oc) E“""%_
off cytoplasmic buds, which they believed to rep ¢ he “:
antibody, or by nuclear damage resulting in pyknosis and cell death.
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tymphocytosis 2 hnurs later, which rose to enormous fevels at § and 352
hours, and returned to the fevel found in adrenalectomized non-stressed
animals at 24 hours ™. This they term the * lymphocytotic response ™
and it would appear to reverse completely the change oceurnng n (ht
alatm reaction.  The lymphocytoue resp merits fuller

in order to throw fight on a mechanism which can so markedly rasse the
level of the blood lymp}mcytcs and which may perhaps da so by causing
greatly i Iy In this ion it should be noted
that Feldman (19;1) has clumed that the administration of growth
hormone causes lymphoid cells 1o prohiferate and so increases the mass of
Iymphoid tissue.

Persistence of Lymphod Tussue

One of the most intnguing features of the thymo-lymphatic snvolution
brought abaut by ACTH and sterord pounds 1s that the iymph
cat never be made to disappear completely. \Whether this means that
sooner or fater a new endocrine equilibrium 18 established, or that some
ymphocytes are more resistant than others, or that there are always a
numbey of lymph ansing from prim , 13 difficult to
say It is hard to explain, on the basis of our presen\ fnowledge, why
some cases of lymphatic feukaemia should show such marked improvement
after ACTI! or cortisone, only to relapse agam after a varying peniod.
A review such as that by Wintrobe o2 al (1931) brings this pownt out very
fortibly,

In concluding this cursory review of the endoenne control of lymphoid
tissue, it should be emphasized that since the first edition of this book

pp d there has lated an amount of information

upon which we have here touched only very briefly and sketchily. No
mention has been made of the steroid hormones of the gonads, nor of
work such as that of Money, Fager and Rawson (1952}, or Santisteban
and Dougherty (1954) on the comp e action of different steroid com-
pounds, or for that matter of the effect of admimstering steroid substances
in combination. ‘These are dealt wath more fully i the reviews to which
we have already referred  But enough has been wntten to make it clear
that while we do not fully understand the factors which control the normat
development of the lymphmd tissues, smportant hormonal mcchamsms
are involved both in quiet condi and when the org; is
10 severe stress.
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delivery of purines and pyrimidines and other split products of nucleo-
proteins, **As purines have been shown to be powerful stmuh of
phosphorylation, or more precisely, since they act as phosphorus transfer-
ting enzymes, our results may be interpreted to mean that lymphocytolysis
furnishes not only bwilding stones, but also energy for synthetic processes.”
This is an attractive hypothests, but one which has yet to be proved;
it is a fundamentally different process from the cytoplasmic budding to
which we have previously referred ; and it does not explain why there
is any need for lymphocytes as such ever to pass into the blood stream.
A breakdown of lymphocytes could easily occur in localized regions and
the soluble dismtegration products could then enter the blood stream.
There are, then, obvious difficulties about accepting the view that lympho-
cytes discharge their main function by undergoing lymphocytolysis. The
alternative, that * stress * reactions damage lymphoid tissues incidentally,
without any useful purpose being served thereby, is also difficult to accept,
but taking all things mto constderation 1t seems to present fewer and less
serious objections.

Altered Dustribution of Lymphocytes

Further, there may be other factors than lymphocytolysis responsible
for the lymphopenia. Thus, Yoffey, Metcalf, Herdan and Nairn (1957)
employing a quantitative technique for the enumeration of marrow cells,
found that in the guinea-pig a single dose of ACTH or of an aqueot$
cortical extract was followed after 6 hours by an appreciable increase 10
the marrow lymphocytes. Subsequently Hudson, Herdan and Yoffey
(2952) found that after 7 daily injections of ACTH there was an increase
in total marrow cellulanity, and though there was no significant increas¢
in the marrow lymphocytes there was also no diminution, Yoffey ef al.
(1954) then gave to guinea-pigs repeated myjections of compounds E,
and A ; agamn there was no diminution in marrow lymphocytes, but ther®
was a marked increase i the erythrord population, Compound A differed
from the other two substances in that it actually gave rise to a IymPf}‘"
cytosts mn the penipheral blood. Fruhman and Gordon (1955), applying
a hat diff quantitative techniq btained a similar type
result 1n the bone marrow of the rat after the administration of cortico-
sterone,

A Lymphopoietic Component of Stress
Thus far, in discussing the relation between stress and lymph?ld
tissue, we have been considering 1t in terms of ACTH and the secretion
of the adrenal cortex. A further compheation however has been mtro-
duced by Dougherty and Kumagai (1953), who found that stress s'txmull
administered to muce 2 hours after adrenalectomy gave rise to * a significant
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fymphocytosis 2 hours later, which rose to enormous levels at 8 and 12
hours, and returned to the level found in adrenalectomized non-stressed
animals at 24 hours”, “This they term the * fymphocytotic response ”
and it would appear to reverse completely the change occurring in the
alarm reaction,  The fymphocytotic resp merits fufler i

in order to throw ight on 2 mechamsm which can so matkedly raise the
level of the blood lymphocytes, and which may perhaps do so by causing

\smphopoiesis, 1

greatly i d lymphop n ths ¢ it should be noted
that Teldman (19351) has clumed that the admimstration of growth
hormone causes lymphoid cells to prolif and so the mass of

lymphoid tissue

Persistence of Lymphotd Tussue

One of the most intnguing features of the thymo-fymphatic involution
brought about by ACTH and steroid compounds is that the lymphocytes
can never be made to disappear completely.  Whether this means that
sooner of fater 2 new endocring equilibrium is established, or that some
fymphocytes are more resistant than others, or that there are always 2
number of lymphocytes ansing from primitive precursors, 1s difficult to
s3y 1t s hard to explawn, on the basis of our present knowledge, why
some cases of lymphatic Jenkaenua should show such marked smprosement
after ACTH or cortisone, only to relapse again after a varyng penod.
A review such as that by Wintrobe e o! (1951) brngs this posnt out very
forcibly,

In concluding this cursory review of the endocrine control of lymphoid
tissue, «t should be emphasized that since the first edition of this hook
appeated there has fated an amount of 1nfc
upon which we have here touched only very briefly and shetchily No
mention has been made of the steroid hormones of the gonads, nor of
work such as that of Money, Fager and Rawson (1952), or Santisteban
and Dougherty (1954) on the comparative action of different steroid com-
pounds, or for that matter of the effect of adminustering steroid substances
m combination  These are dealt with more fully i the reviews to which
we have already referred. But enough has been written to make 1t clear
that while swe do not fully understand the factors which control the normal
devel of the lymphoid tissues, 1mp h 1l h

are involved both 1 quiet conditions, and when the organism s subjected
1o severe stress,
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CHAPTER 7
THE LYMPHOCYTE

GexeraL Prodres

The [ymphocyte is a somewhat mconspicuous cefl, with ne particufasly
strbng f 1 or morphol f ch isti “The cytoplasm
appears to be singularly undifferentiated and unspecalized when 1t 1
compared with the other shite cells of the blood. The nucleus does not
shew any obvious lobulation, thouph often, when 1t sppeass at first sight
to be perfectly rounded, on careful exasunation st may be seen to possess
one or more indentations and oceasionally 2 deep and narrow fissure,
which makes # the shape of a horseshoe wth the himbs closely pressed
together {ef Maximow, 1932). Comparing st with other cells, one thunks
of the Iymphocyte in negative terms, defining 1t rather by the absence of
characteristies which other white cells possess than by positwve attnbutes
of its own Vet 1t has been for many yeass, and sull ss, the cell around
which a vielent haematological controversy has been waged  Lewis (1932)
nightly observes that “its fate . s the subject of religious behefs 7.

A careful study of the rehation betwesn the vartous bload and connec-
tive tssue cells only became possible with the introduction of the differen-
tial stawng of fixed smears by Ehrlich {1879) Since then the mam hines
of the have d h & wm g ple, thaugh with

chify as new technug h s tissue culture and wnal and
suprasual stanng—~were introduced The wiews of Ehehich, as the
founder of modern haematology, carrted especal weght. It was Ehrhich
who first advanced the idea that the lymphocytes are a cell group sus generss,
completely unconnected with any other cells of the blood, hone marrow,
or connectve tissues  He based this view on the absence of granules,
assoctated with the mabdity to move  On account of the absence of
motifity, so Ebrlich believed, the lymphocytes were unable 10 migrate
from the blood vessels in inflammartory processes  The fact that they
were, nevertheless, found i large numbers outside the vessels i certam
snflammatory stact:ons “ by no means proves that they wandered out
from the vessels ” (Ehrlich and Lazarus, 1go3)

Although st was subsequently shown that the lymphocyte possessed
the power of movement and of mugrating through vessel walls, Ebrlich's
negatve approach to the lymphocyte problem sult persisted. It was
further deseloped by Schnidde (3933) and Naegeli (1931), though the
grounds on which this spproach was based had to be shifted ; for, i the

an
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CHAPTER 7
‘THE LYMPHOCYTE

GENERAL PROBLEM

The lymphocyte is a somew hat inconspit cell, with no p larly
strihing  functional or murphnlog:m] characteristics. The q1oplasm
appears to be sil 1 iated and ialized when it is
compared with the other white cells of the blood. The nucleus does not
show any obvious lobulation, though often, when it appears at first sight
to be perfectly rounded, on careful examination it may be seen to possess
one or more ndentations and occastonally a deep and narrow fissure,
which makes it the shape of a horseshoe with the limbs closely pressed
together {cf. Maximorw, 1932) Companing it with other cells, one thinks
of the lymphocyte in negative terms, defining 1t rather by the absence of
charactenistics which other white cells possess than by posttive attnbutes
of its own. Yet 1t has been for many years, and still 1s, the cell around
which a violent haematological controversy has been waged.  Lewis (1933)
nightly observes that * its fate . . . is the subject of religious beliefs *’.

A careful study of the relation between the various blood and connec-
tive trssue cells only became possible with the intreduction of the differen-
tal stammg of fixed smears by Ehrhch (18 9) Since then the main lines

of t e y have in p ple, though with
fi as new techniq h as uissue culture and vital and
1 introduced. The views of Ehrlich, as the

founder of modern hacmatology, carried especial weight. It was Ehrlich
who first advanced the idea that the lymphocytes are a cell group suz generis,
completely unconnected with any other cells of the blood, bone marrow,
or connective tissues  He based this view on the absence of granules,
associated with the mability to move. On account of the absence of
motility, so Ehrlich believed, the lymphocytes were unable to migrate
from the blood vessels in inflammatory processes. The fact that they
were, nevertheless, found in large numbers outside the vessels i certain
mflammatory reactions *“ by no means proves that they wandered out
from the vessels” (Ehrlich and Lazarus, 1905)

Although 1t was subsequently shown that the lymphocyte possessed
the power of movement and of migrating through vessel walls, Ehrlich’s
negative approach to the lymphocyte problem still persisted. It was
further developed by Schnidde (1913) and Naegeli (1931), though the
grounds on which this approach was based had to be shifted, for, in the
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the pseudopod increases i length 2nd breadth the groosve usually becomes
more matked **  The part of the lymphocyte behind the constriction nng
passes forward through the nng, Which remains fixed 1 relation to points
outside the moving cell,  After the nucleus has gone through, the ring
contracts down, giving the cytoplasm bebind w the 2ppearance of a tark.
The tymphocyte squeezes through the nng much as one would imagine
1t would squesze through 2 small opening between endothelial cells.
In our mugrating lymphocytes the groove is not produced by an externat
factor, for they mugtate in this way when they are on thie coserglass m 2
find medem. When they ace w 2 thich plasma clot they do sometimes
squeeze through small meshes of the fibnn and st may be that since
fymphocytes have been so acc d, for th ds of g to
squeezing through tight places they go on acting this vay when there
are no smafl holes 1o go through.  In ether words, this groove formation
15 an herated feature.”

McCutcheon {1g24), examining small lymphocytes of human blood
in tutro, found that 54 per cent of the cells were obviously moving at the
end of the first hour, and all by the minth hour.  The speed increased
from 4 p2 per mnute 10 the first flour 0 15 p per munyte in the math,
with 3 maximun of 40 . Neutrophilic granulocytes moved 2t a shghtly
faster sate, attaung 2 maximum speed (34 ;¢ per munute) by the thid
hour and all exhebating movement even dunng the firsthour  Abramson
(1523), i esugating lymphocytes tm serum, found that wath the passage
of an electne current aft the iymphocytes started te mose 18 the same
durection—1 ¢ 10 3 strasght hne toward the anode—st speeds varying from
12 ~ 10 17 ~ g per nunute.  We do not know whether electrical changes
ever deterrune lymphocyte rugrabon in the tissues  Abramson mahes the
suggestion that the current of ingury, which 15 of the same order 2s the
electromottve force used in hus exp may late such
He further noted that of the fymphocytes were kept on ice for 30 hours
and then examned on the warm stage thewr monlny was utumparred

Using muxtures of lymph and of pol Th lear leucocytes,
Abramson (tg27) noted that “the lymphocytes overtake the leuco-
cytes " Although ene may occasionally obserie ** a leucocyte exhubut-
tng the unavsual property of migratng faster than a lymphocyte. Thss,
however, 18 rare”

It has been clamed that the typical lymphocytie masement may be
of use 1n sdentifying cells whose classifi proves difficult,  Thus Rich
(1936) wvesugating the splenic enfargement sn rabbus following the
paventeral mjection of foregn protemn, found numerous large celts with
vesscular nucle and abundant basophilie cytoplasm  These could have
been interpreted as exther macrophages or myeloblasts, but moton picture
studses shoned that thew mede of progression was typreatly fymphocytic,
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meantime, blood formation had been studied in greater detai] and it had
become clear that both the granulocytes and the erythrocytes were derived
from parent cells with rounded nucler and basophilic, non-granular
cytoplasm  The line of separation of these “ indifferent ” cells from the
lymphocytes was not distinct and Pappenheim (18g9), Wolff (1g02),
Maximow (1g02), and others began to suggest that no real difference
existed between lymphocytes and myeloid and connective tissue cells—
a view from which Ehrlich strongly dissented. * . . . a peculiar retro-
grade movement in the theory of leukocytes has been put on foot.
Although after Virchow's description of the lymphocytes every effort was
made to separate the different varieties of white blood corpuscles from one
another, and refer them when possible to their different sources, now every
effort 1s directed toward placing all the leukocytes under one roof on the
theory that the different forms are only different stages of development
of the same cell ” (Ehrlich and Lazarus, 1905) 'This 1s the essence of
the problem which still confronts us; whether we can place all the
leucocytes “ under one roof ”, or not.  And although much new evidence
has accumulated since Ehrlich’s time, we are still not 1 a position to
answer the question with absolute finabity.

If the lymphocyte 1s not the precursor of other cells, but has its own
mdependent ltfe cycle, it ought to be possible sooner or later to demonstrate
some speaal lymphocytic function. The fact that no such function has
been satisfactonly demonstrated, 1n spite of numerous attempts, 1s in ttself
significant  Before constdering the question of the relation of the lympho-
cyte to other cells, however, let us review 1ts known biological properties.

B10LOGICAL PROPERTIES OF THE LYMPHOCYTE

Movement

Lymphocytes are not normally capable of phagocytosts, though
Downey (1916-1917 ; 1917), and Lang (1926 , 1938) have noted that under
certain circumstances they may ingest dyes and India mk, at times even
mtravascularly

Lymphacytes of all sizes are capable of movement. Lewis (1931, 1933)
has studied the motility of lymphocytes in detail. At rest, the lymphocyte
is spherical, but “ pseudopodta are somettmes thrust out and retracted
without producing more than a slight wabbling motion of the whole cell.
When, however, the rest period s over and the lymphocyte begms to
migrate, a single pseudopodium flows out from a relatively small area.
As the pseudopodium enlarges, a groove develops at its base where it
joins the bady of the cell  This groove or constriction ring corresponds
to the rim about the softened area which gives rise to the pseudopod As
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can barely be seen, 1t seems unhikely that it would possess an extensive
secretory function  If such a function exists 1t must be almost entirely
nuclear. Nor does 1t seem reasonable—when we consider the problem
of fat or of protein transport by lymphocytes—to suppose that the small
Iymphocyte with its scanty cytoplasm should be able to transport these
materials to any considerable extent. Even the larger lymphocytes, with
rather more cytoplasm, rarely contain fat 1n stainable form (cf. Bloom
and Wislocki, 1950) though there 1s some evidence to suggest that they
may contair proteolytlc enzymes, In this connection 1t is ptmnem to
bear tn mund that most of the lymphocytes entering or i 1n the
blood possess but hittle cymphsm.

Proteolytic Enzymes

Hedm and Rowland (1901) showed that lymph nodes underwent auto-
lysis more rapidly in an zaid than m alkaline medm  Opie (1g06)
extended this observation to scrapings from the mesenteric node of a dog
and luded, *“ The name lympho-prot. may be grven to that enzyme
which 15 contamned in the large mononuclear phagocytes since these cells
have their ongin 1n lymphotd tissue It 13 not clear from Opte’s experi-
ments whether lymphocytes themselves contain protease, for the scrapings
which he used would contain many of the reticular cells of the sinuses and
even some granul L pe and Donh (1908) wrote of a
case of acute large-celled lymphatic leuk “ The | ytes of the
crrculating blood and of the enlarged lymph nodes . .  contamn prote-
olytic enzymes that act qualttatrvely in much the same way as the leucocytes
of pus and as the white corpuscles of the blood 1n myelogenous leukaemia **
They confirmed the earlier views as to the protealysis being most marked
in an acid medium  ** The enzyme of the large lymphocytes seems to
act better than the enzymes of the myelocytes and polymorphonuclear
leucocytes when the reaction of the solution 15 actd ” In the small
lymphocytes, however, 1o proteolysts could be demonstrated, whatever
the reaction of the medium, and Longcope and Donhauser conclude that
“ the large cells of the so-called acute lymphatic leukaemiz are not true
Iymphocytes, but are nearly related to the granular myelocytes and should
probably be considered as the forerunners to these cells ",

According 1o Morrss and Boggs (xgn), on the other hand a protease
could be d d 10 the small lymphocytes of chronic lymphatic
leukerma, even m neutral media, and these authors therefore came to
precisely the opposite conclusion, namely, that * biologrcal dlﬂ'ercnces
between myeloid cells and the lymph of chronic lymphord lev
have not been demonstrated in neutral media .

Rona and Klemmann (1931) investigated the protealytic properties
of extracts of lymph nodes and of spleen  They found, using 2 yariety
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and they were to be regarded therefore, as having arisen from the lympho-
cytes of the malprghian follicles. Simularly, Rich, Wintrobe and Lewis
(1939) thought 1t possible to distingwish lymphoblasts from myeloblasts
by their special mode of locomotion,

However, the studies of De Bruyn (1945) cast doubt on the valdity
of this erterion  In cultures of rabbit lymph nodes he described a
gradual hypertrophy of lymphocytes and their transformation into macro-
phages, the change from one cell type to the other being accompanied by
“ forms of movement intermediate between the migration of the typical
Iymphacyte and that of the typical macrophage *.

The movement of the lymphocyte 1s charactersstrcally biphasic, Dur-
ing the locomotive phase the cell becomes polarized, as already noted.
During the non-locomottve phase the cell becomes depolarized and returns
to 1ts resting condition. Thus 1s 1n accord with the description given by
Lewss (1931, 1933) and also by Ebert, Sanders and Florey (1940) De
Bruyn also confirmed that during the depolarized phase the lymphocyte
15 not really at rest, but 1s continually putting forth and retracting small
pseudopodia, which are not very obvious simply because the cell possesses
so httle cytoplasm

The motion of the macrophage, on the other hand, is continually
depolarized and shows the typical undulating movement of 1ts cytoplasm
all around 1ts border  De Bruyn then observed (a) that the lymphocytes
m his cultures underwent gradual hypertrophy, ultimately becoming
macrophages, and that (b) as they did so, the depolarzed phase of the
lymphocytes became more and more like that of the macrophages, while
at the same time the locomotion phase became less frequent until finally
it disappeared The occasional reappearance of the typcal Iymphocyte
movement m a cell which mught otherwise have been looked upon as a
monocyte was regarded as evidence against 1ts being a monocyte under~
going enlargement.

The motton of lymphocytes and thymocytes is identical (Murray,
1947, and many others). There 1s as yet no known chemotactic stimulus
for the lymphocyte (McCutcheon, 1955), though Pulvertaft and Jayne
(1953) thought they were attracted towards malignant cells.

Secretion and Absorption

Numerous observers have attrbuted to the lymphocyte chemical
functions 1n the form etther of secretion or of absorption. A con}parlsun
with other secretory cells brings out certamn general features of interest.
Whatever the part played by the nucleus, the secretory activities of 2
cell usually find morphological expression in 2 well-developed cymplasn;i
which frequently acquires specific 1 In thc.case of the smal
lymphocyte, where the cytoplasm is merely a narrow rim, which at times
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in a review published in 1921, Fiessinger (1923) also believed in the
production of lipase by lymphocytes. Tt is probable, however, that in
some of his experniments Bergel was not dealing exclusirely with lympho-
cytes (cf. Aschoff and Kamiya, rg22).

Numerous observers have noted that lymphocytes do not contain
histologically demonstrable Iipoids.  Schrt (1927) was unable to stain
Iipoid maternal 1n lymphocytes with etther Sudan II1 or Nile blue sulphate.
Baillif and Kimbrough (1947) were equally unsuccessful with Sudan black
B, as were Bloom and Wislochi (1950) with both Sudan black and the acid
haematein reaction,

As to phosphatases, Wachstem (1946) was unable to demonstrate the
occurrence of alkaline phosphatase in the Jeucocytes of the blood, though
Haight and Rossiter (1950) were able to show that lymphocytes contarned
acid phosphatase (see also Rabinovitch and Andreacet, 1949) Wislocks
and Dempsey (1946) note the occurrence of alkahne phosphatase n
lymphauc nodules of spleen, lymph glands and bone marrow. The
reaction 15 marhed 1n the peripheral part of the nodules and least evident
n the cells of the central portion

Glycogen Content

The question of glycolytic enzymes, which we shall next discuss,
mnvolves the posstbihity of glycogen beng present mn the cells  Wagner
{1946, 1947), working with the whole blood and leucocytes of buffy coat,
was unable to detect glycogen in lymphocytes by h ! methods,
Wachstein (1949), using the periodic acid-Schiff techmique, was unable to
demonstrate mote than a trace of glycogen in lymphocytes of human
blood, thus differing from Gibb and Stowell (1949), who found that the
Horchkiss method ** revealed glycogen in nearly all lymphocytes ™
Reference has previously been made to the observations of Smuth and
Thomas (1950) on the presence of glycogen in the cortical cells of the
mouse thymus for about ry days after birth.

Metabolism

Soler (1924) thought that lymphocytes were capable of storing carbo-
hydrates ~ Several workers have shown that these cells can effect both
aerobic and anaerobic glycolysis  Barron and Harrop (1929) studted small
lymphocytes from the blood of patients with chrontc Iymphatic leukaemia
and also from dog’s thoracic duct lymph. Comparing lymphocytes with
granulocytes, these tmestigators found there was no marked difference
1n oxygen consumption between the two cell types. When calculating
oxygen consumption per million cells per cubic milhmetre, per unit of
tume (one hour), they found that oxygen consumption tended to be in
mverse proportion to the cell concentration (see Table 50). “ . . . the
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of substrates, that lymph node extracts contained two ferments: one a
cathepsin, most active at pH 4 to 5; and the other a trypsin, present in
much smaller amount and most active at pH 7 to 8. 'The source of the
trypsin 1s open to doubt ; it may have been derived from granulocytes or
macrophages. But the cathepsin would seem to correspond to the
proteolytic enzyme which earlier workers found in pure lymphocyte
suspensions, In the case of lymph node and spleen extracts, however,
1t 15 mamfestly impossible to decide whether this cathepsin is derived from
small or from large lymphocytes.

Barnes (1940) made a careful study of the enzyme content of lympho-
cytes obtamned from the thoracic duct lymph of cats and rabbits He
found that in both species the lymphocytes contained cathepsin, nuclease,
lipase and lysozyme, while in the rabbit they also contaned amylase
and were espectally rich in adenasi Wagner and Ehrich (1950),
mvestigating the enzyme content of the rabbit's popliteal node, were
impressed by a marked increase 1n the adenosinase content of this node
after the njection of vaceine into the pad of the foot  But in view of the
marked species differences it 1s evidently difficult to generalize about the
function of lymphoid tissues on the basis of these rabbit experiments.
Fletsher (1955), investigating the dipeptidase and tripeptidase content of
leucocytes, found that 1n regard to the glycyl-glycine splitting dipeptidase,
** Lymphocytes appear to be significantly more active than polymorphonu-
clear leukocytes.”

Faerber (1939) could not find cytochrome in lymphocytes But
Hoffman, Rottino and Stern (1g51) were able to show that leucocytes both
from normal and diseased nodes contaned small but definite amounts of
cytochrome oxidase, visualized by means of the G Nad: reaction  How-
ever, because of the low level of cytoch activity they Tuded esther
that lymphocytes have a low energy requirement, or that they possess
sources of energy other than carbohydrates, e.g. energy-nich phosphate
bonds 1n the form of adenosine triphosphate  Ehrich and Sexfter (2953}
1n the light of Wagner and Ehrich’s (1950) experiments to which we have
just referred, suggest that the purines which are formed on lymphocyte
breakdown act as phosphorus-transferring enzy so that lympho-
cytolysis furnishes not only building stones, but also energy for synthetic
processes. Such an interpretation may be feasible in the rabbit whose
lymphacytes are rich in ad i but is not so readily tenable in the
cat whose lymphocytes contain no adenosinase (Barnes, 1940), the
position in other animals has yet to be determuned.

Lipolytic and other Enzymes
Bergel has been the most consistent advocate of the view t}\at'lhc
lymphocytes secrete a lipolytic enzyme ; a summary of his work i3 given
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with Peschel (1930) that the bolism of locyte: bles that of

mahgnant tissues, while that of Iymphocy:,es 1s similar to normal adult
tissues

With slices of lymph nodes, Victor and Potter (1934) found in the
normal mouse an oxygen consumption of §-§ ¢ mm./mg. dry weight per
hour ; and with single nodes Victor (1935) reported an oxygen consump-
tion of 46 c.mm /mg. dry weight per hour.

Carriage of Virus

‘The expeniments of Yoffey and Sullivan (1939) indicate that lympho-
cytes play an important role in the dissemination of vacaima virus from
a focus of infecion  Even if this were true for vaccinua virus only, the
frequency with which this virus 1s used in Jennerjan vaccination makes the
fact sig After nasal 11 1 the rabbit, vaccinia virus was
found m the cervical lymph at all times from 12 hours to 7 days afterwards
The lymph containing the virus had traversed one or more nodes and was
passing without further nodal mterruption to the blood When such
Iymph was centrifuged for 15 munutes at 2,000 £ pm., virus was found
only 1n the sediment. Centrifuging at this speed cannot throw down
free virus  The virus therefore must have come down with the sediment,
which consisted of a few red cells and large numbers of whute cells, shown
by smears to be almost 100 per cent lymphocytes  The earlier work of
Todd (1928), Smuth (1929) and Douglas and Smuth (1930) would appear
to exclude the red cell as a virus carnier.  Later workers (e g Andrewes,
1944) generally inclined to the view that  virus 1s adsorbed to erythrocytes,
but after a period of time comes off again”  The electron mrcrographs
of Reagen et al (1953) suggest that 1t may be possible to obtain visual
confirmation of this, But in view of the comparatuvely small number
of red cells i lymph 1t would seem more than likely that in the cervical
lymph sediment it 1s the lymphocytes which carry virus  Unpublished
expeniments of ours indicate that fixation of virus by lymphocytes occurs
m witro, thus extending to the lymphocyte a property which has already
been demonstrated by Douglas and Smuth (1930) and by Sabin (1935)
for the blood leucocytes as a whole, by Rous, McMaster and Hudack
(1935) for mixed cell suspenstons from rabbit embryos; and by Beard
and Rous (1938) for tsolated Kupffer cells

Does fixation by the lymphocyte have any effect on the virus 2 We
do not know , but several workers have studied nuxtures of vaccinia virus
with other cells and their observations are mteresting from the pomnt of
view of the mechamism of immumty to viruses. (See Smith, 1929;
Faubrother, 1933; Sabm, 1035, Rous, McMaster and Hudach, 1935 5
Beard and Rous, 1938} Sabin (1935) showed that (a) * fresh normal
rabbit serum and leucocytes are not varicidal for vaceinia *, (b) that “in
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optimum concentration for maximal respiration and maximal glycolysis
of both granulocytes and lymphocytes 1s approximately 10,000 cells per
cmm.” This may possibly be significant, since it is the order of con-
centration in which leucocytes are normally present in the blood—and also,
very frequently, lymphocytes in thoracic duct lymph.

When there 15 overcrowding, the lymphocytes show a greater diminu-
tion of respiratory power than do the granulocytes This suggests that
the closely packed masses of lymphocytes in lymphoid tissue may have
a relatively low oxygen consumption ; whereas, when the lymphocytes
become detached and enter the blood, their oxygen consumption rapudly
nises,

If experiments are compared 1n which the cell concentrations are
approximately the same, Barron and Harrop (1929) found that the aerobic
glycolysis of granulocytes 1s about five tumes that of lymphocytes  Peschel
(1930) examining the lymphocytes from four cases of lymphatic leukaemia
could find no aerobic glycolysis  Anaerobic glycolysis also is much greater
for granulocytes than lymphocytes. In this respect the granulocytes
resemble tumor and retmal cells, whereas the lymphocytes resemble the

‘TABLE 50
Oxygen consumption of Iymphocytes, with effects of overcronding
No of 0, con-

Source of matersal cells per sumption K*  Lymphocytes

€ mm per hour ,

cmm %

1. Chronic lymphatic leukerma 150,000 6oo 0 40 95
2 » » » 52,800 562 106 9o
3 » » » 320,000 540 oor7 97
1 Dog lymph lymphocytes 10,000 25 23 93
2 . ” m 8,000 23 287 9z
3 ” »” 6,000 12§ 208 93

_ . _.___¢cmm O, consumed
= cell concentration (mllions) x tume (Rours)
From Barron and Harrop (1929)

*K

cells of normal ussues.  Barron and Harrop also found that the metabalx%m
of the lymphocytes was adversely affected by prolonged anaesthesia,
centrifuging and the use of sodium citrate as an anticoagulant. One or
more of these factors may come into play when obtaining lymphocytes
for purposes of tissue culture. The possibility that the cells u.scd are in
bad shape to begin with may contnibute to some of the negative results
of culture expenments. Soffer and Wintrobe (1932) noted that the
glycolytic power of granulocytes was about twice that of Iymphocytes,
while their oxygen consumption was also a Iittle greater, They agree
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becomes explicable by blood issi ‘This dacs not exclude the
possibility of other modes of spread, but may render them rather more
dfficult to prove and also less necessary to assume. (3} A stohing patho-
togical change 1n many virus diseases is the perisascular accumulation of
{ymphocytes, “T'bis is usuaily interpreted a3 reaction to the virus. It
18 tempting to speculate that it may—~at sny rate in part—~be cause rather
than effect, and that virus 1s first brought to the affected region by a few
scattered cells, though the main accumutation of lymphacytes subsequently
18 a reaction to the virus,

The fixation of virus by the Iymphocyte makes it easy to understand
why the lymph nodes offer so little obstruction to the passage of virus.
From the work of Dnnker, Wislocht and Tield (1933} we know that
particles reaching a node first pass through the cortical sinus; and that
since the wall of the sinus is incomplete where st borders the nodules of
lymphoid tasue, the parttcles as they pass through the sinus come mto
close contact with the lymphocytes, without any interveming endothelium,
Particles of India ink or graphite perfused through the node may even
be found to have penetrated in between the densely packed lymphocytes
(see Fig 78) Yience virus entering the cortical sinus would have every
opportunty of coming into mtimate contact with the lymphocytes and of
becomng fived by them  Since these cefi are constantly leaving the nodes
m farge numbers, it follows that unless the node becomes completely
disorgamized virus also must be leaving 1t via the efferent lymph.

To what extent does the mechanism of spread which has been demon-
strated for wicainia virus hold good for other viruses I In the case of
vacginua virus it appeats to depend on fixation of the virus by lymphocytes,
and since other viruses are also cytotrops¢, 1t 15 conceivable that they alse
may spread in the same way. It 13 2 necessary corollary to this mode of
spread that virus should be found m the blood-stream , this 18 actually
the case 1n those virus diseases which have insect vectors and in many, 1f
not ali, other virus diseases

The Virus of Pohomyelitis

The problem of virug spread assumes a special terest 1n connection
with the alted pic viruses, especally that of pol ]

Burrows (1931), investigating the patholagy of the disease 1n 50 autopsies,
concludes that the nervous involvement 15 only a rare complication
a widespread infectious disease. . . 1t seems that the disease must
enter by way of the gastro-intestinal lymphatics (Peyer’s patches and the
solitary follicles).  Symptoms in the latter region are always present, . .
From thus portal of entry the disease spreads to contiguous lymphatic
tissues in the body.  Tn the mild cases, immunity and recovery result after
a limited amount of this tissue is invelved. In the less resistant cases,

L~DD
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the presence of normal serum leucocytes * fix * the virus, but become and
remain highly infectious thereby . He also noted that even in the
presence of immune serum, virus fixed by leucocytes was not destroyed.
Florman and Enders (1942) showed that in roller tube cultures of rabbit
white blood cells, to which vaccinia virus was added, the virus multipled
appreciably, even when they used leucocytes from immune animals. They
therefore conclude that * the mononuclear blood-cell affords a site
which the virus of vaccmnia may multiply ”, and they think it * probable,
since the virus exerts no apparent injurious effect on mononuclear blood-
cells 1n culture, that the two daughter cells of an infected cell which
underwent division would each retain a share of the virus, and 1 this
way theoretically the virus might be preserved indefinitely provided further
multiplication of 1t took place in the newly formed cells ”.

The problem of the distribution of the virus after 1t has entered the
blood is bound up with the problem of what happens to the lympt
It has been shown (Yoffey and Drinker, 1939a) that some of the blood
lymphocytes enter the lymph stream, passing en route through the connec-
tive tissues. This means, in the first place, that in vaccinia there may
be a diffuse vaccinial involvement of all the connective tissues. It alse
means that we have here a ready means of infecting all the lymph nodes
i the body, since lymphocytes which have entered peripheral lymph must
pass through one or more nodes before returning to the blood, ~ Following
this line of reasoning, Yoffey and Sullivan (1939) examined popliteal nodes
for the presence of virus after nasal instillation and actually found virus
1n two expertments out of six.  This does not prove, of course, that virus
reached the nodes by way of the Iymph stream. It may equally well have
reached them directly from the blood But, whatever the route, the
important fact 1s that virus may be found in lymph nodes remote from the
drainage area of the primary focus of infection.

Once virus has reached a node, it can multiply there (McMaster and
Kidd, 1937) and the node thus becomes a new centre for the dissemination
of virus, which passes out with the lymphocytes into the efferent Iymph,
ultimately reaching the blood via the thoracic or right lymphatic ducts.
It 1s possible that this 1s the true explanation of the almost constant pres-
ence of virus in the thoracic duct lymph in the experiments cxl.cd. in
Chapter 5. A sumilar chain of events very probably takes place in clinical
(Jennerian) vaccination

That a virus can be fixed by the lymphocytes may be significant from
several points of view : (1) if the virus is intracellular, it is pr'otc'ctcd \\l}lle
passing through lymph or blood against any neutralizing principle \_‘hlch
these fluids may contain (2} Since the Iymphocyte is able to migrate
through the walls of the capillaries, virus can Ieavg the blood-stream 1n
all parts of the body. The finding of virus i any given tissue, therefore,
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becomes explicable by blood issi This does not exclude the
possibality of other modes of spread, but may render them rather more
difficult 1o prove and also Tess necessary to assume.  (3) A striking patho-
logical change 1n many \irus diseases is the perivascular accumulation of
Iymphocytes. 'This 13 usually interpreted as veaction to the virus, It
15 tempting to speculate that it may—at any rate in part—be cause rather
than effect, and that virus 1s first brought to the affected region by a few
scattered cells, though the main accumulation of lymphocytes subsequently
is a reaction to the virus.

The fixation of virus by the lymphocyte makes 1t casy to understand
why the lymph nodes offer so lutle obstruction to the passage of virus,
From the work of Drinker, Wislochi and Ficld (1933) we know that
particles reaching a node first pass through the cortical smus 3 and that
since the wall of the sinus is incomplete where 1t borders the nodules of
fymphoid tissue, the panticles as they pass through the sius come into
close contact with the [ymphocytes, without any intersening endothelium,
Particles of India ik or graphite perfused through the node may even
be found to have penetrated in between the denscly packed lymphocytes
(see Fig, 78)  Hence virus entenng the cortical sinus would have every
opportunity of coming 1nto intimate contact with the lymphocytes and of
becoming fixed by them.  Since these cells are constantly leaving the nodes
m large numbers, 1t follows that unless the node becomes completely
disorganized virus also must be leasing it wia the efferent lymph.

To what extent does the mechanism of spread which has been demon-
strated for vaccima varus hold good for other viruses ?  In the case of
vaccina virus it appears to depend on fivation of the virus by lymphocytes,
and since other viruses are also cytotropic, it 1s concewable that they also
may spread in the same way It 13 a necessary corollary to thuis mode of
spread that virus should be found in the blood-stream , this 1s actually
the case 1 those virus diseases which have insect vectors and 1n many, 1f
not all, other virus diseases

The Virus of Pohomyelitss

The problem of virus spread assumes a special interest 1n connection
with the so-calted pic viruses, especially that of poli
Burrows (1931), investigating the pathology of the disease in 50 autopsies,
concludes that the niervous mvolvement 15 only a rare complication m
a widespread nfectious disease  *“ . . . 1t seems that the disease must
enter by way of the gastro-intestinal lymphavics (Peyer's patches and the
solitary fallicles) ~ Symptoms m the latter region are always present. . . .
X:rom this portal of entry the disease spreads to contiguous lymphatic
tissues in the bady, In the muld cases, immunity and recovery result after

a Itmited amount of this tissue is involved, In the Jess resistant cases,
L—bD
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wider extension results, even to the involvement of the lymphoid structures
of the central nervous system.” Burrows finally suggests that the name
“infantile paralysis ” is musleading, since it describes what is only an
occastonal complication, and that “acute lymphatic hyperplasia " is a
more accurate description in the majority of cases (cf. also Sommers,
Wilson and Hartmann, 1951} Burrows' surmise about entry via the
mtestinal lymphoid nodules receives confirmation in the frequency with
which poliomyelitis virus has been found m the ileum (Sabin and Ward,
1941, Wenner and Paul, 1947)

However, the concept of a neurotropic spread was aided by the fact
that, apart from the alimentary canal, virus was only infrequently found
m association with lymphoid tissue, and the strains of virus which were
more commonly used for experimental work in ammals showed a very
marked neurotropism (Fawbrother and Hurst, 1930; Faber, 1933:
Flexner, 1936). Enders, Weller and Robbins (1949) demonstrated by
tissue culture methods that freshly isolated virus could grow readily outside
the central nervous system and possibly 1n complete indepcndenceiof
nervous tissue.  Subsequently Wenner and Rabe (1951)—who summarize
earlier reports of the occastonal finding of virus 1n lymphord tissue—were
able to 1dentify poliomyelitss virus in the lymph nodes of 6 out of g fatal
cases of poliomyelitis.

It 1s clear, of course, as has already been noted, that the lymphocytic
dissermination of virus involves as an essential coroliary the presence of
virus 1n the blood It is mteresting therefore to observe that the occur-
rence of viremua 1n cases of poliomyelitis has latterly been &monstmte.d
both 1n amimal experiments, and 1n man (see Bodian, 1952 ; Koprowski,
Norton and McDermott, 1947 , Horstmann, 195z ; Verlinde and Beem,
1952) ‘The virerma, as one mught expect, always precedes the mvaston
of the central nervous system, 4

Though the actual presence of poliomyelitts virus 1n lymphacyt has
not yet been demonstrated, 1t seems not unreasonable to suppose that 2
freshly 1solated, pantropuc strain of virus could readily flourish m .Iymphmd
tissue and lymphocytes  Conversely, our own farlure to find poliomyehtis
virus 1n lymph or lymphoid tissue (Yoffey and Drinker, 19395), as well
as the negative results of many other earler workers, may well have been
due, mnter aha, to the employment of stramns of virus which had been
rendered much more specifically neurotropic by repeated mn:::cerebr'al
mjection,  Be that as it may, we were never able to detect polmn‘x)"]ms
virus in lymph.  Cervical lymph was obtained in a number of experiments
from monheys infected erther by intranasal 1nstillation or by the intra-
cerebral injection of virus, and at all stages of the di.scasc. Ing ﬂp"ld'
ments, specimens of thoracte duct lymph were obtained from paralyse
But not once could we demonstrate—by mtracerebral in-

monkeys
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oculation into normal monkeys—the presence of virus in lymph from
mfected animals, In the hight of recent work, these experiments need to
be rtepeated, with freshly msolated sirus, in an animal such as the
chimpanzee,

Lymphord Tissue i other Virus Duseases

There can be hittle doubt that there is diffuse involvement of fymphoid
tissue 10 many virus diseases, and at times it may give nisc to pathological
changes which are readily recognized,

In mfectious monanucleosis Downey and Stasney (1935-1936) made
a careful study of the lymph nodes at diffcrent stages of the disease (see
also Moeschlin, 1930-1941)  They concluded that ** The histologica) and
cytological featutes desenbed, together with the blood picture, indicate
a reaction that 18 more or less leuhemord in nature to an infectinve, toxic,
lymphotropsc agent. ‘The histological picture points towards location of
this agent within the lymphk nodes " They further emphasize the
passage of abnormal lymphocytes into the blood ; the presence of such
cells has been stressed latterly by Fisher, Ranser and Crawford (1950)
and by Litwins and Letbowitz (1931) 1 a number of virus diseases—
chicken pox, influenza, virus hepats, herpes zoster, herpes simplex,
roseofa inf rubella, infi wype B, undulant fever, and nichettsual
pox, as well as mn infecttous mononucleosss, Iatwins and Leibowitz
actually suggest the name of ** virocytes ” for these abnormal fymphocytes
occurting in the blood in virus diseases,  They go so far as to say that of
virocytes are found in app ly normal individuals, or m indnadual
suffening from other than virus diseases, the *“ utmost caution should be

ised to d that an infecion of virus ongin has
not intervened, ether maturally, or by artificial witroduction by the
parenteral toute”  They mahe the interesting clinical comment that
* In at feast three recent mstances such a finding 1n patients onginally
suspected of an acute surgical abdomen assisted in steering the therapy
along non-surgical bnes ™,

In the case of measles the prodromal stage, when the virus is multply-
mg in the body, 15 d with lymphoid tissue hyperp! and a
speaific pant-cell reaction. These cells, the Warthin-Finkeldey cells,
were described independently by Warthin and by Finkeldey m 1931,
Warthin described them m the pharyngeal mucosa and the tonsis.
Hathaway (1935) reported their occutrence 1 spleen and lymph nedes
Gordon and Kmghton (1941) obtained blood from patients sufienng from
measles and injected it mntravenously mto a nuraber of expenmental
ammals, including 4 monkeys Ingunal lymph nodes were removed
immeduately before the injection and at varymg periods afterwards. As

pared with the pi ) node all the others * revealed some
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degree of hyperplastic lymphadenitis ”, and in 3 monkeys out of the 4
Warthin-Finkeldey grant cells were found.

INTERRELATIONSHIP OF SMALL, MEDIUM AND LARGE LYMPHOCYTES

From the evidence so far presented two main points emerge. First,
lymphocytes are produced normally 1n large numbers, and second, although
various suggestions as to their function have been advanced, none are
particularly convincing. ‘The lymphocyte seems to be almost ubiquitous
and to be mvolved in the response to such a variety of pathological con-
ditions that it is difficult to concerve of any function common to all these
lymphocytic reactions. We are therefore compelled to constder another
possibility, ve. that the lymphocyte may be important not for what 1t
does, but for what 1t 1s  Or m other words, the lymphocyte itself may
not possess any important functions, but 1t may be capable of becoming
transformed nto other cells which do. Much of the evidence bearing on
this, the most controversial aspect of the problem of lymphoid tissue, is
primarily morphological.  Although the Itterature is very extensve, it has
been fully reviewed by Bloom (19384, 4, and c), and later by Rebuck and
Crowley (1955), so that we need not go over the whole ground agan.
Our chief concern here 1s with the method of approach and with certain
trends which have perhaps not been sufficiently emphasized.

We must first consider the relation between the small, medium, and
large lymphocyte, for it has been suggested that there 1s evidence of orderly
maturatton within the lymphocyte series, without any transformation into
other cells  Examination of sections of lymphotd tissue, of fixed smears,
or of supravital preparations reveals the existence of many transitional
forms between the various kinds of lymphocyte, so that there 1s no doubt
that one type has changed into the other. What 15 not so clear, however,
15 the direction of the change. It seems to be generally agreed that the
larger lymphocytes can change mto the smaller ; but 1s the change rever-
sible and can the small lymphocyte grow into a large one? Maximow
(1927) and his followers consider the three forms tnterchangeable and
capable of developing one into the other ~ Other workers, such as Wise-
man (19315, 1931-1932), who suggests that the small lymphocyte may be
the mature end stage of the lymphocyte cycle, matain that the process
1s one-way and that small lymphocytes cannot become large ones

Vartually all observers are agreed that large and medium lymphocytes
can undergo mitosts, and 1 the germ centres of lymph glands it is mainly
in the medium lymphocytes that mitoses are to be observed. Small
lymphocytes on the other hand appear to undergo mitosts veryinfrequently,
though they are said to contain the normal diploid number of chromosomes
(Petrakis, 1953). In the lymphord tissues it was in the thymus alone that
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Kindred (1938) could observe small lymphocytes in mitosis and even then
not very often. Trowell (1952) illustrates what he described as small
lymphocytes in mitosis in cultures of rat lymph node, but gives no further
mformation  We ourselves, in the study of lymphocytes in both lymphoid
tissue and marrow suspenstons tahen from several hundred guimea-pigs,
have rarely seen anything which could be definitely interpreted as a small
Iymphocyte in mitosis. Leitner (1919) stresses this pownt for human
marrow. Sundberg (1955) does find occasional miteses in what may be
small lymphocytes in human marrow, but emphasizes too that mitoses
are conspicuous by their absence in the large perivascular aggregates of
small lymphocytes  On the whole, then, it may be said that mitoses in
small lymphocytes are few and far between,

What precisely does maturation mean ?  In the case of the erythrocytes

bl

and granulocytes 1t mvolves the special of the not !

ytoplasm wath the develop of h globin or specific granules.
Together with this there are degenerative changes 1n the nucleus, proceed-
ing 1n the han erythrocyte to its plete disapp In the

case of the small lymphocyte there 1s no clear-cut evidence of cytoplasmic
pecial If the small lymphocyte matures from the medium and
large lymphocyte, then the maturation invalves, so far as we now know,
not the special of the cytopl. but 1ts d and atrophy.
It 15 therefore of a unique type, fundamentally different from that of the
other blood cells. In the absence of any of the usual critena, Wiseman
(1931} has stressed the of decreasing basophilia as an index
of senescence But even he finds it of doubtful value, for “ although
basophilia 1s manifestly a criterion of youth, the absence of 1t 1 a given
cell does not necessarily mean that the cell 1s mature ™

In recent years the of cytopl b hihia has been
studied 1y, both by h h I and hustopt | methods, the
Tattar tn tha mn o ke o~ o S B

Caspersson, 1950) Basophilia 1s believed to accompany new protein
formation and thus as a rule 1s an mndzcation of cell growth, though 1 the
case of the plasma cell the protein gamma globulin 1s formed as a cellulac
secretion If we accept the basic soundness of Caspersson’s view, we
are still left with the possibihity that basophulic cells may arse from non-
basophilic precursors, as for example when the primitive reticular cell
1 lymphoid tissue, which 1s not basophilic, transforms 1nto the lympho-
blast and large lymphocyte, which are,

"Thorell (1943), comparning the ultraviolet absorption of small and large
lymphocytes, inferred from the nucleic acid content that small lymphocytes
possess a very low growth rate and are therefore to be regarded as mature
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cells. In this he differs from Wiseman (1931) who, using both fixed
smears and supravital stamning, concludes that “ the small lymphocyte
may be of any age 1in sy examined by either technique ™, and that
*“ no one criterion enables one to pronounce upon this point *, 1e. whether
a lymphocyte 1s mature or not. Ackerman and Bellios (1955) are also of
the opinion that cell size 15 not a decisive criterion of matunity.

The nucleus of the small lymphocyte has been held to show signs of
degeneration 1n the form of chromatin condensation, and it is of course
true that the nucleus as a rule is characteristically pachychromatic. In
addition, 1t 1s also suggested that the lack of a nucleolus is evidence of
maturity. Apart from the fact that the significance of the nucleolus 1s
far from certamn (see Cameron, 1952), it 15 unfortunate that most worhers
have endeavoured to demonstrate nucleolt in air-dried smears, whereas
they can best be shown following wet fixation, when as pointed out by
Maximow (1932) and others most lymphocytes can be shown to possess
nucleals, except immediately before or after mitosts, In supravital pre-
parations the nucleolus stains readily with bnlliant cresyl blue, and m
smears 1t stams clearly with methylene blue at a pH 4 9 (Stockinger and
Kellner, 1952) According to Pulvertaft and Jayne (1953) as well as
Ackerman and Bellios (1955) the nucleolt can be seen by phase contrast
microscopy

Cunmingham, Sabin and Doan (1925) held that * the process of matura-
tion of the lymphoblast 1nto the adult lymphocyte 1s largely evid d by
a gradual concentration of the mitochondria ™, with a d 1n therr
number, It 1s questionable, however, whether mitochondria really possess
this significance. Lewis and Lewss (1914-19135), after a detailed study of
mitochondria 1n tissue cultures, luded that “ the hondna are
extremely variable bodies, which are continually moving and changing
shape 1n the cytoplasm ”; while the experiments of McCurdy (1939)
showed that the shape and distnibution of the mitochondrra are functtons
of the nutritive condition of the cell.

Cunningham, Sabin and Doan (1925) believed that the appearance of
neutral red bodies 1n the lymphocyte was evidence of maturation, though
later workers rejected this view (Hall, 1938, Schwind, 1950). According
to Wiseman (1931-1932) : * Neutral red vacuoles when present [in the
Iymphocyte] are distributed without pattern, are usually few m number,
and without significance as to the age of the cell  They therefore }'epresent
degenerative or functional vacuolization and bear no relationship to age

or 1dentification of cell type.” . .
The neutral red granules are not to be confused with the occasiona
Pt e (e

Y1 SeifN oLt cncant 1n 34 PET
hought that
irradiation,
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though Watts and Mathesan (3950) were unable to confirm this finding.
Ackerman and Belthos (1955} descube the occasional presence sn the
tyrmphocyte of a small highly refractile ton-stasning bpoid droplet near
the cytocentrum on phase contrast examsnation.

Lymphocytes contan a oy {Wesd h, 191y ; Waligren,
1gte, Ackerman and Bellios, 1935)

There is some mnteresung embryological evidence.  Gilmour {sg41)
found that in human embryos Iymphopoiesis sas evident in the connectise
tissues at the 26 mm. stage, and i Iymph glands at 48 mm, at whch tme
the lymphatic vessels too 2jready contained some lymphocytes.  Lympho-
cytes began to appear in the thymus of the 33 mm. embryo and in the bone
marrow 1n embryos of 48-b3 mm. In chick embryas Sabin (1g22)
reported that “ the lymphocyte 2ppears in the arculating blood on the
fifth day, 10 its smallest form , an occastonal one may occur on the fourth
day. . .. In the stuined blood smears, the lymphocites are easdy
dstunguishable by ther t istic nueler and the faet that they are
all at first small lymphocytes ¥ It ss difficult to reconcile this finding
wath the view that the small lymphocyte 18 2 mature form of the large,
for 1t hardly seems possible that the mature form should be the first ta
appear

‘The viesw that the small lymphocyte 1s 2 mature cell 15 thus based on
sery unsatisfactory essdence.  Hut rdeas die hard and the concept s stal
widely quoted 1 haematological Wterature.

Some of the most convincing entdence that smafl fymphocytes can
grow into smedsum and large lymphocytes s based on tiesue culture
experiments, more particularly those m which a pracucally pure suspension
of lymphocytes was used to begin with, such as thorace duct ymph
{Bloom, 1937}, or the buffy coat 1n chronte lymphatic leukaemia (Prerce,
1932). This evidence would be decisnve, were it ot for the fact that in
the hands of many workers the small lymphocyte 1n tissue culture has
been found to remain ahve and active for several days, but not to grow m
size or to differentiate Thus Medawar (1940) tepeated the expeniments
of Bloom (1937} but could not confirm tus results  Fhough Medawar
departed from Bloom’s techmique sn some imp P ! he
nevertheless concluded that Bloom's results were due to contamination
of the lymph with other calls.

Ebert, Sanders and Florey (1940) observed sadmidual lymphocytes
contanususly for as long as 24 hours in transparent chambers in the rabbut's
ear and saw no evidence of their transformation 1nto 20y other cell type.
Houeser, thar work did bring eut one fand. ipont  Lymph
from a fragment of a popliteal node (autogenous) were observed alive and
motde, i the neighbourhood of blood vessels, in one case for 7 days,
while in yet another many lymphocytes were still present after 26 days,
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Their work appears definitely to disprove the view that the lymphocyte
lives for only a few days, and offers positive evidence, based on direct
observation, on the length of hife of lymphocytes in two.

One cannot help feeling, when reading the various tissue culture reports
(for bibliography see Bloom, 1938¢, Rebuck and Crowley, 1955) that
tissue culture as at present performed there are still too many unknown
vanables  Oxygen content may possibly be a factor of some importance.
Thus Trowell (1955), working with cultures of rat lymph nodes m pure
oxygen, found that 1n a simple synthetic medium he could obtain not only
sarvival of small lymphocytes, but also their differentiation mnto macro-
phages. Foreign proteins may also act as a stimulus. Pulvertaft and
Jayne (1953) cultivated lymphocytes from a malignant exudate on the
surface of an agar plate and found the cells lived for over a week, moved
actively, and were capable of mutosis throughout the observation period.

That lymphocytes can hypertrophy and become transformed into
macrophages during aseptic inflammation was demonstrated by Maximow
1n 1902 by the insertion of celloidin chambers into the tissues  Since then
many workers have obtamned similar results and we shall here refer only
to a few recent papers.

Kolouch (1939) produced an aseptic inflammation in rabbsts by the
subdermal 1njection of egg albumin and then examined stained dry spreads
of connective tissue removed from the site of injection at varymg penods
afterwards  He recorded that 8 hours after the albumen injection the
inflamed area showed numerous typical small lymphocytes, while by the
fourteenth hour many of these were becoming transformed into macro-
phages Berman (1942) devised a techmque for obtaming dry films of
tissue cultures of rabbit lymph nodes by the simple expedient of blotting
the culture to remove excess of cells and fibrin, By 31 hours there was
clear evidence of lymphocyte transformation into macrophages The
nucleus at first became leptochromatic and subsequently developed 2
nuclealus  Rebuck (for details sce Rebuck and Crowley, 1955) has made

use of a most ing method for obtaming regular samples of tissue
lymphocytes 1n man from a region of aseptic nflammation. At 12 hours
after the of the infk fon there was clear evidence of

Iymphocytes beginning to undergo hypertrophy and become macrophages.
Again the change from the pachychromatic to the leptochromatic type of
nucleus was one of the charactenistic features of the process.

LympHocyYTES 1IN CircuraTiNG BLoon
1f the small lymphocytes are capable of growth nnq if they grow
appreciably while in the blood, it would seem worth while to compare
the sizes of the thoracic duct and blood lymphocytes, Such a companson
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(Table 51) does not, however, throw much light on the problem. For
while it 1s true that the blood lymphocytes, when examined i fixed smears,
are somewhat larger than those in the thoracic duct lymph from which
they came, this size difference cannot be accepted as conclustve proof of
growth. Lymph, owing to 1ts lack of body, does not give such thn films
as blood and the cells are not so well stretched on the sltde, except at the
edge of the film  In fixed smears of blood, on the other hand, stretching

‘TABLE 52

Percentages of lymphocytes of different sizes 1n sup
of normal human blood and of the blood of normal newborn and adult rabbits

Lymphocytes
Anmal Small Intermediate Large
o o/ o
o % %o
Man 82 17 1
Adult rabbit 905 81 14
Newborn rabbit 857 136 o7

Data from Wiseman (19315)

exaggerates the size of the cells (see Wiseman, 19315} If one reckons
cells below 10 4 as small lymphocytes, from 10 to 12 y as intermediate, ar}d
from 12 g upwards as large lymphocytes, then, according to Wiseman, in
fixed smears only 20 per cent of the blood lymphocytes are small, as aganst
83 per cent 1n supravital preparations (Table 51) It is interesting to note
that approximately the same percentage of small lymphocytes 1s found
1n the blood of human berngs and of newborn and aduit rabbuts (Table 52}
With this type of evidence before us that the majortty of the lymphocytes
m the blood are small (8o or go per cent as seen 1n supravital preparatmns),
it is clear that when we consider the fate of the blood lymphocytes 1t is
primanly the small lymphocyte with which we are concerned.

RiLATION OF LYMPHOCYTES TO OTHER CELLS

The question of the genetic relattonship between Iymphocytes anf‘l
other cells may be considered under three main headings (1) enteria
for distingwishing lymphocytes from other cells, (2) the onigin of lympho-
cytes from fixed tissue cells; and (3) the transformation of lymphocytes
into plasma cells, monocytes, macrophages, fibroblasts, or stem cells of
the erythrocyte or granulocyte series (myeloblast, primitive cell, and
pro-erythroblast) The problem would be simple if we possessed any
clear-cut criteria for distinguishing lymphocytes from other cells. A
review of the literature, however, shows that many criteria have been put
forward, only to be discarded as further analysis has shown them to be

unsatisfactory.
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CRITERIA FOR DISTINGUISIUNG LYMPHOCYTES FROM OTHFR Cries

Moty and Absence of Granules  Ehshich and Lararus (1905) beheved
that lach of motility and absence of granules were fundamental entena
for distinguishing Iymphacytes.  We now know that Iymphacytes can
move, and that they may occasonally possess azurophilic granules
(Michachs and Wolff, 190z}, though it 13 questionable whether these
granules are comparzble 1 sigmficance with those found 1n granulocytes,
In any case, of the Iymphocyte 18 a primitise ccft with multiple develop-
mental potenuiahties, the absence of granules—whuch nught be regarded
as 3 sgn of commenaing spectabization—would not be altogether
uneypecied,

Mitechandria,  Schndde (1907), using a modification of Altmann’s
techmque, desenibed granules which he thought were pecular to cells of
the lymphoid serses It has subsequently been shown, however, that the
Ahmann-Schndde granules are matochondria, which are also present m
myelotd cells (Cunnengham, Saban and Doan, 1925).  For further detals

hondria and ther in haematology, the reviens
by Hall (5938 and Schwind (1930} may be consulted

Neutral Red Rosette  Renaut and Dubreust (1906} described the
presence 1 hang cells of granules which could be stamed by neutral
red. Simpson {192z} considered that the number and arrangement of
these neutsat red granules (the * rosette ** of Sabin, Doan and Cunming-
ham, 1925} were distinctnn e or the monoeyte, and could be used to separate
it definitely from other cells, including the lymphocyte  Carrel and
Ebehing (1926) concluded that the rosette could only be found in the
mactve monocyte  “ The monocytes observed during the fizst hours of

i P d the app that ch these cells and
manifested the well hnown reaction 10 neutral red The granules
stained by neutral red are small and mave swiftly within the cells  They
are seattered 1n the cytoplasm, without formung the rosette represented in
the dranmgs of Sabin  In the cultures that have been kept at a lowner
temperature, and whese the cells are less active, the rosette becames
apparent.”  Cappell (1929} finds that some monocytes contamn defintte
rosettes, but “ the majority of these cells an my expentence do not echibit
such 2 regular cytoplasmue pattern, the granules do not always form a
rosette but may be scattered through the cytoplasm, and thewr colour does
ot alnays present any natenasthy difference from that of the granules
of the lymphocytes and other cells *  Wiseman {1931-1932) pictures 3
Iymphoceyte with a typical neutral sed rosette but comments  * Although
the arrangement of neutsal sed bodies 1 the celt of Fig 1 mght be con-
fused with the rosetie of a monocyte, yet there are other crtena that
defimtely place this cell in the lymphocyte group ™ It is true that the
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rosette 15 found most frequently in the monocyte, but 1t can also occur
in lymphocyte, plasma cell, macrophage, and eprtheloid cell ; and, from
the point of view of cell classification therefore, has no decisive stgnificance
(see also Schwind, 1950}

Oxidase Reaction. It was formerly thought that whereas all cells of
the lymphoid sertes were oxidase-negative, myeloid cells were oxidase-
positive.  Thus, 1f true, would be an mnvaluable criterion for distinguishing
lymphoid from myeloid cells. It has been shown (Menten, 1919;
Ruchter, 1925, Sabin, 1928 ; Sabm ef al,, 1924), however, that although
granulocytes are oxidase-positive from the myelocyte stage onwards, the
myeloblast itself 1s oxidase-negative ; and 1t is precisely at the myeloblast
stage that the separation of lymphord from myeloid cells becomes so
difficult and controversial  Again the argument is two-edged. If the
lymphocyte 1s a primitive cell and oxidase granules develop in cells arising
from lymphocytes as they undergo specialization, the absence of 2 posttie
reaction 1n the lymphocyte itself 1s only to be expected.  In ths connection
1t 15 of interest to note that lymphocytes appear in the chick embryo on
the fourth day (Sabin, 1922), but the first oxtdase-positive cells are not
found until the twelfth day (Silberberg and Orzechowskr, 1928). The
intracellular respiratory pigment, cytochrome, which 15 usually associated
with oxidase, 15 also not present n lymphocytes (Faerber, 1939)

ORIGIN OF LYMPHOCYTES FROM FIXED TISSUE CELLS

Lymphocytes can multiply by mitosis of pre-existing Iymphocytes.
There is also some evidence that they can arise from the fixed reticular
cells of lymphoid tissue (Downey and Weidenrexch, 1g12), but whether
all the reticular cells are potentually equal in this respect is not known
Maximow (1927) divides reticular cells mnto two groups, one of which has
already undergone partial specialization and can take up vital dyes, the
other 1s more primuttve and does not ingest dyes. It is this latter group
alone, according to Maximow, which 1s capable of becomng transformed
1nto large and medium lymphocytes. Jaffe and Richter (1928) found, 1n
autoplastic transplants of lymph nodes 1n the rat, that most of the Iympho-
cytes n the transpl it d, whereas the reticulum cells underwent
hyperplasta, and gave rise to fresh lymphocytes. * . . . the hypcrpla‘stl!:
reticulum appears to be the important source of lymphocyte production.
These may be derived from the reticulum directly as small lymphocytef:
or may be formed through the intermediary stage of large Iymphoid cells.
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TRANSFORMATION OF LAMPHOCYTES
Plasma Cells

"fhat the lymphocyte can became transformed nte 2 plsta celi has
tong; been accepted by many obsenvers, * The one perfectly clear fact
18 that 2 plasma cell is a modified Iymphocyte. “That this modification
represents progressine differentiation or signifies speafic function scems
doubtful * {Jordan and Morton, 1937}  On the other hand Muller (1931}
15 equally emphatic: “This . mokes st clear that plasma cells are
not derived from Tymphocytes.”

Ia recent years the assaciation of the plasma eell with anubady forma-
tion has stimulated further interest 1 as histegenests,  An eweellent
discussion of the problem wilf be found in the review by Sundberg (5955,
who states that . ** Plasmablasts, haemopotetic reticular cells, and reticular
tymphocytes are morphologically d hable from one another, but
often their smilanties are greater than ther differences.”  Braunsteiner,
Felinger and Palesch (1953) were able to show, with the ad of the
electron microscope, that the plasma cel) has 5 very characterssue Jamellar
structure 1 gts cytoplasm,  Here agan, however, the earber stages pre-
sented difficulty, and Braunsteiner and Pahesch {1g35) nould not venture
to distinguish definately between the plasmablast and the undifferentiated
tymphoud reticular cell.  Moeschiin and Demtral {1952) refer to the earher
vestigations of Moeschlin and his co-nerkers, and report the ogceurrence
in the cytaplasm of plasma cells of granules whuch could be seen on phase-
contrast examination  Jordan (1954} re-affirms s earbier views about the
tansformation of lymphocytes mto plasma cells and mamtams that the
precussors of both Jymphocytes and plsma cells are idenncal
Momocy tes

In normal blood the typical smali lymphocyte and the monacyte are
readily distinguishable  The N C (nucleus to cytoplasm) ratio 1s perhaps
the mast shuous single ersterion In some anumals the nuclear structure
may also be z valuable guude  Difficulty anses with the medium and large
tymphocytes, where the N C rato loses s diagnostic value, while at the
same time the ruclear structure of the lymphocyte hecomes finer, approv-
watmg more closely to that of the monocyte  In consequence there 18
ainays & smaller or larger group of celts which it 1s impassible, on morpho-
logieal grounds, to classfy as lymphocytes or monocytes, and " this
mdeterminate group must appear as a transiional group finking the
ymphocytes with the ph fly * {Bloom, 19382, of
Cappell, 1930)

Macrophages and Fibroblasts

The evidence of tissue culture expertments for the possible trans-

of lymph mto s much More extensne and
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rosette is found most frequently in the monocyte, but 1t can also occur
in lymphocyte, plasma cell, macrophage, and epitheloid cell ; and, from
the point of view of cell classification therefore, has no decisive significance
(see also Schwind, 1950).

Ouxidase Reaction. Tt was formerly thought that whereas all cells of
the lymphoid series were oxidase-negative, myelod cells were oxidase-
positive  This, 1f true, would be an invaluable criterton for distinguishing
lymphoid from myelod cells. It has been shown {Menten, 1919;
Richter, 1925 ; Sabin, 1928 ; Sabn et al., 1924), however, that although
granulocytes are oxidase-positive from the myelocyte stage onwards, the

loblast 1tself 1s oxid gative ; and 1t is precisely at the myeloblast
stage that the separation of lymphoid from myeloid cells becomes so
difficult and controversial. Again the argument 1s two-edged. If the
lymphocyte 1s 2 primitive cell and oxdase granules develop 1n cells arising
from lymphocytes as they undergo specialization, the absence of a positne
reaction i the lymphocyte itself is only to be expected.  In this connection
it 1s of nterest to note that lymphocytes appear m the chick embryo on
the fourth day (Sabin, 1922), but the first oxidase-positive cells are not
found until the twelfth day (Silberberg and Orzechowski, 1928). The
wntracellular respt Y P cytochrome, which is usually associated
with oxidase, 1s also not present in lymphocytes (Faerber, 1939).

ORIGIN OF LYMPHOCYTES FROM FIXED Tissue CELLS

Lymphocytes can multiply by mitosis of pre-existing lymphocytes.
There is also some evidence that they can arise from the fixed reticular
cells of lymphoid tissue (Downey and Weidenrerch, 1912), but whether
all the reticular cells are potentially equal in this respect is not known
Maxumow (1927) divides reticular cells into two groups, one of which has
already undergone partial specialization and can take up vital dyes, the
other is more primitive and does not ingest dyes It is this latter group
alone, according to Maximow, which 1s capable of becomimng transformc;d
into large and medwum lymphocytes. Jaffe and Richter (1928) found, in
autoplastic transplants of lymph nodes in the rat, that most of the Jympho-
cytes in the pl deg d, whereas the reticulum cells underwent
hyperplasta, and gave rise to fresh lymphocytes. * . . the hyperplastic
reticulum appears to be the important source of lymphocyte production.
These may be derived from the reticulum directly as small lymghocytes,:
or may be formed through the intermediary stage of large lymphoid cells
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nucleoli and thin nuclear membranes were more frequent in the cells
from the marrow there was nothing to distinguish marrow cells from
lymphocytes” The same results were obtained by the moist smear
technuque, but quite different ones when the marrow and lymph node
preparations were made by the dry smear method,  In dry smear prepara-
tions cytoplasmic differences are valucless, except where the myeloblast has
already begun to develop many azurophilic granules, but, according to
Downey, “ the nucles [of the mycloblast] are very different from any scen
in the human or rabbit lymphocytes, the chief ch tstics being the
diffuse and rather uniform distribution of the chromatin which occurs m
the form of fine dust-like particles and the extremely thin nuclear
membrane. There is some tendency for the chromatin to concentrate
about the nucleoli, but otherwise its distnbution s rather umiform,
except . . ." It is this " except” which one comes up agunst so
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immature.” It is difficult to know precisely what 1s meant by an immature
myeloblast. However, it must be admitted that m the usual air-dried
films the larger myeloblasts of bone marrow can 1 most cases, though not
tn all, be distinguished from the blast-like cells of lymphord tissue

The Micromyeloblast

. But the position 15 very different m the case of the micromyeloblasts
Naegelt, who first described the myeloblast as a distinct cell type,
repeatedly states that the micromyeloblast 1s sery ke the small
lymphacyte, and leaves it at that. 1 micromyeloblast and small lympho-
cyte, despite their simulanty, really are disunct cell types, then the first
question which presents itself s  What 1s the ongin of the micromyelo-
blast? It could be denved from the larger myeloblast by mutosis, and
this 15 the ongin attributed to them when the problem s faced (e.g.
Sabm et al,, 1924). But Naegeli (1931) does not consider the origin of
the micromyeloblast, and merely comments that it may be either an
embryonic or a pathological cell type

In fact, the dervation of the micromyeloblast from the myeloblast 1s
beset with several difficul Though ad dly the cytoplasm would
diminish on mitosis, 1t should not be quite as scanty in the micromyeloblast
as 1t actually 1s (cf. Naegelt, 1931, Abb 67, cells 2 and 3), while on the
other hand one could expect 1t to show the same ntensity of basophilia
as the myeloblast, which 1t frequently does not It was no doubt con-
siderations such as these which made Naegelt incline to the view that the
micromyeloblasts might be abnormal—either embryomgc or pathological
cells  Furthermore, myeloblasts are comparatively few in healthy marrow
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convincing than it is for thetr change into myeloid cells. This evidence
1s the more significant, since it is now generally held that the monocyte
can become a macrophage and possibly a fibroblast. Maximow (1928),
observing the transformation of blood lymphocytes 1nto macrophages,
believed that they usually passed through a typical monocytoid stage.
Cappell (1930) investigated the cells appearing in the pentoneal evudate
following muld 1rritation of the perttoneum. He found that * By the end
of stx to nine hours, . . the lymphocytic cells . .  exhibit commencing
neutral red storage ”', and after twelve hours show clear evidence of nuclear
enlargement and indentation. *No clear distinction can be made by
supravital staming between lymphocytes, monocytes, and macrophages;
while typical examples of each can readily be identified, the three types
are connected by all intermeduate stages, and it 1s clear that a progressive
development 1s going on 1n the smaller vessels, by which they are rapidly
acquinmg the functional characters of young macrophages.”

Constderable attention has been devoted to the histology of the
lymphoid tissues 1 infectrons with B monocytogenes. Witts and Webb
(1927) could not find any evidence of monocytes arising from lymphocytes.
Others have observed this transformation extensively. Conway (1938)
reviews the hterature, and sums up her own observations by saying:
“The free stem cell from which the monocyte develops m the diffuse
lymphatic tissue and lymphatic nodules of the mesenteric lymph node
and in the spleen 1s morphologically identical with the lymphocytes in these
tissues

DMyeloblasts

Since Naegel: (1900) first described the myeloblast, the relation between
1t and the lymphocyte has been the subject of controversy. * Die Grosse
der Myeloblasten schwankt von Lymphocytengrosse (und dann Lympho-
cyten sehr ahnlich) bis zur Myelocytengrosse . .  Confusion arises
between the smallest myeloblasts (Naegeli’s *“ Mikromyeloblasten ”) and
the small lymphocyte, and between larger myeloblasts and the medim
and larger lymphocytes, espectally those found in the germmal centres
of lymph nodes and often termed * lymphoblasts . The smatler myelo-
blasts are extraordinanly difficult to disttnguish from the small lymphacyte.
As to the larger myeloblasts, Downey (1938), writing of hus studres of
bone marrow and lymph nodes prepared by the section method, * If the
conclusions were based on the sections alone they would have to be of
the extreme unitarian vanety, for it was absolutely impossible to demon-
strate any constant differences between the marrow .cells and the larger
lymphocytes of the niodes  Particular attention was given to the structure
of the nucler because the nuclei furmsh the best means of sepammg‘the
cells 1n the blood smears  But outside of the fact that the multiple
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TAME 53
Corrpanson of tight and left humeral marrow in guinea-pigy (all counts are 1n
absolute numbers per cmm.)

Standard  Standod error

Mean deviation  of the meax
Rught
Enthroid . . . 372 she7o 23,245
Myhoid . . L 3%9690 139,000 LA
Lymphoeytes . . 391,132 173479 29400
Monncytes . . 19,043 12,570 30350
Damaged . . 316,550 13,737 25,550
Total abs count . 1452210 249,550 933>
M:E ntio . . 153 5 ¥ 50
Left
Erythroid |, . | 273050 78252 19,160
Myedd . . . . 3%h%0 132,000 14,65%
Lymphocytes . 326,000 121,500 26,230
Monocytes . ., 39,959 23,000 5,160
Damaged. . 291,435 116,200 39,130
Total abs. coumt . 1,381 810 Wh oo th,500
M Erao . . 135 4% 1z

After Harny, Herdan, Ancll and Yoffey (1934)

(Yoffey, 1933). Hiere the martow contatns about 300,000 lymphocytes
Per c.mm. marrow (Harris ef al., 1934), and photomicrographs of these
cells in colour are gaven in the paper by Yofley ef af, (1954) Most
charactenstically, the small lymphocytes in bone marraw have only a very
smalf amount of cytoplasm, situated at one pole of the cell, so that we
sometimes sefes 1o thern as * polar ™', These cells are remarkably like the
cell figured by Naegeli (1931) in his Abb, 67, cell 3 But their pachy-
chromatic nucles cannot be explaned by faulty preparauon of the smear,
and they occur 1n such large numbers that even from a purely quantitative
pont of view they cannot possibly be derved from the large myefoblasts.
In the marrys, of these guinea-pigs the myeloblasts form about -2 per
cent of the tatal nucleated cells, and the small lymphocytes about 20 per
cent. “The fymphocyte . myefoblast ratio 15 th about 15- 1 and
¥ the former were denved from the Jatter, myeloblasts should be seen
frequently 1n mrtonis, which as already pownted out 1s not the case , mitoses
amony myefoblasts are most infrequent.

Funthermore the micramyeloblasts—f we call these cells by that name
—are tf4 mnerely smaller versions of the myeloblast  The cytoplasm
usually has anly 3 moderate degree of basophilia, of the same order of
ntensity a3 1s found in the small lymphocyte elsewhere,  1f these ** micro-
myeloblasts ” are formed by the dinsion of the larger myeloblasts, we
would expect them to have reduced cytoplasm immediately after the

nitosts, yet none the less a good deal more than is possessed by the polar
L8R
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—so much so that Rohr (1949) considers that they can play little part in
normal blood formation. Not only are the myeloblasts few in number,
but mitoses i them are not at all frequent (cf. Lentner, 1949). A similar
problem anses if one postulates an origin for the micromyeloblast from
the fived (reticulum) cells. These agamn are few mn number, and also
(Leitner, 1949) rarely undergo mitosts

The paucity of the blast cells is one which repeatedly 1mpresses itself
upon haematologists. Thus 1n addition to the observations of Rohr (1949)
Bloom (1948) ERR vtoblasts are fingly rare
in normal rabbr marrow.” Sundberg, Schaar and May (1952) in dis-
cussing monkey marrow observe : “ One 1s continually amazed sn study-
ing normal marrow that pro- and basophihc normoblasts can function
as precursors for cells which must form such large numbers of erythro-
cytes to meet the normal demand.” In short, there are singularly few
blast cells to give nse to the granulocytes and erythroid cells in the num-
bers required.  If 1n addinon they must give ongin to large numbers of
micromyeloblasts, the problem becomes very much more dificult.

But the problem 1 iplified 1f the micromyeloblast 15 in fact
a small lymphocyte One could thus account for the fact that many of
the cells which have been termed micromyeloblasts possess so lmli

(P 208, Abb 07, cetls 1-3)  LeLLiNU, L 1S UILL JALEL UL d i ung wrovs
—and aidentally none of the three cells possesses a nucleolus—while
cells 2 and 3 are the size of a small lymphocyte, but cell 3 has a pachychro-
matic and cell 2 a leptochfomatic nucleus. Naegeli evidently had qualms
about the pachychromatic nucleus, for he comments, * Das L.-ahnliche
Aussehen des Kernes ber Mikromyeloblasten ist aber oft pur durch
schlechte Ausbreitung bedingt.”” Naegel: was not alone in experiencing
this difficulty, and we would add in passing that we do not believe this
explanation to be generally applicable. Schulten (1937) also illustrates
(Tafel XITIC) * Myeloblasten von Lymphozyten micht sicher zu unter-
scherden ”, even though the nucler are also markedly pachychromatic.
By other haematologists these cells are sometimes referred to as haemato-
gones, eg Vogel and Bassen (1939) who term them ** the mystery cells
of the bone marrow ”, and Glaser, Limarz1 and Poncher (1950) who state
however that * statistically they are insigmficant . Whatever the position
as far as human marrow 1s concerned, 1t can be asserted quite unequis ocally
that 1 guinea-pig marrow the number of these cells 1s lighly signiﬁcanl.
Gardikas and Jsraels (1948) have made use of the Feulgen reaction in an
endeavour to distinguish between lymph and mi loblas

The problem can be seen in very much better perspective with the
aid of quanttative data, such as are now available in the guinea-pig
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F i tiegen aber T hymatisch und sind normal nue
mimmal entwichelt n der Nahe der Gefasse,”  Itis difficult to know what
18 meant by the that lymphoid t d g bly scattered

Iymphocytes—in the bone marrow are extraparenchymatous But no
doubt because it had the weight of Naegelt's authonity behind it the state-
ment has often been repeated 1n the haematological Iterature. It cannot
be 100 strongly emphasized, therefore, that m normal marrow there are
considerable numbers of small lymphocytes, that they are dispersed
throughout the marrow freely intermingled with the other marrow cefls,
and they are as much a part of the marrow parenchyma as any of the other
cells of which the marrow 1s composed.

Primtice Cells

In 1923 Cunningham, Sabin and Doan, relying mainly on the supravital
staining 1echnique, armved at a new theory of blood formation wm which
the ancestar of all the white cells was the ™ pramutne ™ cell ™ These
pumitn e cells are usually smatl, with a centrally placed nucleus containing
a definite nucleolus; their cytoplasm 13 like heavy ground glass and
contains a few large, evenly distnbuted mutochondria which always stain
with janus green. These mutochondria form no pattern whatever, and,
while they are usually blunt rods, they may occasionally be large, heavy
droplets  These pnmutive cells are not very numerous ; they are pretty
evenly scattered throughout the marrow and never contain anything that
st2ins with neutral red " It was mantamed at first that the pnmitne
cell and the small lymphocyte were readiy disungushable, but sub-
sequently this point of view underwent progressive modification.
“ thus cell, though 1t looks much like the small lymphocyte, lacks
certain signs of differentiation.  The differences though meagre are worthy
of consideration ” {Sabin et af, 1936) Further * It 15 quite clear that
the occurrence of any granulations in these prinutive types may be wter-
preted a3 evidence of the origin of granulocytes from lymphocytes and
we do not wish to stress a difference without a disunction, nor one which
is merely to be resolved by terminology ™ In a still later paper Sabin
and Muller (1938) conclude that, though the morphological cnitema for
distinguishing primutive cell and small lymphocyte are not sstisfactory,
1t can be shown on other grounds that the small lymphocyte is 2 mature
functiomng celf  These grounds are . first, the expeniments of Wiseman
(1931b) on the lymphacytic response to foreign protemn ; second, the fact
that the lymphocyte 15 m’\ol\'led 1 the response to tuberculous infection,

T L eeetan PR .
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Cunningham, Sabin and Doan (1925), A critical r‘cvicw will be found u-1
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small lymphocytes. In addition, mitosis should not result 1n 2 lessening
of the cytoplasmic basophuia,

TRANSITIONAL LYMPHOCYTES

At this point it is pertinent to observe that we do in fact observe
transition forms between the small lymphocytes and the blast cells. There
are always transition forms present even in normal marrow, but they
increase appreciably i number when the marrow 1s stumulated to increased
red cell or granulocyte formation. In the transttional lymphocytes, as
we now term them, the first change 1s 1n the nucleus, which shows
a progressive leptochromasia gradually replacing the pachychromasia.
Naegelt’s (1931) Abb. 67, cell 2, appears to be a typical cell of the hind
which 1n guinea-pig marrow we describe as a ** transitional ” lymphocyte,
and as compared with his cell No 3 1t shows very well the leptochromatic
changein the nucleus  After the nuclear change the cell appears to enlarge
rapudly, still retaming a high N.C ratio. It is only after the nucleus has
enlarged considerably, as a rule, that the cytoplasm begns to increase;
until the basophilia 1s well advanced there 1s usually no sign of a nucleolus
1n ar-dned films, and often not even then. There may however be 2
so-called chromocentre, which is often visible in the arr-dried smear (see
Yoffey et al., 1954, Plate I} During the enlargement of the cell the
nucleus frequently shows indentations which are reminiscent of the Rieder
cell of human marrow. But we agree with Sundberg (1942) that these
indentations occur 1n healthy gutnea-pig marrow and are not to be regarded
as pathological

It 15 clear, of course, that the presence of numerous transition forms
between blast cells and small lymphocytes could also be mterpreted to
indicate a heteroplastic formation of the latter from the former. But we
have not accepted this interpretation, partly for the reason already gwven,
that the marrow seems to possess far too few blast cells to account for its
need of red cells and granulocytes, without addmng lymphocytes also, and
partly because of the quantitattve relationships which exist between marrow
and blood lymphocytes, discussed on p. 336.

One final point needs to be made 1n discussing the relation between
the small lymph and the loblast. Nacgeli’s views on blood
formation were such that the Iymphocytes had no obvious role to play
1n bone marrow. This may have been partly responstble for hus describing
many of the small lymphocytes i bone marrow as mxcmmydol?lasts.
However, the fact nevertheless remained that there are lymphocytes in tl'w
marrow. * Fretlich st auch emne Lstenz lymphatischer Bildungen in
Knochenmark sichergestellt.” But Naegelr got over this dlﬁic:xllty' by
putting the lymphocytes outside the marrow parenchyma Diese
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For liegen aber P hymatisch und sind normal nur
minimal entwickelt in der Nahe der Gefasse.” It is difficult to know what
is meant by the statement that lymphod tissue~—and presumably scattered
fymphocytes—in the bone marrow are cxtraparenchymatous. But no
doubt because 1t had the weight of Naegeli's authority behind it the state-
ment has often been repeated in the haematological literature. It cannot
be too strongly emphasized, therefore, that in normal marrow there are
considerable numbers of small fymphocytes, that they are dispersed
throughout the marrow freely mtermingled with the ather marrow cells,
and they are 28 much a part of the marrow parenchyma as any of the other
cells of which the marrow 15 composed,

Primute Cells

1In 1925 Cunningham, Sabim and Doan, relying mainly on the supravital
staining technique, arnved at a new theory of blood formation 1n which
the ancestor of alf the white cells was the * pnmitive ” cefl, *“ These
primutive cells are usually small, with a centrally placed nucleus contsining
3 defimte nucleolus; thewr cytoplasm s hke heavy ground glass and
contains a few large, evenly distibuted mitochondria which always stan
with janus green These mitochondna form no pattern whatever, and,
while they are usually blunt rods, they may occasionally be large, heavy
droplets. These primitive cells are not very numerous, they are pretty
evenly scattered throughout the marrow and never contain anything that
stans with neutral red It was maintained at first that the primitive
cell and the small lymphocyte were readily distingwishable, but sub-
sequently this pomnt of wiew underwent progressive modification.
* .. this cell, though 1t looks much like the small lymphocyte, lacks
certan signs of differentiation  The differences though meagre are worthy
of consideration ”* (Sabun et al, 1936) Further: * It 1s quite clear that
the occurrence of any granulations 1n these primitive types may be jnter-
preted as evidence of the ongin of granulocytes from lymphocytes and
e do not wish to stress a difference without a distinction, nor one which
ss merely ta be resolved by terminology.” In a stll later paper Sabin
and Mller (1938) conclude thay, though the morphological ertena for
distmgushing primitive eell and smalt tymphocyte are not sausfactory,
1t can be shown on other grounds that the small lymphocyte 1s 2 mature
functioning cell  These grounds are . first, the experiments of Wiseman
(19318) on the lymphocytic response to foreign protein, second, the fact
that ;{m ly:n}:hocytc 5 mvolv‘cd in the response to tuberculous infection,

Cunmingham, Sabin and Doan (1925} A critical review will be found 1n
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the paper by Schwind (1950), who after careful study concluded that he
was unable by the supravital technique to distinguish between lymphocytes
PR v e . S ST s as seen
of haemato-

Pro-erythroblasts

The red cell precursors (pro-erythroblasts or erythrogones) present
the same kind of difficulty as the myeloblasts, but the problem is limited
to their very early stages. Once maturation begens, the intense basophilia
and associated nuclear changes leave no doubt as to whether one is dealing
with pro-erythroblast or lymphocyte,

Summarizing the preceding sectton, we may say that tissue culture
experiments suggest that lymphocytes—ncluding the small lymphocyte
—are capable of growth and development. It is noteworthy also that in
the blood and blood-forming organs it 1s difficult to draw a rigid line of
separation between lymphocytes and other cells—monocyte, myeloblast,
prinutive cell, and erythrogone. There are always to be found a certain
number of cells which can be interpreted as transition forms. In the case
of some myeloblasts and of all pnimitive cells, there seems to be complete
morphological identity with members of the lymphocyte sertes.  This is
forced upon our attention more particularly n studies of bone marrow.
Throughout the literature on the cellular composition of marrow, one is
impressed by the frequency with which mvestigators describe the presence
of “lymphoid ” cells, cells very like lymphocytes, but showing some
minute differences, whose precise significance 1s difficult to evaluate.

LysrHoCYTES IN PATHOLOGICAL CONDITIONS

Lymphocytes appear in increased numbers—enther in the tissues, in
the bload, or 1n both—in response to a wide variety of pathological con-
ditions. The accumulation of small lymphocytes, the classical small
round cell infiltration, 1s noted so regularly mn the tissues around tumours
that one observes it without spectal interest. In many of the chromic

fl y condst berculosis and syphilis are perhaps the most
g pl Il lymphocytes may appear on the scene in

large numbers  In virus diseases they often have a characteristic pen-
vascular distribution, Lest one be tempted, however, to !)u'n%z that
lymphocytes are largely concerned with the reaction to bacteria nnf:l viruses,
it should be noted that they are also found 1n increased numbers in aseptic
wounds (cf. Cruickshank, 1942) In the absence of more definite know-
ledge of lymphocytic function, a rational account of the lymphocyte in
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hological ditions is impossible, If one accepts the view that

l'ymphocyt:s can develop into ytes, macrophages, and fibrobl

an easity intetligible role can be assigned to them in the phenomena of
inflammatton and repar,  Otherwise, we are unable to account for their
presence, although numerous hypotheses, some of which we have pre-
viously mentioned, have been put forward,

Changes 10 number and quality of the blood lymphocytes have been
described in a number of bacterial and virus diseases, These changes
tend to be more marked in children and give nse to the term " lymphatic
reaction”. But since in these cases we do not know the number of
Iymphocytes entering the blood or the number feaving 1t, the sigmficance
of changes in the blood lymphocytes cannot be fully appreciated, even from
a purely quantitative pomt of siew and quite apart from the question
of function, Tt may be that lymphocytosis 1s pantly a non-specific response
1o the presence of bacteria) or virus prorein, especially 1 3360 of Wiseman's
(19314) experiments on the parenteral injecuion of foreign protan. In
some cases, however, it seems Dikely that there is a speaific stimulus to the
fymphoid tissues  In whooping cough, for example, the lymphocytosis
may attain almost leuhaemic dimensions,

Trom a chimcal pomnt of view, there 15 one vcry notc\\onhy (catun:
abuut changes in the n\xmbcr nf blood tymphocyt G y

ph 15 of lhc reverse
Pmcy (1928) observes” ** This [lymphocytnpenu] 5 almns! invariably of
bad significance  (cf. Naegel, 1931), And agamn . “ The subsidence of
an nfection, and the period of cony alescen:c are assccm:d with changes
of extreme imp The ph fly fall to normal
numbers but the lymphocytes increase, both relatively and absolutely, to
figures well above normal . . . 1t {lymphocytosis] 1s, therefore, an indica-
tion of an infective lesion which has been overcome or, at least, 15 beng
heid 1n check.”

In losis the § ble si of lymph is has been
noted by many workers (Murphy, 1926)  Smithburn (xg3z\ on the other

hand, found that “ chick embryo extract gnen intravenously did not
favourably nfluence the course of expenimental tuberculosis in rabbits,
although 1t did cause lymphocytosis and lymphoid hyperplasia”. The
Iymphocymsns 11 Smuthburn’s experiments was not very marked, not was
1t hrough: the experi 1 penod.  For a more recent
review the paper by Medlar, Lotha and Spiegelman (1940) should be
consulted.
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422 THE LYMPHOCYTE
LynpHOCYTES IN BONE MaRROW

Normal Marrow

In Chapter 6 1t was pointed out that the disappearance of lymphocytes
from the blood mught be accounted for in one of four ways; (1) by
senescence and degeneration while in the blood; (2) by passage mto
lymph; (3) by excretion inte the lumen of the alimentary canal; and
(4) by passage into the bone marrow.  The first three of these possibilities
have already been dealt with, and we shall now discuss the fourth, the
possibulity that lymphocytes are filtered out of the blood stream into the
bone marrow. We are not concerned here with the occasional presence
of organized lymphoid nodules in the marrow (see Chapter 6), but rather
with the more regularly occurrning and diffusely scattered small
lymphocytes

Significance of Lymphocytes in Marrow : Quantitative Data

From what has been written so far 1t would appear that the marrow
contains a surprisingly large number of small Iymphocytes which reach
1t via the blood stream  On the whole, the evidence appears to indicate
that these can become transformed into blast cells and so function as the
precursors of erythrocytes and granulocytes, But if this be so one would
expect that marked changes in the rate of red or white cell formation
should be reflected in changes 1n the marrow lymphocytes, and we now
propose to discuss some of the evidence which can be brought to bear
on this aspect of the problem. It 1s greatly to be desired that the evidence
should not merely be qualitative, as 1s so frequently the case in the dis-
cussion of marrow changes, but also quantitative, Quantitative informa-
tion about the various cell groups concerned can serve as a very healthy
corrective of much speculation concerning theories of haemopoiesis. i

For human marrow, unfortunately, little quantitative information is
available. ‘There are a few scattered observations such as those of Isaacs
(1937) who used chiefly autopsy material and obtained counts of oo,000~
1,000,000 per c.mm., Gordon (1939), who obtained (autopsy, accident)
a count of 468,000 per c.mm , and Lossen (1910) who 1 a child shortly
after birth obtained a count of 1,400,000 per ¢ mm. It is probable !h:.nt
the absolute count of nucleated cells per c.mm. of human marrow is
rather lower than that usually obtained in gumnea-pigs, though more
human data will be needed before this can be stated definitely. How-
ever, the percentage data for the different cell groups in human matrow
are very extensive and, as far as the lymphocytes are concerned, we hfn'e
already noted that most haematologists would regard 10 per cent as being
the normal lymphocyte content in adult marrow, though in infancy the
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Normal Marrow

In Chapter 6 it was pointed out that the disappearance of lymphocytes
from the blood might be accounted for in one of four ways; (1) by
senescence and degeneration while 1n the blood; (2) by passage into
lymph, (3) by excretion into the lumen of the alimentary canal; and
(4) by passage into the bone marrow. ‘The first three of these possibilties
have already been dealt with, and we shall now discuss the fourth, the
possibility that lymphocytes are filtered out of the blood stream into the
bone marrow. We are not concerned here with the occasional presence
of organized lymphoid nodules in the marrow (see Chapter 6), but rather
with the more regularly occurring and diffusely scattered small
lymphocytes.

Signmificance of Lymphocytes m Marrow ; Quantitative Data

From what has been written so far 1t would appear that the marrow
contans a surprisingly large number of small lymphocytes which reach
1t via the blood stream. On the whole, the evidence appears to indicate
that these can become transformed into blast cells and so function as the
precursors of erythrocytes and granulocytes. But if this be so one would
expect that marked changes in the rate of red or white cell formation
should be reflected 1n changes tn the marrow lymphocytes, and we now
propose to discuss some of the evidence which can be brought to bear
on this aspect of the problem. It is greatly to be desired that the evidence
should not merely be qualitative, as is so frequently the case in the dis-
cussion of marrow changes, but also quantitative. Quantitative informa-
tion about the various cell groups concerned can serve as a very healthy
corrective of much speculation concerning theories of haemopoiests.

For human marrow, unfortunately, little quantitative information is
available. There are a few scattered observations such as those of Isaacs
(1937) who used chiefly autopsy matenial and obtamed counts of goo,000~
1,000,000 per c.mm., Gordon (1939), who obtamned (autopsy, accident)
a count of 468,000 per c.mm., and Lossen (1g10) who in a child shortly
after birth obtaned a count of 1,400,000 per c.mm. It 15 probable that
the absolute count of nucleated cells per c.mm. of human marrow is
rather lower than that usually obtained 1n guinca-pigs, though more
human data will be needed before this can be stated definitely. How-
ever, the percentage data for the different cell groups in human marrow
are very extensive and, as far as the Iymphocytes are concerned, we h.mc
already noted that most haematologists would regard 10 per cent as being
the normal lymphocyte content m adult marrow, though in infancy the
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Iymphocytes are much more sumerous, Thus Doan and Zerfas (1927)
ma chiid aged 4 years found the hymphocytes to be 37 per cent of the
nacleated marrow cells, For cur mam quantitatise data we shall rely
on studies of guinca-pig marraw (Yofley of al., 1952, 1954, Hamnsetaf,
19545 Yoffey, 1935 and much unpublshed work).

“The question at once 2nises to what extent results which have been
obtained in one specics may be held valid for others alse. It seems difficult
10 believe that 1f the hymphoeyte can function as a stem cel m the gumea-
pig 1t would not function sinmfarly sn other animals,  Yet there exist
umpartant species differences  For example, ane has enly to look at rabbit
and guinea-pig marrow after the injection of & wital dye to observe that the
former contains many more phagoeytic cef helial and other-
wise—than the fatter,  Cappel (1929} ruakes a simalar obsenation sn com-
parting rabbit and mouse.  1f-—as supgested by Ferrata (3918) and others
~—these phagoeyte cells can function 33 stem cells, there mught be Jess
demand on the lymphacytes, and this might possibly fave something to
do with the species differences in lymphocyte output. 1t 13 alsa possible
that the intermediate stages between lymphocytes and other cells rught
be wore prolonged, in which case again the dumand for lymphocytes
msght be less.

QOne of the fundamental problems about the marrow lymphocytes 15
whether they are myelogenaus or haematogenous, and we have (p. 336)
previausly gneen the sudence 1n favour of the view thay they are haemato-
genous. In the je0 gm. gumea-pig, using the thorecc duct data of
Resmhardt and Yoffey (1955), the dasly outputof lymphocytests 372 x 1of,
the number of lymphocytes present 1n the circulation s 131 x 10 and
the number present 1 the bane marrow ranges from 1,200-2,400 % 10°
In other words, for every lymphocyte normally present 1n the blood there
are g-18 presentn the martow, while 3 are darly entering via the thoracie
duct  Itwillbe apprecyated, 1n view of what has heenwrittenta Chapter 6,
that many more lymphocytes may m fact be enterimg the blood than do
0 13 the thorseie duct  Furthermore there may, as has already been
emphasized, be other reglons sn which lymphacytes can feave the blood
—etg the wtestinal submucosa which according to Kmdred {1942)
contans three umes the number of Jymphocytes present m the blood.
But as far as we know, 2part fsom the lymphoid tissues the bone marrow
possesses the largest of all ¢he 1 yil of lymphoeytes,
moye than sufficient for those which poust contmually be feaving the blood.
Fram the powmt of view of cell zeplacement, the greatest need s for
members of the erythroid serwes, and of lymphocytes can function as stem
cells we should expect to find the most marked changes 1n marrow iympho-

cytes i relation to disturbances of erythropoiesis,
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Expernmental Approach

Haemorrhage. One of the most obvious Iines of attack js the response
of the lymphoid tissues and bone marrow to haemorrhage. This is the
type of approach employed by Sjovall (1936), who argues that if it is true
that lymphocytes can serve as stem cells for erythrocytes, then the produc-
tion of experimental anaemia by repeated haemorrhage should result in
an increased demand for these lymphocytic stem cells To meet ths
demand, the lymphoid tissues should undergo hypertrophy. In Sjovall’s
experiments this did not occur. On the contrary, the lymphoid tissues
atrophied somewhat and in addition there was a fall 1n the level of the
blood lymphocytes.

The theoretical basis of Sjovall’s experiments seems quite reasonable
and we think the experiments should be repeated, with special attention
to some points which Sjovall disregarded. It has already been pointed out
(Chapter 6) that the level of the blood lymphocytes 1s not a relrable index
of lymphocyte output. Lymphocytes may be entering the blood m
numbers which are normal or even greater than normal, but if they are
leaving the biood 1n still greater numbers than those in which they are

animals rendered anaemic.  In this connection the *“ second top ” lympho-
cytes of Fichtelius (1953) obviously come to mind. It 15 also possible
that, 1if the anaemua 1s too prolonged, atrophy of the lymphoid tissues may
develop, esther through exhaustion as suggested by Jordan (1936), or
from the effects of the prolonged anaemia. It would be interesting to
see what would happen in anaemias of varying duration.

Much more attention should be devoted to the bone marrow in expen-
ments of this nature, since vital information should be derived from the
quantitative and qualitative changes in the lymphocytes at various stages
of anaemia. Sjovall performed a few differential counts, but mainly in
sections, and 1t 1s not surprising that he found them of hetle value.

Leucocytosis promoting factors. In recent years attention has been
paid to a number of factors which have been claimed to give rise to
leucocytosis. Among these we may mention Menkin’s ** Leuhocytosts
Promoting Factor " (LPF), the Plasma Expulsion Factor of Steinberg and
Martin (1950), and lymphokentric and myclokentric acids (Turner, Miller
and Fhat, 1953). Menkin described LPF n 1940; 1t appears to be a
polypeptide attached to a-globulin, . L

Harris, Menkin and Yoffey (1956) have given intraperitoneal injections
of LPF to guinea-pigs, and then 4 hours later noted the quantitative
changes in the marrow and the penipheral blood. It was found that
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after 4 hours the marrow neutrophiles had fallen from 468,000 to 346,000
per cmm., the change imvolving mainly the mature and the band cells.
At the same time the marrow lymphocytes showed a sigmificant increase
from 396,000 to 516,000 per c.mm. ‘This uncapectedly large and rapid
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must have entered from the blood.
But simple calculation serves to show that during the penod in which
the total marrow lymphocyte popu-
lation increased by 954 x 10% the 1o}
blood lymphocytes fell by the com-
paratnvely small number of 7 x 100 ?
while the thoracic duct output,
assuming that it was proceeding at
its normal rate—we have not yet
directly measured the effect of LPF
upon the thoracic duct lymphocytes
—would have amounted dunng the
4 hour period to 2 mere 62 x 10%
‘The source of the large ncrease
an marrow lymphocytes after LPE
remains thercfore somewhat of a
mystery. Either there are large
reserves of lymphocytes somewhere
mn the body, resenes which can
rapidly be mobilized, or else far
more lymphocytes are entering the
blood than are obtaining access to
1t via the thoracic duct. T4 6 81012 1416 1820 22¢

© Total marrow granulocyter
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These expeniments with LPF g7 i efect of 8 single wntrapen-
cover only a penod of 4 hours toneal wnjection ;:r lxlap‘}‘l)locnecuj
7 . sureas vaccine on the lymphocyte an
Ancill (1955) has performed expers neutrophile (pseudoeosmophile) con-
ments in which the marrow changes tent of bone marrow
have been studied following the — (Redrawn from dats of Ancitl, 19sg)

mtrapentoneal njection of staphy-

lococcal and othervaceines  Here aganthe first change, markedat 6 hours,
15 a signuficant increase 1n the marrow lymphocytes, which then diminish
and fall to quite low levels at 20 hours (with an intervening peak at about
10 hours) as the granulocytes are being formed in increasing numbers
(Fig 87). Quanttative experiments along these lines, if they can be
confirmed and amplified, should help to clanfy considerably the relation-
stup between the lymphocytes and the other cells of the marrow.
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Experimental Approach

Haemorrhage  One of the most obvious lines of attack is the response
of the lymphoid tissues and bone marrow to haemorrhage. This 1s the
type of approach employed by Sjovall (1936), who argues that if it 1s true
that lymphocytes can serve as stem cells for erythracytes, then the praduc-
tion of expenimental anaemua by repeated haemorrhage should result in
an increased demand for these lymphocytic stem cells. To meet this
demand, the lymphoid tissues should undergo hypertrophy. In Sjovall’s
experuments this did not occur, On the contrary, the Iymphoid tissues
atrophied somewhat and in addition there was a fall 1n the level of the
blood Iymphocytes.

The theoretical basis of Sjovall’s experiments seems quite reasonable
and we think the experiments should be repeated, with special attention
to some points which Sjovall disregarded. It has already been ponted out
(Chapter 6) that the level of the blood lymphocytes 1s not a reliable mdex
of lymphocyte output. Lymphocytes may be enterng the blood in
numbers which are normal or even greater than normal, but if they are
leaving the blood 1n still greater numbers than those in which they are
entering their concentration 1n the blood will fall  Accordingly in repeat-
ing these expertments the normal range of thoracic duct lymphocyte output
m the rabbit should be established and the output then estimated 1n
amimals rendered anaemic.  In this connection the ** second top ” lympho-
cytes of Fichtelius (1953) obviously come to mind. It 1s also possible
that, if the anaemia 1s too prolonged, atrophy of the Iymphoid tissues may
develop, either through exhaustion as suggested by Jordan (1936), or
from the effects of the prolonged anaemia. It would be interesting to
see what would happen in anaemias of varymng duration.

Much more attention should be devoted to the bone marrow 1n exper-
ments of this nature, since vital information should be derived from the
quantitative and qualitative changes in the lymphocytes at various stages
of anaemia. Sjovall performed a few differential counts, but mainly
sections, and 1t 1s not surprising that he found them of little value.

Leucocytosis promoting factors. In recent years attention has been
pad to a number of factors which have been claimed to give nse to
leucocytosts. Among these we may mention Menkin's * Leuhocytosis
Promoting Factor ** (LPF), the Plasma Expulsion Factor of Stemberg'and
Martin (1950), and lymphokentric and myelokentric acids (Turner, Miller
and Flint, 1953). Menkin described LPF in 1g40; it appears to be a

) hed to a-globul

i J}.ia:ris, Menkin and Yoffey (1956) have given intraperitoneal injections
of LPF to guinea-pigs, and then 4 hours later noted the quantitative
changes 1n the marrow and the penipheral blood. It was found that
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after 4 hours the marrow neutrophiles had fallea from 468,000 to 346,000
per caum., the change invohing mainly the mature and the band cells.
At the same tune the marrow lymphocytes showed 3 significant werease
from 396,000 to 536,000 per conm.  This unespectedly Jarge and rapd
increase in the marrow Iymphocyte population rmises a number of
mtriguing problems, There was no evidence whatever of muluplication
of iymphacytes within the marrow wtself, 50 that the excess of iy mphocytes
must have entered from the bleed.

But simple calculation senies w show that during the periad in which
the total marrow Jymphocyte papu-
lation snereased by 934 x 10% the w0}
blood 1ymphocyies felf by the com- $ s mornow grandecsiv
pasatnely smafl number of 7 x 108 f ymRTeeytel
whide the thoratic duct output,
assuming that 1t was proceeding at
its nosmal rate—we have not yet
drectly measured the effect of LPF
upon the thoracie duct lymphocytes
~~would have amounted duning the
+ hour pensod 10 a mere 62 X 10*
The source of the large mcrease
i marrow lymphocytes after LPT
remaws therefore somewhat of 2
mystery  Eiher there are large
Teserves of lymphocytes somewhere
m the body, reserves whick can
rapadly he mobshzed, or else far
more lymphocytes are entermg the
blood than are obtainng access to
1t vz the thorace duet. resew :m::"s B0

These experiments with LPF 1o 5 i cfives of o single mimapense
cover only a period of 3 hours toneal soseciion  of staphylocaccus
Anaill (1955) has performed experi-  Segs i on the hymphocyse snd
ments m which the matrow changes wnt of bone fwerroe,
have been studied following the (Redrann from dats of Ancdl, 19ss)
wtrapentoneal imjecuon of staphy-
lococeal andothersacemes  Here aganthe first change, markedat 6 hours,
1 a sigasficant werease n the marraw lymphocyies, which then dmumsh
and fall to quite low levels at 20 hours (with an inten ening peak at about
10 hours) as the granulocytes are being formed m ncreasing numbers
{Fig 87). Quantitave experiments along these hnes, of they can be
confirmed and amplified, should help to clanfy conuderably the relation~
ship between the lymphocytes and the ather celts of the marrow.
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Experimental Approach

Haemorrhage. One of the most obvious lmes of attack is the response
of the lymphoid tissucs and bone marrow to haemorrhage., This is the
type of approach employed by Sjovall (1936), who argues that if 1t is true
that lymphocytes can serve as stem cells for erythrocytes, then the produc-
tion of experimental anaemia by repeated haemorrhage should result in
an ncreased demand for these lymphocytic stem cells. To meet this
demand, the lymphoid tissues should undergo hypertrophy. In Sjovall’s
experiments this did not occur, On the contrary, the lymphotd tissues
atrophied somewhat and in addition there was a fall in the level of the
blood lymphocytes.

The theoretical basis of Sjovall’s experiments seems quite reasonable
and we think the expertments should be repeated, with special attention
to some ponts which Syovall disregarded. It has already been pointed out
(Chapter 6) that the level of the bload lymphocytes 1s not a reliable mdex
of lymphocyte output. Lymphocytes may be entering the blood in
numbers which are normal or even greater than normal, but if they are
leaving the blood m still greater numbers than those in which they are
entering their concentration in the blood will fall.  Accordingly in repeat-
g these experiments the normal range of thoracic duct lymphocyte output
m the rabbit should be established and the output then estimated in
ammals rendercd anaemic  In this connection the * second top * lympho-
cytes of Fichtelus (1953) obviously come to mind. It is also possible
that, if the anaemia 1s too prolonged, atrophy of the lymphoid tissues may
develop, either through exhaustion as suggested by Jordan (1936), or
fror ° ’
see

ments of this nature, since vital information should be denved from the
quantitative and qualitative changes in the lymphocytes at vanious stages
of anaemia.  Sjovall performed a few differential counts, but mamnly 1
sections, and 1t 18 not surpnsing that he found them of hutle value.
Leucocytosts promoting factors. In recent years attention hns.beﬂl
paid to 2 number of factors which have been claimed to gne rise o
leucocytosis, Among these we may mention Menkn's ** Leuhocytosis
Promoting Factor ”” (LPF), the Plasma Expulsion Factor of Steinberg and
Martin (1950), and lymphokentric and myelokentric actds (Turner, Multer
and Flint, 1953). DMenkin described LPF in 19403 it appears to bea
polypeptide attached to a-globulin. . e
Harnis, Menkin and Yoffey (1956) have given intraperitoneal wnjections
of LPF to guinea-pigs, and then 4 hours later noted the quantitatne
changes 1n the marrow and the peripheral blood. It was found that
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their maturation once they reached it, so that they would gradually
accumnulate in the marrow in tncreasing nurmbers, and undergo no further
development,  Supply of the nussing matusation factor, on the other hand,
shoutd result 1n 3 marked dimunution in ther numbers sn the marsow.

Agranulocy tosss. - Apart from the neutropenia which follows the action
of vanous taxic substances, the case for the evistence of 2 primary magura-
tion arrest of the granufocytes, the ** pernd Teukop * of Fatz-Hugh
and Krumbhaar (1932) seems at present to be faurly well substantiated. In
this conditten mature granulocytes are no longer discharged into the bload,
so that the bload granulocytes fall almost o zero,  The relatne percentage
of blood Iymphocytes nses, bur the sbsolute number usually falls,
frequently 1o 200-300 per cmm

The fymphocytes sn the bene marrow are markedly imcreased (Aubertin
and Levy, 1928, Nordenson, 1935, Jachson and Parker, 1933, Rohr,
1936, Vogel, Erf and Rosenthal, 1937, Rhoads and Milter, 1938 fwe
regard thesr ** primstive cels ” as lymphocytes], Rosenthal, 1938, Rohr,
1939 ; Braun, 1944, Blachburn, 5943) The accumulation of lympho-
cytes m the marrow may at times be so matked as to gune a pseudo-
follicular appearance (Custer, 1935, Rosenthal, 1938).  Since the blood
Iymphocytes fall so sharply, we must assume cuther that large numbers
of lymphocytcs are being formed i the marrow, but not enterng the
blood, or that the marrow ts taking from the blood alt the lymphocytes
st can.  The latter scems to us the more probable explanation, since the
follcular accumulations 1n the marrow do not seem to be true lymphard
nodules suth cells showing actine divsien.

11 the marrow 18 taking up all the biood lymphocytes, one might eaplam
thus, as Custer (x935) does, on the grounds that one ts dealing with © folli-
culord i 0 resp to focal deg: " Hut m the
same paper Custer records a case of arsphenamine porsonmg and a case
of septic neutropensa, in which one might expect at least the same degree
of * foral degeneration ”, yet hardly any Iymphocytes were present in the
marraw.

Agranulocytosis as met with chinically may have a vaned aetiology, so
perhaps a neutropensa of known ongin 1s of more value for an analysis
of the marrow changes.  Some mnstructive figures are gven by Blachbum
(1947-1948) 1 an account of thiouract neutroperna  Marrow counts were
pesformed 1 a patient on Apri rd, sth, 7th and 1oth, the last at a time
whesn the blood granulocytes were hegmmng to show marked recovery
Table 54 15 based ypon a patient teported by Blackburn {1947-1948),
and 1n whom differential counts of sternal marrow weze performed over
a 7-day penod, begimning at the time when the agranulocytosis was pro-
found and ending when the granulacytes were begmming to reappear
the penpheral blood and the bone mascow was returming to normal, The
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Steinberg and Martin (1950) described the presence in human plasma
of an Expulsion Factor which, on injection into rabbits, induced a dis-
charge of granulocytes from the marrow. Though they did not apply
a quantitative technique to their study of the marrow, the percentage
changes in the marrow 1ndicate that 2 hours after the injection there was
no obvious change, whereas 4 hours afterwards the cellulanty of the
marrow was markedly decreased, the mature granulocytes being mainly
affected. By 15 hours the marrow had more than returned to normal,
showing in fact hyperplasia with increase i the marrow granulocytes.
Though they give no data on marrow lymphocytes, their experiments show
the same speed of response by the marrow as was found by Harzis, Menhin
and Yoffey (1956).

The experiments of Harnis, Menkin and Yoffey bring out one further
quantitative relation of interest, namely a discharge from the marrow of
987 x 10° neutrophiles and a rise tn the blood neutrophiles of 48 X 10%
In other words, whereas the discharge of neutrophiles from the marrow
should have given rise to a leucocytosts of around 32,000 per c.mm., the
observed nse was 1,600 per cmm  We cannot as yet account for the
mussing neutrophiles, but 1t 1s evident that only by a quantitative study
of the marrow could the fact that they were missing have been brought
to light ‘The findings certainly fit tn well with the idea of a rapid
sequestration of granulocytes from the blood (Bierman, rg5s5, Osgood,
1954)
Ablation of bone manow The removal of a substantial amount of
bone marrow should, if the marrow 1s the main destination of the blood
lymphocytes, result mn an accumulation of these cells m the blood.
Steinberg and Martin (1946) describe a technique for removing marrow
from rabbit long bones and replacing with an inert material They
estimated that they could ablate in this way as much as 41 3- 5 per cent
of the total marrow. In 6 amimals m which they rapidly removed this
amount of marrow, the blood lymphocytes, which 1 the week before
operation had ranged from 5,080 to 5,700 per c mm., averaged at 1 day
after operation 4,590, at 3 days 13,340, at § days 15,800, and at 20 days
5,480 A result of this hind 1s certamnly most intriguing and should well
ment further nvestigation,

Marrow i conditions of Maturation Arrest
If 1t is true that many lymphocytes are constantly leaving the blood
to enter the marrow and there develop into granulocytes and erythrocytes,
one should be able to predict the occurrence of definite changes in con-
ditions of maturation arrest. Such an arrest, presumably, would not
interferc with the entry of lymphocytes into the marrow, but only with
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theie maturation once they reached if, so that they would gradually
accumnulate 1 the marrow i increasing numbers, and undergo no further
development.  Supply of the nussing maturation factor, on the other hand,
should result in 2 marked diminution in thar numbers in the marrow

Agranulocytosis. - Apast from the neutropenia which follows the action
of sarious tous substances, the case for the exstence of a primary matura~
on arrest of the granulocytes, the ** pernicious leuhopenia ™ of Fitz-ugh
and Krumbhaar {1932} scems at present to be farely well substantiated. In
this condition mature granulocytes are no longer discharged into the blood,
se that the blood granulocy1es fall almost to zero  The refatne percentage
of blood lymphocytes rises, but the absolute aumber usually falls,
frequently to 200-300 per c.mm.

The fymphocytes in the bone marrow are markedly increased (Aubertta
and Levy, 19287 Nordenson, 1935 Jackson and Parker, 1935, Rohr,
1936; Vogel, Exf and Rosembal, 1937; Rhoads and Mhiler, 1938 [we
regard their * primitive cells ™ as lymphacytes], Rosenthal, 1938, Rohr,
1939; Braun, 1944 Blackburn, 1948). The accumulation of lympha-
oytes in the marrosw may at times be so marhed as (o gne a pscudo-
fatheular appearance {Custer, 1935 ; Rosenthal, 1938). Since the blood
hymphocytes fall so sharply, we must assume aither that large numbers

of fymy” . tenng the
blood, . mphocytes
tean, . . since the

folbeular accumulations in the marrow da‘ nut seem 10 be true hmphoid
nodules with cell showing actine divsion.

R i she marrow js taking up all the blood lymphocytes, one mught eaplain
\hls,.n.s Custer (1935) does, on the grounds that one 1s dealing with ** folli-
euloid ! m 1esp to focal d " But m the
tame paper Custer recards a case of arsphenamune paisonng and a case
of sepuc neutropenia, 1n which one might expect at least the same degree

of * focat degeneration *, yet hardly any lymphocytes were present in the
martow,

Agranulocytosis as met with chincally may bave 2 saried aetiology, so
perhaps 2 Acutropema of known ongin 1s of more value for an analysis
of the marrow changes. Some instructnc figures are gnen by Blachburn
{1947-1948) in an accaunt of theouracst neutropenta.  Marrow counts were
performed in a patient an April 31d, sth, 7th and 1oth, the fast at 3 tme
;h;‘ the blood granulocytes were beginamg to show marhed recovery

e 54 12 based upon a patient reported by Blackburn (1947-1948)
anld & swhom differenual counts of sternal marrow were performed aver
1 pro-
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‘TABLE 54

Changes in the percentage composition of the bone marrow in a case of thiouracil
neutropenia

Cells per cent dpril 3rd  Aprd sth Apnl pth Aprd oth
Mjyeloblasts . 25 24 09 o3
Promyelocytes . 30 15 50 42
Neutr. myelocytes o6 16 83 196
Neutr metamyelocytes o1 06 2'g 213
Neutr. segmented o1 — o1 65
Total neutrophil 63 61 172 521
Lymphocytes . 236 342 421 234
Bare nucler 205 241 146 10§
Reticulum 10 o8 o1 o6

Note that neither on Apnl 7th nor on Apnl 1oth, when granulopoiesis was
Progressing vigorously, were many mutoses observed either in the promyelocytes
or the myelocytes (1 of each per 1,000 cells).

Data from Blackburn (1947-1948)

piling up of lymphocytes in the marrow (236 per cent on April 3‘Id,
34 2 per cent on April 5th, and 421 per cent on April 7th) during the period
of agranulocytosis 1s very suggestive, as also 1s their fall to 234 per cent
on Apnl 1oth, when recovery was under way ~When expressed merely
as a percentage, 1t 1s difficult to appreciate fully the sigmificance of the fa‘11
in the marrow lymphocytes from 42-1 per cent to 23-4 per cent. Butif
we atterpt to translate 1t into quantitative terms, a simple calculation on
the basis of our guinea-pig data mahes it evident that if this fall is due
to lymphocytes bemng discharged into the blood, there should ensue
a lymphocytosis of the order of 70,000-80,000 per ¢ mm. Since no such
lymphocytosis occurs, the only way in which the facts could fit in with
the hypothesss that lymphocytes are passing from marrow to blood wo'uld
be to assume erther that they were rapidly destroyed in the circulation,
for which we have no evidence, or that they were being removed fr'om it
1n some regon or regions unknown. But the evidence we have previously
quoted shows that stmulation of granulopotesis 15 in fact associated
1mially with a rapid increase in the uptake of lymphocytes by the marrow,
and only at a later stage, when the granulocytes begin to be formed an

1 d 1n greatly d bers, do the lymphocytes 1n the marrow
diminush,

Permcious anaemia. In the earher literature, frequent reference 18
made to the appearance of * lymphoid ” cells in the bone marrow 11
permcious anaemita (e.g. Cohnheim, 1876). Ellermann (1920) noted
numerous small lymphocytes scattered through the marrow, but ne
lymphoid nodules, such as had previously been descnbcg by Zu%lc’l:
(1910)  Ellermann found in addition large numbers of Iymphoi
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martow cclfs which were, howeser, quite different from lymphocyies os
lymphoblasts, and had & mitotic angle of 18°, as compared with 21° for
the megaloblusts and 67° for ncutrophihe myclocytes.

Damesheh and Valeatine (1937} gne a review of the hterature, and
also prescnt results of their own.  “These imestigators found tha before
Tner treaument the lymphocytes on the average were 27 per cent of the
myclord cefls, after hner treatment, 1574 per cent .3 stnking finding
in the marrow of the patient with pernscions anaemud s the presence of
lasge numbers of typical lymphotytes having the characterntic size, shape
and staning reactions of the mature, or smaff, lymphocy tes of the pers-
pheral bload . .. In selapse, these celfs comprised sbout 25 per cent
of the total number of white cells , suth remussion after continucd therapy
they became defintely dimimshed, n two cases none beng seen.
Pecubarly enough, with these Jazge numbers of eells, transitsons from a2
mose smmature type of lymphocyte were not scen. Thas, together with
the fack of clustering of these cefls 1n groups or slnds, sugpests an
infil y mature lymphecytes rather than a probfs of lympho-
blasue oclls.”  In other words, 1t suggests the entry of large numbers of
fsmphocytes fram the blood it the marrow  On the other hand, the
disappearance of Jymphocytes from the bene masrow 13 onc of the strikng
and almost incredibly raprd effects of tver extract  The loss of lympho-~
cytes from the marrow could of course be mnterpreted 28 a rapd discharge
mte the bload to make way for probfcrating red colis  But of as before
we make calcutitions an the basis of the quantitative data awalsble in the
punca-pig, the fall 1n the marrow tymphocytes should result in 4 lymphao-
eytoss of sometiung khe 40,000 por tanm. ¢ aad this dees not occut

Aplastic anazmra  In primary, ot idwopathie, aplastic anaema there
a5¢ to be found two types of hone marsow, one of which 18 aplastic the other
byperplastie  Holmes and Broun (1932-5933) found m a case of aplastic
anaemua that the lymphocytes constituted 42 per cent of all nucleated
marrow cells. Rhoads and Mller {(1938), 1n 15 hyperplastic marrows 1
cases of aplasue anaemta, found an average coumt of 36§ per cent of
prmittive cells, while m only 2 out of the 15 cases did they nate the presence
of lymphocytes  They conclude that these prumtne cells are not iympho-
cyses, byt from what we have previously said eoncerning the relation of
these two cells, and also from an analysis of the pernicious anaemia data of
Rhoads and Miller, 1 which ther primstve cells cortespond to the
Iymphocytes of osher workers, 1t 15 evsdent that thew prmtuve cell and
lymphocyte tsy be regarded as wentical. This 15 further borne out by
the fact that in 4 case of agranulocytosts Rhoads and Miller found that
57 per cent of the masrow celis were pnmutive,  In 2 later paper Bomford
and Rhoads {1941} conclude that many of the cells which Rhoads and
Mslter had prestously considered to be * primune ™ cells are 1n fact eatly
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erythroblasts. Davidson, Davis and Innes (1944) note in cases of refrac-
tory anaemia the appearance of what they term Q cells, which from theis
description seem very lihe enlarging transitional lymphocytes.

While the ctiology of aplastic (or ** refractory ') anaemia 1s unknown,
and wlile undoubtedly the name, as climically employed, covers a number
of fundamentally different conditions, it nevertheless scems likely that if
we exclude cases in which there 1s an obvious contributory factor—such
as osteosclerosis or the action of some toxic agent—there remains a group
of patients 1n whom there 1s no marrow aplasta, but in whom there is,
nevertheless, a marked diminution of all the blood cells (the * pluricyto-
penta ” of Rhoads and Miller). Rhoads and Miller conclude that in cases
such as these the basic change is ** a failure of maturation of hemopoietic
cells at an carly undifferentiated stage. Comparison of marrow from
persons presenting aplastic anemia with marrows from persons presenting
acute agranulocytosts shows in the latter a similar lack of maturation and
suggests that aplastic anerma and acute agranulocytosis may bave some
etiologic factor in common.” Jordan (1939) interprets the basic change
as an accumulation 1 the marrow of small lymphocytes, which do not
undergo further develop Our first q tve approaches to the
study of bone marrow and its reactions seem to fit in best with thus latter
view Ths interpretation appears to be remnforced by the observation
that the trend can be reversed, and the lymphocyte population of the
marrow can rapidly diminish when there 1s augmented erythropotesis of
granulopoiesis. 5

The hypothesis which best fits 1n with all the facts presented is that
the small lymphocyte 1s a specialized form of the primitive mesenchymal
cell, 1 a resting, relatvely inactive state and reduced to the smallest
possible size for the purpose of easy mobilization and transport through
the blood-stream. In response to stimuli as yet unknown 1t can once
again revert to an active state and undergo development imto other cell

types.
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CIRCULATORY OEDEMA 141
cuff was gradually inflated (see Table 5, p. 73). In the acute phase of
oedema formation arising from venous obstruction the sudden increased
filtration from the capillaries rarses the tissue tension, the ly mphatics dilate
and the lymph flow greatly increases.

Tn man, McMaster (19374) has observed the flow of Jymph in the

o e -

Fic 88
e l'hmoxnvhﬂ (L the datibtron of e o mirdermal ivceuon v she bon of the vclar
otographa were (aken 10 and 43 seconda ands 2 3 30d 0 minutos atter bepnning
] :n,) < ’nd e -o e 3 m.x:xrm« extending s wp the arm from the pnyected ares.
(n) Streamers from intradermal dye ;.m ' ‘Tunutes aher release of arcula
PGk gy i i * id

Trrom \ieManer 1542)

cutaneous vessels by injecting intradermally very small amounts (o 02 ml.)
of dye, under approximately the same pressure as that existing in the
tissues  In this way the myected fluid is not forced along the lymphatics
by the injection, but clear, normal lymph on passing through the area
carries away some of the dye. Blue streamers are therefore formed in
the limb, Fig. 88(1), which are a measure of the rate of flow along the
large lymphatic channels, If the venous return of the imb is obstructed
by a cuff, no flow 15 observed, but as soon as the cuff is released long



CHAPTER 8§
PRACTICAL CONSIDERATIONS

In cach of the previous chapters we have discussed many applications
of the lymphatic system to clinical disorders. It is not our purpose here
to repeat these practical considerations, but to discuss in more detail some
of the disorders of function involving lymphatics which have so far been
dealt with ether briefly or not at all,

CIRCULATORY OEDEMA

From our discussion of the formation of lymph (Chapter 2), we should
expect the lymphatics to play a prominent role in restoring the fluid
balance in an ocedematous tissue. Oedema resulting from circulatory
difficulties 15 due principally to raised venous pressure with a consequent
capillary hypertension. The balance between the capillary pressure and
the osmotic pressure of the plasma proteins is displaced in favour of the
former, so that capillary filtration 1s increased. This continuous outward
filtration results 1n the formation of excess tissue flurd or oedema, a process
which 1s arrested ultimately by the nsing tissue pressure.

The oedema may be localized to the region of an obstructed vein, such
as may occur from venous thrombosis or from pressure exerted by a
tumour, ‘The lymph flow in these clinical conditions in man has not
been measured ; but, experimentally, in animals it has been shown that
venous obstruction 1 a hmb rapidly leads to a considerable increase
flow. Cohnhein (1889) quoting the work of Emmunghaus writes, * On
wntroducing a cannula 1nto one of the lymphatics in the outer side of the
leg of a dog, an extremely small quantity of lymph flows off from the
foot, scarcely a drop in several munutes, as long as the limb 1s at rest.
On now ligaturing the principal veins conducting the blood out of the
leg, or on surrounding the thigh just above the knee with a lhgature
which must not be drawn too tightly, the lymph at once begins to drop
from the cannula, so that you can now obtain in the same time as many
(and ndeed more) cubic centumetres of lymph as you formerly obtamed
drops  While the merease i the lymph stream sets in immediately on
applying the ligature, a tumefaction of the foot 1s only slowly and gradually
developed during the space of several hours.” These experiments have
been elaborated and the findings confirmed by Field and Drinker (1931)
and White, Freld and Drinher (1933) who placed a cuff around the limb

of a dog and showed that the lymph flow increased progressively as the
440
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alt day but readily become normal on resting, much of the oedema fluid
will be reabsorbed into the blged capiffaries when the capilflary pressure
1 reduced, but the Jymphatics must alse be effective in rewurmng to the
blood strcam the protem that has become extravascudas.  Mclaster

{brom MeMaster, 2943

showed the effect of posture on lymph flow in 2 normal hrb, Ia a
subject seated quietly with the feet resting on the floar, streamer formation
followng wtradermal injection of dye was absent.  On elevaung the leg,
however, streamer formation was rapid.  Symitar changes m fymph flow
probably occur i cedema of the legs in the eacly stages of cardiae
decompensation
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streamers rapidly form indicating that the lymph flow is greatly increased,
Fig. 88(u) In man, asn animals, therefore, localized venous obstruction
will give rise to an mcreased lymph flow.

Generalized circulatory oedema anises 1n cases of heart failure. The
ocdema flurd may accumulate either 1n the regions drained by the venae
cavae, as a result of weakness of the right heart, or 1n the lungs usually
from left heart failure. The effect on oedema formation of mcreased
venous and, therefore, capillary pressure, is strikingly seen in the early
distribution of the oedema, In the ambulatory patient, the ankles may
swell during the day and go down at night, while in the bed-ridden patient
oedema is most prominent in the sacral region  The increase in capillary
pressure due to gravity 1s evident i these observations.

The oedema fluid contains protein which is probably somewhat less
than the protein concentration 1n normal tissue fluid because the filtering
head of pressure 1s increased.  Fishberg (1942) quotes average figures of
0 35 (generally o 2 to o-5) per cent for the subcutaneous, 2-11 per cent for
pleural, 2:34 per cent for ascitic, 308 per cent for pericardial and 2 to
3 per cent for alveolar fluid These figures arc comparable with values
obtamed 1n normal animals for tissue flud or lymph from these regions
(Chapter 3). It 1s, therefore, difficult to say whether in heart failure the
lowered oxygen tenston m the tissucs ncreases the capillary permeability.
At least, there 1s no gross increase in permeability such as we see 1 acute
nflammation.

What concerns us here, however, is not so much the causes of arcula-
tory oedema (cf. Fishberg, 1942; Davis and Smuth, 1947 ; Richards,
1949), but the réle of the lymphatics 1n restoning the normal fluid balance.
In this, as well as 1n all other types of oedema, the lymphatic vessels are
widely dilated. ‘This 1s not due to any blochage of the Iymphatic channels,
but, as we have observed 1n Chapter 1, because of the lymphatic aAtmch-
ments to the surrounding tissues. Although there 1s no obstruction 1
the course of the lymph vessels, the raised venous pressure may to some
degree hinder the flow of lymph 1nto the veins at the base of the neck,
MeMaster (1941-1942), however, gave evidence to show that this did
not greatly affect the flow of lymph in hmb lymphatics.

We have no direct quantitative mformation concerning the volume of
flud returned to the blood strcam by the lymphatics m cardiac cedema
in man. From our description of the regional lymphatics in Chapter 3,
we should expect that any fluid that leaks into the pentoneal or plfuml
cavities would be fairly rapidly removed by the lymphatics of those regions.
Fluid in the pulmonary alveoh or in the skin and subcutaneous regions,
however, should be removed much more slowly by the lymphattcs ; but
the lymphatics are, nevertheless, important in restoring the fluid balance
in these tissues. In those mild cases in which the feet swell after standing
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theories advanced to explain the changes 1n Buid bafance 13 enticely
$ 0 f en - Phere are nrohably several causes for the increase of extras
R e SR : )
cause of thus mcrease in extracellvlar Gud. A 2210 pasiig pruaas,
espeially of the albumin fraction, usually occurs 1 undernutation and
the conscquent decrease in the cofford osmonc pressure of the plasma
capillacy filteation and so precy visibile oedema. Oden}a
may occur, hawerer, i £ases m which the plasma protains are within
prreol hints Tn eapetimental undernutntion i dogs, Weech and his
¥ . . r .

Th O Waeech R0} 1hey 10UN4d TAAL, Ul a s e

change was obsenved n the globuhn.  Another 1actor w prowpiasng
oedema 1 malnutntion is the salt ntahe, a8 in wrculatoty vedemna, a
! =+ b of calt will incgease the volume of fhuid 1n the extracellular

The pmt:m content of the subcutaneous fud 15 212y 0% Suveauns

{1951) quotes figures of © 2 to 0 3 per ceat while Weech (1938-1439) gives
values of 61 to 06 per tent in man.  The oedema flwd in nephrosts,
another condition 1 which the serum slbumin 15 Tow, also contams but
futfe protesn, usually Itss than o & per cent  In dogs the pratem level
varted in subcutaneous oedems fluid from o 02 to v 7z per cent wath an
average of 023 and i ssatic flud '
average of 018, Weeeh, Goettscha |
low protesm level 1 the tissue furd v vos vo e - .
10 3 decreascd permeability of the capiifaries 1o prutern It would scem
more hikely, hawever, to be due to the increased filtration of plasma with
a fow protein concentration  ‘The ossue fud Wit uliumately resemble
capillasy filtrate,  Since the increased filtering head of pressure1s attamed,
not by rawsing the capdlary pressure but by lowering the plasma afbumin
concentration, the level of proteins tn the capillary filtrate and therefore
i the tissue fimd will be somewhat Jower than in cardie oedema.

There are pa direct measurements of the flow of Iymph w hunger
oedema in man, In cases i which the shin 1s Jax, it nught reasonably be
postulated that the ussue tension would not nse so readdy as i well
nounsshied sndividuals and that the lymph flow would consequently not
increase  In dogs Weech, Gosttsch and Reeves (1g34) collected tymph
from tegs which were cedematous 25 2 result of malautriion (low praten
dhet) ot of chrotuc plasmaphaeresis, The protein content of the cedema

cnt with an
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In cases of chronic cardiac oedema in elderly patients, on the other
hand, intradermal njection of dye did not lead to streamer formation
(McMaster, 19375). The lymphatics of the shin were widely dilated, but
they were full of stagnant lymph, Fig. 89. “ No matter how much the
lymphatic channels were dilated 1n cases of cardiac edema, we never
observed the formation of coloured streamers, There was no evidence
of lymph flow, yet the fact that the lymphatics were patent could readily
be demonstrated. When a region stained as the result of an mtradermal
mjection of dye was massaged, coloured streamers promptly appeared.
If the skin of the lower leg of a patient with long standing edema was
stroked from the injection site toward the periphery, 2 retrograde passage
of dye took place along the superficial lymphatics The phenomenon
was never seen 1n normal man, nor did it occur in the patient a few days
after the edema had been reduced by therapeutic measures, It is plainly
indicative of a valvular i p of the lymphatics * (McMaster,
1941-1942). It would seem, therefore, that in grossly oedematous limbs,
the valves of the lymphatics become p so that if the tissue
tension 1s raised by movement, lymph can pass towards the periphery
Just as readily as 1t can centrally. In such circumstances the lymphatics
probably do not play a prommnent réle 1n restoring the fluid balance of
the Imb, untl the valves become competent. With a fall in capdlary
pressure following treatment much of the subcutancous oedema fluid will
be reabsorbed into the blood capillaries, but the lymphaties must
then return the extravascular protein to the blood stream before the normal
fluid balance is restored.

In contrast to the stagnation of lymph 1n the oedematous legs of cardiac
patients, McMaster found an increased flow in the skin of patrents with
oedema accompanying nephntis. This was especrally evident at the onset
of diurests. The lymphatics were not so widely dilated as i the patients
with cardiac oedema and the lymph flow suggests that the valves were not

p McMaster luded from these experiments that ““in
heart disease the lymphatics fail 1n their function of fluid transport, adding
to the edema, In nephnitis on the other hand the lymphatics aid mn the
removal of the accumulated fluid.” It is doubtful, however, whether this
generalization would apply to all stages of cardiac and nephsitic oedema,
or to lymph flow along the deeper lymph channels of the limbs which
cannot be abserved by the methods employed by McMaster.

HUNGIR OLDEMA

Oedema has been known throughout recorded history to occur during
famines or prolonged malnutrition. McCance (1g51), in an excellent
resiew of the actiology of hunger cedema, concludes that none of the many
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and Barmard, 1931; Nix ef al., 19530 and & Gray, 1951). Whether
this asatic fluid comes directly from the lymphatics n the capsule or
mesely 15 some of the excess ussue flusd whach reachies the capsule actually
outside the Jymphatic vessels, the end result is the same.  Once 1 the
pentoneal cavity 3y free fluwd, the drainage wilt be mainly through the
lymphatics of the duphragm (sce p 176)  Ascues will result, therafore,
when the production of tissue flwd in the Inver 1s so great that the Iner
Jymphatics cannot cape with st, and the ™ spillover ™ is 50 great that the
diaphragmanic fymphatics cannot remove it quickly enough

J13s clear, thercfore, that based on expenmental evidence in anmals,
we cannot expect portal hypertension alone to produce gross ascites.
Back pressure on the m!enor \ena cava nbo\t the diaphragm as a heart
falure, i or th of the hepatic vewns, or
Carhosis of the Iner Wil lead to 2 raised pressure 1n the hver sinuses and
an incraased filtration through the walls of the sinuses  Escess flud
accumulates 1n the spaces between the snus watl and the liver cells, and
tracks to the surface of the Iner lobule where w13 absorbed twia the Iner
lymphatses (see p 142)  Asates docs not necessandy ensue It 1s only
a2 severe cases of rmsed pressure 1n the hepatic vessels that the filirztion
rate 15 wncreased sufficiently to produce ascites.

In expenmental obstruction of the inferior vena cava or of fibrosis
of the Wyer, gross ascues iy be preoptated by lowenng the plasma
Protein ton: or by the sodim 1n the body
(McKee ef al., 1948)  Suntlar passible mechanisms n precipreating gross
ssites i a patient with cirrhosss of the hiver have been discussed by
Hyat and Smith (1954).

We sce, therefore, that in the shifts of Busd which take place when
ascites develops, three major sets of lymphaues are ol ed—the ym-
phatics of the almentary tract, the lver lymphatics and the lymphatics
of the diaphragm. Al three, 3s we have scen 1n earher chapters, are
capable of carrying very large volures of lymph, much greater than the
Iymphaucs from any other region of the body It 1, thercfore, onfy 1n
extreme orcumstances and in the presence of severe disease that gross
asates becomes evident These facts also account, m part, for the
duficulty of producing regulacly gross asoites in the expenmental ammal.

ReacTION TO INJURY

Many of the funcuans of the lymphati are displayed
prominently 10 the reactions of a tissue to mjury A lpcal accumu\aucn
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flud 1n both groups of dogs was of the same order of magnitude as obtains
n man with hunger oedema.  The lymph flow was determened in anumals
under nembutal anaesthesia and in unanaesthetized arumals. Lymph
was obtained from the anaesthetized group by massage but in the un-
anaesthetized group the flow was spontaneous on walking. The flow from
the leg ducts of normal dogs 15 very variable which makes a comparison
with that of oedematous ammals difficult. On the whole, however, the
lymph flow from the oedematous limbs was shown to be slightly greater
than the flow 1n normal antmals, It would seem, therefore, that in these
conditions the lymphatics are functioning to alleviate the oedema. VWhen
the serum proteins were raised by feeding protein, the oedema disappeared.
With the rise 1n colloid osmotic pressure most of the oedema fluid would
be absorbed into the blood vessels more rapidly than 1t could be removed
by the lymphatics. Any excess etravascular proten, however, would
be taken up by the lymphatics.

AscITES

In discussing the functional significance of the lymphatic drainage of
the liver (p 148) and of the peritoneal cavity (p. 188), we have mentioned
the réle of the lymphatic vessels not only in absorbing the ascitic flnd
but also 1n producing this flud.  There seems no doubt that the absorp-
tion of ascitic fluid through the diaphragmatic lymphaties is fawly rapid
even in human beings The production of excess tissue flud i this
region must, therefore, be greatly increased before the signs of gross
ascites are manifest ‘The question that has often been asked, and “hlgh
phystologsts have attempted to answer, 15 ** Where is the asatic fluid
produced ?

Gross asaites 1n animals stmular to that observed in cirrhosis of the
liver 1n man 1s not easy to produce experi \ly. Partial occl of
the portal vein leads to an increase in capillary pressure and of capillary
filtration in the wall of the almentary tract. The excess tissue ﬂul.d
formed wll result in a great increase in the lymph flow from the thoracic
duct (Starling, 1894), a transudation of fluid into the lumen of the gut
(cf. Verzar and McDougall, 1936), but only a transient ascites (Volwiler,
Grndlay and Bollman, 1950, Schilling ef al.,, 1952). When, howeser,
the hepatic vein or the inferior vena cava just above the diaphragm 1s
partially occluded, gross ascites may ultimately be produced (cf. .Bollon,
1909, 1914 ; McKee et al., 1948; Nix et al,, 1951). Also, experimental
cirrhoss of the liver, caused by repeated administration of carbon tetra-
chloride may produce ascites (Nix ef al., 1951a and ). It would appear,
therefore, that in experimental ascites most of the ascitic fluid comes from
the liver. In these cases the lymphatics of the liver, which drain into
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the capitlary membrane with a resultant intense aedema of the injured shin,
Fig. go (Courtice, 1g46), Whereas normatly the globulins escape from
the capillarics less readily than the albumun, after a thermal burn the
protein molecules all pass through the capillary wall at about the
same fate as the smaller molecules (Perlmann, Glena and Kaufman,
3943; Cope and Moaore, 1944). If, however, the temperature 18
excessively high, the tissues, including the blood vessels, wilt be cosgulated
or destroyed. In these circumstances no blood wiii flow through the
area, For example, 1f a rabbit’s car s placed i water at 100° C for half
2 minute, the whole car witl shris f up with litle or no ocdema formation,
whereas if the ear is placed in water at 65° C for the same time, it with
ultimately swell enormously

In any injury, therefore, there will be zanes m which the capilfanies
are affected in different ways—the zone i which the capillanies are
necrosed or thrombosed and through which blood no fonger flows, the
one in which the capillary membranc loses wts cffectiveness as 2 basmer
to protein and the zone in which the capillanies may be altered 1n calibre
but are otherwise normal. There may also be smifar grades of mpury
1o the cells of the injured tissues {L.cach, Peters and Rossiter, 1943)
The extent of each of these zones tn an mpury largely determines the
extent of proten 1n some the first zone of tssue
necrosis may be small, yet surrounded by a large zone of intense oedema,
Such 1s the cose with shin contamunation of certain vesicant hquids
{Cameron, Courtice and Short, 1947 , Cameron and Courtice, 1948), and
s mechameal injuries such as the expentmental crush syndrome {Bywaters
and Popyah, 1942, Swingle ef al, 1942, Duncan and Blalock, 1942)

Lymph flow tn acute phase

Since the eatravascutar fud n the wyured tissues 18 nch i protetn,
1t 18 returned to the hlood stream mainly by the lymphatiwes  Experiment
has shown that soon after nyury the fymph flow increases considerably
23 the pressure of the mtersutial flud nses, and the praten concentration
of the Iymph rises until it approvimates to that of the plasma Freld,
Drnker and Whte (1g32) found lymph pressures . the leg lymphatics
of anaesthetized dogs as hugh 2s 120 e of lymph after severely scalding
the foot. 1f the lymph 15 beng collected from the b of an anaesthetized
animal, there will be no spontancous flow befare myury, but after injury
the rise 10 tissug tension may be so great (as observed by Ficld, Drinker
and White) that lymph flows spontancously, 1 tymph will fiow without
movement of the hmb Passive movement of the hmb will further
increase the flow  The lymphatics, therefore, are capable of increasing
the protein abserpuon many times above normal 1 the carly stages of
an acute inflammatory reaction

L-+CG
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of fluid in the extravascular spaces, leading to swelling of the damaged
tissues, follo\\§ all injuries.  “The nature of the fluid loss depends upon
the type and intensity of the injury. In mechanical trauma the tissues
may be cmsl'.led and lacerated with widespread rupture of the blood
vessels, resulting in an effusion of blood into the neighbounng extravas-
cular spaces. ‘The blood vessels of less severely damaged tissue may not
be ruptured, but the permeability
of the capillary membrane to the

» 80
Sm plasma protemns increased. The
E60f swelling of the damaged tissue
¥ SO in mechanical trauma is, there-
240 fore, due in part to haemor-
B rhage, but in part also to the
?:20- effusion of a protemn-nch fluid
1or resembling plasma (Parsons and

Phemister, 1930; Blalock, 1930,

s Plasma
o \- 19314, b and ¢; Freedlander and

o4
$ 3F Ny Lenhart, 1932).  In those injuries
3 2F '_—'ﬂp";‘/ such as thermal or chemical burns
& in which there is litle or no rup-
L TF ture of the blood vessels, intense
< 6} local oedema is due almost entirely
E s to exudation of a protein-rich fluid
5 4f through the damaged capillary
o3+ walls (cf. Menkin, 1938). The
52 protein concentration of this flud
gf is always high, approximating to
ko e that of plasma (Beard and Blalock,
—Room—sfe—45°—1e50%mastes 19313 Harkins, 1945; Cameron

teme < ¢ ¢l and Courtice, 1946).

Room A
Hours temp Since tissue flud and lymph

Fic oo p,’;*,’:‘,,‘”:;,‘m‘;f,};’:gf,;“;‘ggﬂé‘x °n from any ussue are of approxi-
lymph and of blood from the fore-paw mately the same composttion, the
of 2 dog cffects of various grades of njury

(From Courtice, 1946) : .
on the protein concentration of
the tissue flud can be measured
by collecting lymph from the affected regron. When the temperature of
a b 1s rased by immersing 1t in water at 37 or 45° C., the arterioles
dilate, so increasing the capillary pressure and blood flow through the
region This results in an increased formation of capillary filtrate and of
tissue fluid, but with no ifi Iteration in capillary p bility to
protein until the temperature exceeds 50° C. Atabout 55°C ,however, the
permeability alters to allow easy passage of the protemn molecules through
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the capillary membrane with a resultant intense oedema of the njured shin,
Fig. go (Courtice, 1946). \Whereas normally the globulins escape from
the capillanies less readily than the albumin, after a thermal burn the
protcin molecules all pass through the capilary wall at about the
same rate as the smaller molecules (Perlmann, Glenn and Kaufman,
1943; Cope ar *

excessively high, -

or destroyed. 1 o

area.  For exampu, s w smwnnr = ome ooy .

a minute, the whole car will shrivel up with hittle or no ocdema formation,
whereas if the ear is placed in water at 63° C. for the same time, 1t will
ultumately swell enormously.

In any injury, therefore, there will be zones n which the capillanies
are affected 1n different ways—the zone in which the capillaries are
necrosed or thrombased and through which blood no longer flows, the
zone 1n which the capillary membrane loses uts effectiveness as a barrer
ta protein and the zone 1n which the capillaries may be altered in calibre
but are otherwise normal, ‘There may also be similar grades of wjury
to the cells of the injurcd tissues (Leach, Peters and Rossiter, 1943)
The extent of each of these zones 1 an injury largely determunes the
extent of protein extravasation  In some mnstances, the first zone of tissue
necrosis may be small, yet surrounded by a large zone of intense oedema
Such is the case with shin contamunation of certain vesicant hiquids
gCamcmn, Courtice and Short, 1947 ; Cameron and Courtice, 1948), and
in mechanical injunies such as the experimental crush syndrome (Bywaters
and Popjak, 1942 ; Swingle e al, 19423 Duncan and Blalock, 1942).

Lymph flow in acute phase

_Since the extravascular fiud 10 the 1nyured tissues 13 rich 1n protein,
itis returned to the blood stream mainly by the lymphatics.  Expenment
has shown that soon after injury the lymph flow mereascs considerably
as the pressure of the interstitial flud nises, and the protein concentration
‘ » " ' that of the plasma Field,
essurcs 10 the leg lymphatics
- ° o Iymph after severely scalding
thg foot. 1If the lymph s being collected from the Limb of an anaesthetized
animal, there will be no spontancous flow before njury, but after injury
the rise in tissue tension may be so great (as observed by Field, Drinker
and White) that lymph flows spontancously, 1. lymph wall flow without
movement of the limb. Passwe movement of the lmb will further
increase the flow. The Iymphatics, therefore, are capable of mcreasing
the protein absorption many times above normal i the eatly stages of

an acute inflammatory reaction,

L—Ga
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Not 9nly protein but also extravasated red cells are absorbed by the
lymphancs. If whole blood has escaped into the injured area the lymph
will become blood-stained as the red cells are absorbed (McMaster and
Hudack, 1934; Katzenstein, Mylon and Winternitz, 1943) The amount
of extravasated blood absorbed nto the lymphatics will depend not only
on the degree of the hacmorrhage, but on the tissue velved and the
rapidity with which clotting occurs, If blood escapes into the peritoneal
cavity, for example, the red cells will fairly rapidly be absorbed provided
the blood does not clot; on the other hand lymphatic absorption of red
cells from the injured tissues of a limb will be slow and coagulation will
further reduce the chances of many of the red cells being returned to the
blood stream intact

The question of the absorption of toxic substances liberated from the
damaged cells of the 1njured area has recerved much attention in the study
of expenimental shock (cf. Harkins, 1941). If any of these substances
were protemn in nature, we should expect them to be absorbed mainly
by the lymphatic vessels. Leach, Peters and Rossiter (1g43) have postu-
lated that 1 the moderately damaged area, sufficient injury to the tissues
may have been done to damage cell permeabihity without altering the nature
of some of the enzymes These enzymes may then diffuse out and prove
to be toxic 1n parts of the body in which they are foreign. Kellaway and
Rawlinson (1944) showed that in perfused hmbs alkaline phosphatase,
lipase and proteolytic enzymes were set free at temperatures above
41° C  If these enzymes, which are protemn m nature, are free m the
tissue spaces 1t would seem hkely that they would to some eatent enter
the lymphatics, whereas the lib of smaller molecules, such as
histamine, into the tissue fluid would not necessanly involve the lymphatics
1n the transport of such substances to the bload stream  Direct evidence
that the lymph from an injured area contains a foreign protemn 1s not
conclusive. Perlmann, Glenn and Kaufman {1943) examined electro-
phoretically the lymph from the forelegs of calves before and after severely
scalding the legs. They found a new component 1n the electrophoretic
pattern of the lymph collected after the burn and suggested that this
was probably a tissue protein released by cellular destruction. Katzen-
stemn, Mylon and Wintermtz (1943) collected thoracic duct lymph from
dogs after the release of tourmquets to the hind legs ; they then gected
this lymph intravenously into other dogs and m g0 per cent of cases
observed a considerable fall in blood pressure. These experiments, there-
fore, suggest that, though the lymph from an imured region consists
mainly of flud which has escaped from the crculating blood, other
substances released nto the tissue fluid by the destruction of cells may
also be absorbed by the lymphatics.

The lymphatics of the oedematous region of an injure

d tissue will
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thercfore be widely dilated and the flow of lymph 1n them will be greatly
mncreased n the easly stages  The actual ncrease i flow will depend,
among other things, on the actual rate of formation of tissue flud  1f
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after an injury this 1s decreased by applying pressure bandages (Barnes
and Trueta, 1941; Glenn, Gilbert and Drinker, 1943) or by keeping
the injured region cold (Courtice, 1946) the lymph flow will not be as
great, Figs. o1 and g2. Later, when the extravasated fluid clots, the
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F16 93 —The effect on lymph flow and protein content of immersing the front feet of
a dog 1n water at 100° C for 2 minutes at arrow ©  Cunves 1 and 1 for the right
front foot show the lymph flow and protein content of the lymph for 16 hours
after the burn  Cunves 2 and 2 are for the left frant foot mto which tssue extract
was tnjected subcutaneously immediately after the barn  The foot swelled enor-
mously but the lymph flow was neghgible since the nssue extract caused coagulation
of the gedema fiuid

(From Glenn, Peterson and Drinker, 1942)

lymph flow decreases A sudden decrease in lymph flow from an myured
area 1n the acute phase may be brought about by injecting a tissue extract
which coagulates the oedema fluid, Fig 93 (Glenn, Peterson and Drinker,
1942). Another factor in the falling off of the lymph flow after a tume
1s probably a fall 1n tissue tension due to a loss of elasticity of the stretched
tissues
Recovery phase of an wyury

Absorption of fsd. When the blood capillaries regan their normal
permeability, one of the problems in the complete restoration of the flud
distribution 1n the mjured tissue is the reabsorption of all the extravasated
protein and of the fibrin clot  While the fibrin clot and the entangled red
cells are broken down to smaller molecules, there 1s some evidence that
the albumin and globulin fractions are absorbed by the lymphatics as
such without enzymic degradation (Courtice and Simmeonds, 1949)  This
lymphatic absorption m the later stages of recovery 1s, however, much
slower than m the acute phase, partly because of the clotting of the flud
and partly because the tissue tension 1s not as great as mn the iitial phase
when the connective tissues are suddenly stretched

Regeneration of lymphatics mn healng wounds. Complete restoration
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of the fluid equilibrium witl also depend w part on the regeneration of
lymphatics 1n the injured arca.  We have already observed 1 Chapter
that the lymphatic endotheltum, hike the vascular endathetium, has remark-
able powers of regeneration and probferation, Thus regeneration of the
Iymphatic vessels in the healing of a wound has been investigated 1n several
preparations.

The simplest injury to study in this way is an aseptic shin incision
Clark (1922~1923} obscried that severed lymphatics in the tadpole’s tail
ultimately joined up again by the process of sprouting, In mammals
Reichert (1926) made a complete section through the thigh of the dog
with the exception of the femur, femoral artery and vein. Al the lym-
phatics of the thigh were, therefore, severed  He then sutured the cut
tissues together and examined the lymphaties some time later by injecting
India ink into the foot-pad and shin of the leg 2nd thigh to show them
up. In those cases where the tissues were handled very gently, the cut
surfaces accurately appronimated, the hacmotshage reduced toa minimum,
and where strict asepsis was observed, regeneration was scen in the
superficral lymphatics 2 catly as 4 days and in the deep lymphaties § days
after operation.  Where thete was any apprecishle scar or where healing
had been interfered with by trauma, foreign body or nfcction, the growth
of lymphatics across the incised region was delayed for weehs or months,

McMaster and Hudack (1934) ebserved the behaviour of the lymphatics
of the mouse’s ear after a shin inasion  Where the lymphatics had been
cut across they remained open for many houes, often for 24 to 48 hours,
m contrast to the blood vessels, which constricted and closed almost at
once. During thus ime any particies v the inosion, such as red cells
or bacteria, readily enter these lymphatics  From 24 to 48 hours after
making the nciston the cut lymphaties became blocked probably by
fibrinous plugs which could be distodged by injecting the lymphatics of
the ear under a farly high pressure of 40 to 8o cm water.  Aftet this ume
the lymphatics began to regenerate, and 7 to 1o days after wncsing the
skin, dye mjection showed up a wealth of sanll channels in and about the
inciston and some reconstituted channels could be observed passing
directly through the mewsed area, Fig 94,

Mehaster and Hudack also observed the reacuons of the fymph
vessels of tiie mouse’s ear 1 response €0 4 vhermal durn  For 24 fo 4§
hours after 2 second or thud degree burn, the localized burned patches
remained ischaemic, surrounded by regions of hyperaemia and oedema,
The lymphatics in this burned area were also blocked by fibrinous clots
or by heat coagulation as no dye myected into the car lymphatics entered
the area. Later mn the recovery stage, as with sitaple inasions, the
lgvmphatics surrounding the burn showed considerable probferation,

18 95
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after an injury this is decreased by applying pressure bandages (Barnes
and Trueta, 1941 ; Glenn, Gilbert and Drinker, 1943) or by Lecping
the mnjured region cold (Courtice, 1946) the iymph flow will not be as
great, Figs, 91 and 92. Later, when the eatravasated fluid clots, the
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FiG 93 —The effect on lymph flow and pratem content of immersing the frone fect of
a dog in water at 100° C for z minutes at arrow o Curves 1 and. t for q\e‘nghx

of the oedema flurd o
{From Glenn, Peterson and Dnnker, 1942)

lymph flow decreases. A sudden decrease n lymph flow from an iyjured
area 1n the acute phase may be brought about by injecting a ussue extract
which coagulates the oedema fluid, Fig. 93 (Glena, Peterson and Drinker,
1942)  Another factor in the falling off of the lymph flow after 2 time
1s probably a fall in tissue tenston due te a lass of elasticity of the stretched
tissues.
Recovery phase of an njury

Absorption of flud, When the blood capillaries regam their normal
¥ bility, one of the probl 1n the plete r ion of the flud
distributron in the injured tissue is the reabsorption of all the extravasated
proten and of the fibrin clot.  While the fibrin clot and the entangled red
cells are broken down to smaller molecules, there 1s some evidence that
the albumin and globulin fractions are absorbed by the lymphatics as
such without enzymic degradation (Courtice and Simmonds, 1949). This
lymphatic absorption in the later stages of recovery is, however, much
slower than in the acute phase, partly because of the clotting of the flud
and partly because the tissue tension 15 not as great as 1n the witial phase
when the connective tissues are suddenly stretched.

Regeneration of lymphatics in healing wounds. Completc restoration
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of the fluid equilibrium will also depend in part on the regeneration of
Jymphatics in the injured arca.  We have already observed in Chapter 1
that the lymphatic endothelium, like the vascular endothelium, has remark-
able poners of seg jon and proliferari This reg of the
lymphatic vessels 1n the healing of a wound has been i estigated in severat
preparations.

‘The simplest injury to study in this way is an aseptic shin incimon
Clark {1g22-1923) observed that severed lymphatics 1n the tadpole’s tat
wlumately joined up agun by the process of sprouting. In mammals
Reichest {1626} made a complete section through the thugh of the dog
with the exception of the femur, femoral artery and vemn Al the lym-
phatics of the thigh were, thercfore, severed e then sutured the cut
ussues gether and examined the lymphatics some nme later by injecting
India ink into the foot-pad and skin of the leg and thigh to show them
up. In those cases where the tissues were handied very gently, the cut
surfaces accurately approximated, the haemorrhage reduced toz mintmum,

wsc vpnianvan 1t

cut across they remained open for many hours, often for 24 to 48 hours,
n contrast to the blood vessels, which constncied and closed almest at
once, During this time any patticics in the intsion, such as red cefls
or bacteria, readily enter these lymphanes. From 24 to 48 hours after
making the incision the cut lymphatics became blocked probably by
fibmnous plugs which could be dislodged by injecung the lymphaties of
the ear under a fairly high pressure of 40 to 86 cm water.  After this ume
the Tymphaties began to regenerate, and 7 to 10 days after incising the
ﬂﬂ{l, dye myection showed up a wealth of small channels m and about the
mncision and some reconstituted chanaels could be abserved passing
directly through the incised ates, Fig g4,

McMaster and Hudack also observed the reactions of the lymph
vessels of the mouse’s ear it response 1o a thermal burn,  For 24 to 48
hours after a second or third degree burn, the localized butned patches
remained yschaemic, surrounded by regions of hyperaemia and oedema.
The lymphatics in this burned area were also blocked by fibrinous clots
o1 by heat coagulation as no dye injected into the ear lymphatics entered
the 2rea. Later in the recovery stage, a8 with sumple masions, the
\E).n;\phaucs surroundng the burn showed considerable prohferatton,

18, 9§,
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In the healing of wounds, therefore, the regeneration of the lymphatic
capillaries is just as prominent a feature as the growth of the blood vessels.
No doubt the new lymphatics play an important role i removing
protein and particulate matter from the injured tissue. In this way they

(Froe McMaster, 1942)
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are essential in reducing the ocdema m healing wounds. Mays the
regeneration of the lymphatics follows that of the bload vessels  Some-
umes the delay between the proliferation of the blood capiilaries and of the
Yymphatic capillaries may be ble. Tor example, Clark and Clark
(1932}, using the rabbut car-chamber preparation, showed that on the
average blood capillaries invaded the table area 7 days after operation,
while the Jymphatic capilfaries did so after 19 days. In some cases,
howeser, the delay was much greater than this.  In gne case fymphatics
did not grow 1nto the table area unul 4o days after the operation, Whereas
the blood capiffaries did so after 5 days, and ascularization was complete
23 days before the first appearance of a new fymph capitlary at the tabie
edge,

The cause of this differcntial growth rate ss not altogether ¢lear  The
proving blood capiliary contains 1ts own nutniment, whereas the lymphatics
¢ . T Tt ey from nearby blood vessels.

and Clark obsened that bymphatic growin was vy ©
tions in winch fibrous tissue formation was excessne
Whatever the cause of this dispanity 1 growth rate betwcen blood and
lymphatic capiffaries, st would appear reasonable to suppose that 1t can
create a temporary disturbance of the normal tssue fad equilibrium
For a varying period 4 tissuc has blaod capffaries but not lymphatic ones,
with the resuft that a focal ozdema may develop It 1s quite possible
that this may be the basic factor responsible for the * hypertrophy ** of
sars which is so frequently found {(Glucksman, 1931, Moulem, 19351)
and m which case as Mowlem 2nd others have pownted out, the surface

of interest in this connection that as far back as 1863 Billroth noted that
dunng the first week of healing no lymphatic 1essels wete to be found
N a young cicatrix  Although Reichert’s (1926} expenments have shown
that Iymphatic regeneration across a wound may sicur in 4 days, it 18
onfy in exceptianally fasourable Cases tha this happens,

It 15 certanly the case that young scars tend to possess a charactenstics
ally aedematous appeatance, as also does granulation tissue However,
there are a number of factors mvolved about which we are not altogether
clear, and both species and regional differences may be concerned.  Thus,
™ the inflamed ear of the mouse, Pullmger and Florey (1937) found that
hymphaue pre ' estroand fully.  Furthermore, even
where this fyx
hypertrophue .
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filtrate is escaping from the blood capillaries all the time, but must percolate
through the regenerating area until it reaches an adjoining region with a
normal complement of lymphatic capillaries before it can be drained away
by the lymph. As a rule equilibrium 1s restored by both the ingrowth
of lymphatic vessels, and the gradual loss of vascularity, so that a scar
becomes progressively paler. But should either or both of these changes
not occur, the stage would seem to be set for much more extensive scar
hypertrophy and even keloid formation (Yoffey, 1954).

TRAUMATIC SHOCK

If the local loss of fluid following an injury is sufficiently rapid and
extensive, a condition of trreversible peripheral circulatory farlure or
*shock ” will develop (cf. Blalock, 1930; 19314, b and ¢; Parsons
and Phemuster, 1930, Harkins, 1941). We have discussed the behaviour
of the blood and lymphatic capillaries 1 the local injured region There
has been for many years, and there still is, much controversy concerning
the state and the permeability of the capillaries of the uninjured tissues
m traumatic shock. At first, as flud escapes from the blood stream nto
the injured area, tissue fluid 1s reabsorbed from the uninjured tissues and
so compensates in some measure for the loss of blood volume  The extent
to which the blood volume falls depends upon the imbalance between these
two fluid shifts  In the carly stages of an injury the inward shift of fluid
from the uninjured tissues 1s slower than the outward passage of fluid
into the injured area, so that if there 15 no red cell loss, the blood will
become concentrated. When the loss of flud in the injured region 1s
speeded up by keeping it warm, the reabsorption of flud from the un-
mjured tissues is also increased (Courtice, 1946). The rate of the mward
shift of non-protein fluid through the blood capiliarics, therefore, depends
on the fall in capllary pressure which is determined by the rate and extent
of flud loss from the circulation in the injured area. The reabsorption
of flmd also depends on the lable extracellular flurd 1n the undamaged
tissues  If the animal has had a previously restnicted water intake, the
fall 1n blood volume is more rapid as reabsorption 1s less (Cameron and
Courtice, 1946).

Meost authors agree that in the onset of traumatic shock, the small blood
vessels of the uninjured tissues are constricted and, in general, non-protein
flud passes from the tissue spaces into the blood stream. In the later
stages of peripheral circulatory failure, however, much controversy has
arisen concerning the state and permeability of the small blood vessels.
Many toxic lib d from the damaged tissues have been

postulated and more recently Zweifach and his colleagues have given
ing not in the d d tissues but

idence of a p ong
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in the By er (Shorr, Zweifach and Furchgott, 19433 Zwafach et af, 19453
Mazur and Shorr, 19485 Shorr ef al., 1g31).

‘We cannot here consider at any Jength the vascufar changes of traumatic
shock. We are mainly concerned, as far 2s the téle of the fymphatics 15
concesned, with the efficency of the capilfanes of the undamaged tissues
as batrters to the plasma protens  This has been determined by o
methods. By collecting lymph from uninjuced arces, it has been shown
that the extravascular circulation of proten in these tegions has not been
mereased in ammals suffering seveve shock resufung from thermal or
chemical burns (Glenn, Muus and Drmber, 19435 Cameran, Courtice
and Short, 1937). In other expeniments labelled plasma proteins have
been injected intrasenously in animals suffcning from severe shock caused
by hacmorrhage, thermal burns or mechanical trauma {Fine and Seligmaa,
1943, 19443 Cope and Moore, 1g44). These experiments suggest that
the permeability of the capitlary wall 10 protemn & not greatly ncreased
as it 38 in the injured tissues,

Lyseuatic OsstRucTion

Acute lymphatic obstruction

The conditson of acute lymphatic ebstruction s readily produced m
toads and in frogs either by destruction of the [ymph hearts or by paralysis
of the hearts with curare  Owing to the fact that the capillaries of the
frog are hughly permeable to water and to dissohed substances, mefuding
the plasma proteins, it is essential in these ammals that eatravascular fluid
mave tapadly back into the circulation  When thus faus to occur, aedema
develops, and the animal dies from loss of hlood volume (sec Chaprer 4)

In mammals it 1s ditficuit to produce a comptete blackage of the return
of fymph to the blaod stream because of accessary anastomotic channels
Ligature of the thoracic duct st the pont of venous entrance may cause
temporary lymph siasis and even chylous collections i the perstoneal,
pleural and pencardial sags, but ordinanly after a brief penod of stasis
lymph begms to enter the arcul through collateral y enous
(see 13, Chapter 1) Blalock, et ol {1937) tred to produce complete
fymphatic blockage m 52 dogs and 22 cats  Operations weve carnied out
o block the lymph ducts 1n the neck and chest, to destroy the nisterna
chylt and to interfere wath the dratnage of the mesenteric fymphatics
Assessed by the blood picture, temporary obstruction wag obtamned
many of she animals, but soon the bload picture returned to normal
In most of the animals in which evidence of blachage disappeared, lym-
phatic communications with the saferior vena cava were demonstrated at
sutopsy. Permanent complete blackage was, however, attained in 3 dogs




458 PRACTICAL CONSIDERATIONS

in whose blood the lymphocytes and P almost disag

The animals lost weight rapidly and were killed when it was obvious that
they were going to die. At autopsy no lymphati icati
were demonstrated.

We sce, therefore, that although ligature or blockage of the thoracic
duct will cause a temporary obstruction to the return of lymph, collateral
channels will 1n most cases ultimately function effictently in transporting
the lymph to the blood stream. 'This is also true of any other main
lymphatic channel which 1s ligated. Lymphatic obstruction may, how-
ever, occur for a period long cnough to produce oedema. In the expen-
ments of Reichert (p 18) in which all the soft tissues 1n the leg of a dog
except the artery, vein and nerve were sectioned, transient lymphoedema
occurred below the meision but disappeared when regenerating lymphatics
bridged the gap between the incised tissues. Halsted (1921) attributed
oedema of the arm after radical removal of the breast for carcinoma to the
blockage of lymphatics by scar tissues. Elacsser (1923) made transyerse
mcistons on the surface of the rabbit’s ear and found that the subsequent
scar blocked the flow of lymph. When India ink was mjected slowly at
the tip of the ear, 1t coursed along the lymphatics but stopped at the scar.
On continuing the injection some ink passed slowly through constricted
channels 1n the scar and then passed quichly along the vessels on the other
side.

d

Chronic lymphatic obstruction

The changes observed in tissues which have been the subject of
repeated attacks of inflammation or of long continued mild irnitation are
not separable from the conditions observed in chronic Iymphatic obstruc-
uon  Efforts to produce elephantiatic changes in anumals by measures
assumed to interrupt lymph drainage have a long lustory of sll success.
Cohnheim (1889) believed oedema would not follow even total occluston
of the lymphatics to a part; but this was pure belief—not experimental
fact. As Reichert (1926) has shown, section of the lymphatics blocks the
Iymph return temporanly and causes transient ocdema, Regeneration of
the lymphatics, however, made it impessible to produce lymph-oedema
and elephantiasis, discases which are common 1n certam parts of the tropics
and not rare even 1n northern climates, Wherever such conditions are
seen, they develop slowly ; they are not the result of a single episode,
such as the operation described by Reichert, but of repeated obstruction
Recognizing this fact, Drinker and his colleagues made repeated injections
of a suspension of quinine hydrochloride and crystalline silica wnto the
lymphatics of the leg of 2 dog. 'The procedure adopted is xllgstrazed m
Fig. 96 (Drmnker, Ficld and Homans, 1934). In the case illustrated,
between December 12th and March 26th lymphatics were cannulated
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centrally at the points shown 3 on cach occaston from 3 to 5 mlb of the
sifica-guinine suspension were ingected.  After the first twe or three
injections a puting oedema oceurred, but was not sustained  Graduatly
the oedema became permanent and the Jeg began to feel brawny, indicating
the beginning of fibrous or eleph change. The injections con-
tinucd untif no more {ymphatic trunks could be found for cannulation.
‘The end resuft in such an experiment can be samewhat hastened by the
surgical remonal of the thac lymph nedes and by intralymphatic injections
of the opposite leg, but nather of these procedutes 18 essental.  The
wmjections Rever cansed pain or redness, and on recovering from the
nembutaf anaesthesia the dogs immedrately ran about as usuat and showed

Fit g6 ~Lymphatics o the fund feg of the dog, with sites of suckessive central syec-
tions of quimine hydrochionde and crystalhine sihea indicated by bar
EN . popiieal mode , £S5, cxternsd saphenous vews 75 anternal aphenous ven
(From Dnaker, Field and ffomans 9347

119 signs of § ‘The condi tuatly produced was a typical
lymphoedema and 2 prog ¢ elept with extensive overgrowth
of the suby tissue, and tually with overgrowth

of the epithetium 1 the faot pads.

Examination at autopsy of an clephantiatic arca skoued scicrosis of
lymph nodcs and large fymphatic trunhs  Histologically the thickened
shi and subeutaneous tissue showed marhed fibrosss, the indvidual
fibres bemg separated by oedema fiud, Here and there wer¢ found
collections of lymphocytes and, particularly in the sk, many widely
difated fymphatics, lined by a single laycr of endothehum It was quite
Spparent that the lymphatic netwark in the skin, though possibly damaged,
was not destroyed.

As oedema des cloped, the fuid could readily be obtamed for analysis.
The.pmmn €ontent soon tose above 2 per cent and in one armal it rose
3 high a5 § per cent. Table 53 presents a companson between the
chemaeal composition of plasma and oedema flurd from the legs of theee
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1t

in whose blood the lymphocytes and p almost disapp

The animals lost weight rapidly and were killed when 1t was obvious that
they were going to die. At autopsy no lymphaticovenous communications
were demonstrated.

We see, therefore, that although ligature or blockage of the thoracic
duct will cause a temporary obstruction to the return of lymph, collateral
channels will 1n most cases ultmately function efficiently in transporting
the lymph to the blood stream. This is also true of any other main
lymphatic channel which is ligated. Lymphatic obstruction may, how-
ever, occur for a period long enough to produce oedema. 1In the experi-
ments of Reichert (p 18) 1n which all the soft tissues in the leg of a dog
except the artery, vemn and nerve were sectioned, transient lymphoedema
occurred below the inciston but disapy d when reg ng lymphati
bridged the gap between the incised tissues. Halsted (1921) attributed
oedema of the arm after radical removal of the breast for carcinoma to the
blochage of lymphatics by scar tissues. Eloesser (1923) made transverse
incisions on the surface of the rabbit’s ear and found that the subsequent
scar blocked the flow of lymph. When India ink was injected slowly at
the tip of the ear, 1t coursed along the lymphatics but stopped at the scar.
On continuing the njection some ik passed slowly through constricted
channels in the scar and then passed quickly along the vessels on the other
side.

9

Chronic lymphatic obstruction

The changes observed in tissues which have been the subject of
repeated attacks of inflammation or of long continued muld irntation are
not separable from the conditions observed 1 chronic lymphatic obstruc-
tion. Efforts to produce elephantiatic changes in animals by measures
assumed to interrupt lymph drainage have a long history of 1ll success.
Cohnheim (188g) believed oedema would not follow even total occlusion
of the lymphatics to a part; but this was pure belief—not eapertmental
fact. As Reichert (1926) has shown, section of the lymphatics blochs the
lymph return temporarily and causes transient oedema, Regeneration of
the lymphatics, however, made it impossible to produce lymph-oedema
and elephantiasis, diseases which are common in certam parts of th? tropics
and not rare even 1n northern climates. Wherever such conditions are
seen, they develop slowly; they are not the result of a single eprsode,
such as the operation described by Reichert, but of repeated obstruction.
Recogmzing this fact, Drinker and his colleagues made repca.tt?d njections
of a suspension of quinine hydrochloride and crystallme silica nto the
Iymphatics of the leg of a dog  The procedure adopted is illustrated in
Fig. 96 (Drinker, Field and Homans, 1933) In }he case illustrated,
between December 1zth and March 26th lymphatics were cannulated
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flewed laterally or in a de direction, bur K h could not
demonstrate any locabized ub«:mcxmn. He suggests that there may be
other factors m the disease such as alterations in the rate of capllary
filtration,  The proten concentration in the odema fluid from 73 panents
with primary lymphoedema vaned from 076 ta §o g per cent with an
average of 25 per cent which 15 about the same a3 that obsenved
awpenmental clephantiasss in the dog  When hbelled plasma proteins

N

Fase i
116 97 —Unslaterat Jymphoedema and tkphnnhnu q( the Jeg

Qmule, ged 13 seans mahais yeany bustory of steadils nereanng vedesna of the nght leg N known
o duewered o

By courtesy of Mr G M FweGibbon Frenchay Hospital, Bostoly

were smroned wek by wmta the lyrophaed lege of o
pattents, thar appearaace # the blood streans wis very slow—only aboue
one-tenth the ntc that occurs 10 normal Jegs.

di hoed 2lso oceurs in Ayrshire calves
{Hancoch, 1950, Donald, Deas and Wilson, 1g32).  Morns ef of, (1954}
examuned the lymphatic apparatus n two such cases, The imbs and head
showed typical clephantiasis; the lymph vessels everywhere were
extremely dilated, thichened and tortuous; and altheugh the primary lymph
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‘TABLE 55
Composition of plasma and oedema fluid from three dogs with chronic Iymphatic
obstruction
Proten Abbunmin Globudin
(z /mooml) (z. /meoml) (z /xoooml)
Date Plasma F/md Plasma  Flud  Plasma  Flud
Dog 1
July 13, 1933 . 608 282 246 125 362 rs7
w13 608 225 246 o098 362 127
» 26 (m day of attack) 642 375 285 163 357 z1r
A w » w ) 68 408 290 175 398 233
Dec 20 73 44 A
Feb 7, 1934 . 813 411 282 176 431 235
o IS . 712 458 268 1°57 444 3jo1
May 4 - . 738 415 278 163 460 252
Dog 2
Julv 29, 1933 (day after
induced attack) —  3es — 193 — 1u
Feb 15, 1934. « . . 730 333 344 18 38 147
Apr 30 . 657 o8 113 221 242 187
Dog 3

June 30, 1933 (day of strepto-
my ) 699 385 324 215 274 170

July 1 (day of streptocaces
my) . 673 353 311 197 362 156
Aug g N — 348 — 207 — 13
Apr 6 711 271 424 177 287 094

From Dnrker, Field and Homans (1934)

dogs with experimental lymphoed and elephantiasts (Drinker e# al,
1934).

In man lymphoedema is relatrvely common in some tropical countries,
the causal agent being Filaria Bancrofti. The mucro-filariae are carried
in the blood and lymphatic vessels and have a particular predilection for
lymphatic channels and lymphatic glands which may become obstructed
n any part of the body by the adult worms ~ Obstruction leads at first
to oedema which pits on pressure, but i time extensive fibrous overgrowth
may occur, Fig g7. These elephantiatic changes are usually seen 1n the
legs, scrotum, pems and vulva,

In non-tropical countries lymphoed: may be dary to malig nt
or inflammatory disease,
obscure. Ktnmonth anc
lymphatics by ijections . .. _, __________
the intralymphatic injection of diodone in 2 group of patlents with pnmafy
Iymphoedema. Fig. 98(a) shows the radiographic picture of normal
lymphanc channels 1 the leg while Flg 98(5) shows the picture in a

leg. Inthe elephantratic imbs, the lymph vessels were
often enlarged and very tortuous and the valves incompetent, so that dye
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lymphocdema become established the regions involved become peculiarly
susceptible to infection, and so far as is hnown this 1s usually streptococerc.
This was clearly shown in evperimental lymphoedema. Dogs arc re-
latively i ptible to strep al infection, and the isms 1solated
from attachs of inf m the lymphoed legs of expenimental
ammals never caused more than the most transient local disturbance if
wjected into sound parts of the same animals or 1nto normal dogs. Yet
the lymphoedematous leg was not only susceptible to spontancous strepto-
coceal infection, but could be infected very readily by injection of strepto-
cocar isolated during previous seizures (Drinker er al., 1933).

It1s evident that when lymph drainage to a part 1s interrupted so that
the vanous substances, which under normal and abnormal condiuons are
removed by the lymphatics remain i sify, two things happen.  First of
all, there 15 extensive fibrous overgrowth and cven involvement of epithe-
lium. Sccond, the part becomes stnkingly susceptible to infection
particularly to infection by streptococer  Furthermore—and thus 1s im-
portant in relating the functions of the lymphatic apparatus to the distress-
ing devel pment of eleph h attach of local nfection simply
witensifies what will occur inevitably, but more slowly, 1f Iymph drainage
1s blocked but mfection does not occur.

Inflammation 18 accompanied by increase in capillary permeabahity
An attack of what has been called * elephantoid fever ™ m an affected
part results 1n the profuse escape of blood plasma and of leucocytes into
the region.  The leucocytes, for the most part, seem to disintegrate, soon
becaming shadowy, poorly stained members of oedema fluid films.
Practically all of the abnormal constituents of the oedema flwid depend
upon the lymphatics for removal, and 1f Jymphatic obstruction 1s present,
the result is highly unfavourable for the subject Al that happens

" when infection exsts.
when matenals normally
.. rgrowth which 1nesstably
tahes place is of what may be called normal type. [t s the extensive sort
of scar tissue formation seen about neglected and infected wounds.  What
one sees 18 a hized scar-hke developing under epithel
whch is at first normal, but which later 1s perhaps tself overgrown.

Lymphatic fistulae
Until recently, atterpts to produce eaperimentally a [ymphatic fistula
which would flow freely for several days have not been successful.  With
the introduction of polyethylene or transflex tubing, however, in which
the lymph docs not readily clot, fistulae in rats and 1n dogs have flowed
for times up to a week or more. Expenimental thoracic duct fistulae bave



462 PRACTICAL CONSIDLRATIONS

nodes, i ¢. the nodes ansing from the embryonic lymph sacs, were normal
the secondary nodes were grossly abnormal.  Dyed plasma injected into
a limb did not pass very far along the grossly tortuous vessels. At post
mortem no blockage could be found, but on cannulating the thoracic duct
m the abdomen, 1t was found impossible to force fluid along 1t even at high

.

PR

Fic 98 —The lymphatic channels of the leg shown by X-ray after the anyection of
diodone into lymphatics at the ankle
(a) Normal leg

L; hoed: i
&) Lymphoedematous ez (From Kinmonth, 1954)

pressure.  On examination, no blockage was present but the gross tortuosi-
ties of the duct prevented the onward flow of lymph. It seems certain
that in these cases as well as wmn the human cases described by Gager
(1923), Mason and Allen (1935) or Kinmonth (1954) infecnon.w"_as not
necessary to cause the devel of elephantiasis ; nor was
necessary in the experimental elephantiasts

of Drinher and his colleagues.
Of greater interest is the fact that when lymphatic obstructron and
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the animals from injections of diphthena and tetanus toxins and of tiger~
snake venom into the leg, but not from injections of strychnine or of cobra
venom which has a small molecule. These latter substances are readily
absorbed into the blood stream, whereas the large protein molecules of
the other toxins injected pass only into the Iymphatics.

Relation of lymphatic system to blood infections

‘The lymphatic system, in general, readily becomes 1nvaded by bacteria
present m the blood stream. Drinker et al. (1935) infected rabbus by
intravenous injection of cultures of a type 11T pneumococcus, strain SV.
‘This orgamusm s hughly virulent for rabbuts, causing death 1n 1 to 8 days,
depending on the size of the dose  After infection and under nembutal
anaesthesia, thoracic duct lymph and blood specimens were collected and
cultured for pneumococci.  When large doses of pneumococar were given
intravenously, organisms were found after 1 hour m the thoracic duct
Iymph. If animals were infected with small doses and lymph and blood
examined after 20 hours, both fluids were invariably positive for pneumo-
cocct; and the lymph might contain more organisms per ml. than the
blood. Organisms in the blood stream can therefore escape through the

capillanes and infect the tissue flud and lymph
The effect of 1t ly ad d specific on the
orgamsms 1n the blood will depend on the dose given  The concentration
of antisera in the tissue fluid and lymph, however, will depend on the
P bility of the capil. to the globulins and will be much less in
lymph than 1n the blood stream  Drinher and hus colleagues showed the
effect of antipneumococcal serum on the blood and Iymph of rabbits
after the intravenous injection of pneumococar In Fig. gg9a a rabbit,
20 hours after i njection of p showed 10% colonies
of orgamisms per ml of blood and 10® colones per ml, of thoraaic duct
lymph.  After two and a half hours, during which the organisms increased
1 both fluds, 8 ml. of anupneumococcus type I1I serum were given
‘The blood promptly became almost stenle, but the count
of organisms i the lymph was little reduced.  Fig. 9gb shows a second
experiment 1n which the number of organisms in the thoracie duct lymph
was greater than in the blood. Here again antiserum stenlized the bloed,
but the lymph was unaffected, It is evident, therefore, that when a large
dose of antiserum 1s given intravenously, it may reach stenlizing concentra~
tions 1n the bloed, but fail te do so in the lymph, with the result that the
lymphatic system becomes  * hideout ” for infecting organisms, which
after a time may move on into the blood and re-establish blood infection.
Anyone who has seen human streptococeal infections treated with antisera
15 unhappily familiar with just this cham of events. Sulphonamides and
antibiotics, on the other hand, readily duffuse through the blood capillaries
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with obstructed lymphatics survived much longer than similarly injected
control animals. It is reasonable to believe, therefore, that in the early
stages of a localized bacterial infection, some of the bacteria or of their
toxins will be drained away by the lymphatics. The involement of these
vessels may be an important hine of defence, because the lymph passes
through a lymph node or nodes before entering the blood stream, and,
as far as bactena are concerned, lymph nodes are on occasion very effectie
filters (Drinker, Field and Ward, 1934), as well as bemng the site of a
certamn amount of anti-body formation (see Chapter 3).

These principles apply not only in the more common pyogenic infec-
tions of the skin, but also in other bactersal diseases. For example, the
nvolvement of the local lymph nedes 1n tuberculosts follows the entrance
of organisms either through the respiratory or alimentary tracts. Eapen-
mentally, the intradermal inoculation of the tubercle bacillus resulted in
the involvement of the regional nodes as early as 24 to 48 hours later
{Freund and Angevine, 1938).

The function of the lymph nodes 1n holding up and destroying bactena
by phagocytic action of polymorphonuclear leucocytes and macrophages
has been described 1n Chapter 5. Viruses, too, travel from the portal
of entry along the lymphatics to the nearest lymph node, where instead
of being ingested they may multiply (see Chapters 3, 5, and 7)

It may only be necessary for a small amount of toxic matertal to pass
along the lymphatic vessels to set up lymphangitis or involve the regional
lymph nodes  However, the larger this amount, the more likely some of
1t will pass through the node and enter the blood stream to give rise to
a bacteraerua, The actual lymph flow may, therefore, be important 1
the spread of infection  We know that when a lymph duct 1s cannulated
in the leg of an ammal, passive or active movement very greatly increases
the volume of lymph collected, In man, too, McMaster has shown that
the flow of lymph in the skin lymphatics is greatly increased by movement,
more especially 1 any mflammatory condition where oedema is present.
Not only 1s the spread of infectve material from the local lesion greatly
increased by movement, but the lymph nodes become less efficient as
filters when the flow and pressure of lymph increase  Field, Drinker :{nd
Ward showed this experimentally i the perfusion of a lymph node with
a culture of streptococci.

The importance of rest in acute bactersal infection has long been
advocated and more recently stressed by Trueta (1946) in his treatment 9f
infected wounds by complete immobilization ~The transport of toxic
products from an infected limb should be mainly by the lymphatics and
this should be mimmal when the limb is immobilized in plaster. To
test this experimentally, Barnes and Trueta (1941) completely ;.mmobxhzcd
the hind limbs of rabbits 1n a plaster cast and found that this protected
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the passage of such an embolus along a lymphatic 1s extremely rapid, even
though the volume of Iymph flow may be very small.  This is especially
so if there is movement of the affected part,

For a detarled and authortative account of the rile of lyraphatics
the spread of the different types of malignant tumour, Willis's book
* The spread of tumours in the human body  (1932) should be consulted.

REFERENCES

ANGEVINE, D, M. (1936) 'The fate of virulent hemolytic streptococcus myected
1t the skin of normal and nmunized rabbuts. F exp Med., 64, 135-147.

BALDRIDGE, R, R, and LEwis, R V (1948) Traumatic chylothorax A review of
the literature and report of a case treated by ligation of the thoracic duct and
cisterna chylt  Ann. Surg, 128, 10561078

Barnes, I M and TRUETA, | (xgu) Abscrpt:on of bactena, toxing and snake
wenorns from the tissues of the Lancet
i, 623-626,

Bearn, ] W and Bratock, A (1931) Expenmental Shock VIIL. The com-
posttion of the fluid that escapes from the bload stream after muld trauma
10 an extremuty, after trauma to the intestines and after burns  Arch Surg,
22, G17-625,

Brarock, A. (1930) Expenmental shock  The cause of the low blood pressure

uced by muscle wyury  Ibd, 20, 959996

* of

. on
e 2

98609 °
—— (1931) Expenmental Shock VIl ‘The importance of the local loss of
flwd 1n the production of low blood pressure after burns. Jod , 22,

610616
BuaLock, A, Rosiason, C S, Conameray, R S and Grav, M E (1937)
xpenmema\ studics on lymphatic blockage. Ihd, 34, 1049-1071.
Botton, C. (1999) An expenmental study of the pathology of carduac dropsy
ai m telation to that of local venous wbstruction, ¥ Path. Bact, 14,

4
— (.gu.) The pathological changes in the biver resulting from passive venous
congestion expenmentally produced.  Ihd, 39, 258-264.
Bortoy, C and Barnaso, W G. (1931) The pathological occurrences m the
. ind | 34, 701709
Expenimental crushing njury
ﬂ:cu of muscle necrosis 1n the

Bywar

CaMER . s 'h= productien and removal of
gedema flund 1 the lung afier expasufe to carbony} chloride (phosgene),
(] ‘;l"%' x&s. 175-185.
—— (1948) ‘The effects of skin contamunation with Liquid mustard
balance in anunals  Quart. ¥. exp , Phyuol prpruie kb

. antes ef

mete anal, nec., 24, 1SI-191,



468 PRACTICAL CONSIDERATIONS

into the tissue fluid so that the concentration in the lymph soon reaches
values similar to those 1n the blood (cf. Hawhing and Lawrence, 1950;
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surum on the organisms 11 the blood and Iymph of 2
bl — — ber of

(a) Effect of antipneumococeus type TLK rabbit
rabbit 23 hours after infection ————, number of orgamsms i blood , 3
organisms o lymph , + grobable rlamber of peumococes in blood snd jn Iymph Uefore sad 2
the time of antiserum myection At A, 8 ml of antpneumacoccus Hpe 1L rabbit serum were gnen

tntras enously
& Asfor (a) At A, 1oml of antipneumococcus type 111 horse serum were guven antras enously

(From Drinker, Enders, Shaffer and Leigh, 1935}

Florey et al., 1949). The effect of these more readily diffusable substances
on the infecting organisms 1 the tissue fluid and lymph 1s, therefore,
rapid.

LympHATIC SPREAD OF TUMOURS

Clinically, one of the most prominent features of the lymphatic system
is 1ts réle 1n the spread of tumours, Malignant cells may extend mto
and occupy any available crevices in the mnvaded tissues, The lymphatics
serve as one route by which many carcinomata may directly extend in this
way. In this lymphatic permeation by malignant cells, the affected area
presents a network of white lines of growth which clearly mark out the
pattern of the lymphatic plexus. Columns of 1nvading cells may be seen
occupying distended lymphatics whose endothelial walls are sull intact.

More promunent than the direct lymphatic spread of tumours 1s the
great tendency of carcmomata to produce secondary growths i regional
lymph glands Most of these are due to detached tumour
emboli which are carned to the glands i the lymph  Once m the lymph
stream the tumour embolt are not arrested untl the lymph nodes are
reached, since no tumour cells are observed intermediate between the
primary carcinoma and the regional nodes.  As we have seen 1 Chapter 4,
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SUBJECT INDEX

absorption

by leucocytes, 295

by Iymphocytes, 296

effect on of anaesthesia, 167, 182, 194

—~ of diaphragmatic movement, 182,
195, 227

— of inflammation, 447-456

— of intestinal movement, 184

— of molecular size, 140, 156-60,
164-166, 290

— of posture, 184

— of villus movement, 129

from accessory sinuses, 159

— alveols, 164

— bladder, zo4

— bronchi, 160

— cerebro-spmal fluid, 171

— ntestines, 127, 129

— jomts, 199

— kidneys, 202

— larynx, 160

— nasopharynx  (sce
pharynx), 154

— oesophagus, 126

— ovary, 205

— pencardial sac, 195

— pentoneal sac, 176

— pleural sacs, 189

— stomach, 126

— trachea, 160

mechanism of, 129, 182, 191

of aerosols, 167

of albumin, 157, 167

of alcahol, t27

of antibiotics, 167

of antibodies, 140, 167

of asaitic fluid, 188, 447

of bacteria, 140, 159, 160, 166, 192

of blood, 108, 166, 172, 174, 180, 186,

also  Naso-

of cholesterol, 139

of chylomicrons, 108

of collowdal gold and siber, 165

of colloids, 140, 157, 166, 167 (see
also Proten and individual col-

loids)
of crystallotds, 130, 156, 167, 174, 200
of dyes, 149, 151, 157, 159, 169, 162,
167, 172, 179, 191, 193
of fat, 108, 139, 132
of fluid, 130
of glucose, 131

absorption—cont.
of graphite, 149, 151, 200
of hydrokollag, 158, 176, 178
of inarumate particles, 158, 160, 165,
176, 191, 200
of India ink, 160, 172, 176, 184, 192,
200
of lead carbonate, 158
of mecholyl, 157, 200
of methylene blue, 193
of mulk, 179, 184
of phenolsulphonphthalein, 157
of pituttary extract, 157
of plutonum, 166
of protein, 140, 167, 172, 174 179
182, 191, 192, 193, 200
of Prussian blue, 157, 172
of radio-active colloids, 165
of radio-actne glass particles, 182
of radio-actnve 10ns, 165
of red cells, 108, 166, 17z, 174, 180,
182, 186, 192, 194
of saline solution, 130, 156, 167, 179,
196
of serum, 157
of soot, 160
of sulphonamides, 167
of toxins, 450, 465
of uranium, 166
of viruses, 140, 158
of water (see Water), 130, 156, 167
rate of, 178, 193, 196
wia olfactory nerve, 153, 159, 172, 175
accessory sinuses
absorption from, 159
Iymphatic dramage of, 159
spread of infection from, 160
acetylcholine
effect of on blood vessels, 230
— on lymph flow, 230
— on villy, 230
acid-base equilibrium

ac
dular activity, Massage, Motion,
Penstalsis, Respiratory —move-
ments, and Villus moiement)

effect of on blood capillary filtration,

230
— on cells 1n lymph, 324, 327

490
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acuvity cffect on Lymph flow, sce
Amph Vlow, 225, 229, 230
«ffict of on lymph pressure, 234
— on bumph protan, 223
Addison’s discase, 373
adenosinase
i lymphocy tes and lymph nodes, 396
adeenalin (see also f-noradrending
etfict of on anterior pitustary, 173
— on carduac lymaph tlow, 198
— on cardiac lymph pressure, 236
— on lymphat capilanies, 20
— on lymph pressure, 236
— on thoracic duct lymphocyes, 376
adrenals
effect of on lymphod tissues, 373-375
lymphocytosis following removal of,
373, 376
‘itamun € in, 307
adrenocosticotraphic hormone
«tfect of on Iymphoid tissue, 374,

379
~— on thoracic duct lymphocytes, 176
aerosols
absarption from alveols, 167
age, basophilia as index of, 405
etfeet of on blood capillary hitrauon,
233
— on body water, 53
— on lymph flow, 17, 233
-— on lymphow tissue, 27
endothelial phagocytosis 1 young
anmals, 32
nucleoh a3 index of, 406
of lymphocytes, 301, 405407, 4154

412
of lymphoatd tissue, 306~307
-significance of neutral red bodies,

au1
— of yitamun C 1n tissues, 307
agglutinins, formation of m lymph
nodes, 279, 277
m lymph, 240
agranulocytosis, 427-428
alarm reaction, 374
albumin (see Proteins)
m lymph, 79, 237
alimentary tract (see
and [ntestines)

also Intestinal

491

allergy (sce Anaphylactic shuck, Ana-
phylaxss and Proteins, forognd,
299-302
Altmana-Schridde granules, 413
alveali (sce Pulmonary alveoly)
aming acids 1 {ymph and serum, 245
amphibia, bone marrow of, 23
caplfary biood pressure of, 69
collond osmotig pressure of, 7
Lyraph tlow 10, 220
1ymph heartsip, 5, 220
fymphatic obstruction in, 221, 457
{ymphatics of, §
lymphatics, growth of, ¢
fymphotd tissue 1, 23
S(rum protein in, 70
amylase in [ymph, 241
anaemia (see also Aplastic and Pera
niclous andemia)
after wradiation, 254-256, 259-260
ifect of on lymphod tissue, 261-263
anagsthesia
effect 60‘ on ahsorption from alvech,
7

€
--on sbsorption from pertoneal
cavity, 182
- on shsorption from pleural cavity,

194
- on blood capillary permestuluy,
2

3
— on index of lymphocyte replace-
‘ment, 366
— on lymph flow, 233
— on fymphocyte metabofism, 398
—- on plasma volume, 234
anatomical organization
of collecting lymphatc trunks, 13
of lymphatic system, 3, ¢
ankie lymph
cells in, 32432,
Iymphatics, cannulation of, 225, 460
protemn 1n, 225

apoxaemia and pulmonary oedema, g2

efiect of on capillary permeablity, 90
—- on cardiac lymph, g2

— on cervical lymph, gz

— on lung iymph, 92

— on lymph flow, 92

—— on thoracic duct lymph, 92

a.b‘sorp.non from alveols, 167

cxeretion of lymphocytes into, 348,
-357

Anbeion of Iymphocytes by, 326,
328, 331

tymphatic dramage of, 125
lymphoid_tissue of, 27, 268, 278,
294-298, 328~320, 331
alkaline phosphatase
m lymph, 24

association of with serum globulins,
240
cells i olved 1n formation, 271256,

413
farmation of 10 lymph nodes, 290~
in body fluids, 230 7o
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antibodies—cont,
n bone marrow, 270
1n lymph, 240
n spleen, 270
passage of fmm blood to lymph, 77—
8o, 240
antisera (see Protein molecules)
absm’phon after interstitial injection,

effect of on blood and lymph organ-
1sms,
effective spread of, 467
aplastic anaemia, 429—430
appendix, 268, 278
architecture of capnllzry bed, o
arsphenamma poisoning, 427
ascues, 147, 188, 446
ascitic flm
absorption of, 188, 446
composition of 179
formation of, 147, 4.
ascorbic acnd (see Vnamm C, 3035-

307
aseptic wounds
lymphocytic response to, 420

bacillus Monocytogenes, 40, 414
paratyphosus B.
— cffect of on lymphoid tissue, 269
bacteria, 1n lymphoid tissue, 293-294
{see also Lymph nodes as filters of
bacteria)
abs%rpnon of, 140, 159, 160, 166, 192,

465

as growth stimulus for lymphoid
tissue, 38-39

capillary permeability to (see Blood
and Lymphatic capilary perme-
ability)

effect of growth in sterile surround-
ngs, 263

n oedema fluid, 292, 463

lymphocytic reaction to, 269-276,
283-289, 299, 369, 420-421 (see
also names of individual organisms)

passage from blood to lymph, 105,

6

467

passage from nasal mucous mem-
brane to lymph, 28

passage of from nodes to blood 285—

remmal from blood, 279
bacterial srntants

fixation of, 278
barium chlonide, Iymphocytosis from,

369
barrier theory, 267-268
—- extensions of, 268-270

SUBJECT INDEX

base (see Ionic pattern of body fluids)
total, 1n lymph and serum, 243
basophllla as mdex of age, 4
bicarbonate (see Ionic pamm of body
flusds)
concentration n Iymph and serum,

243
bile, effect of on lymph flow, 230
biological significance of lymphod

tissue, 252~322
birds (see also Pigeon and Hen)

lymphatic apparatus of, 5, 23-24, 221,

337
‘bladder, lymphatic dranage of, 204
blood
absorption of from alveols, 166
— from cerebrospinal fluid, 174
— from pentoneal cauty, 177, 180,
186
— from pleural cavity, 192, 194
— 1n tadpoles, 10!
arteral and venous, 334
cell counts m, 364
blood capillaries, and tissues, factors
influencing  movement of flun
between, 62
contractility of, 61
extravascular attachments of, 59
mechamism of contraction of, 61
of bone marrow, 12
of choroid plexuses, 171
of hver, 140
of spleen, 201
pressure 1n, 63, 68, 130
blood capillary, effect on of actnaty,
230
—of gge, 233
—— of altered plasma protein concen-
tration, 65, T44
— of capillary prcssure, 65, 68
— of colloid osmotic pressure, 69,

A .
— of contraction and dilatation of
capillaries, 62
— of nyury, 90, 448
— of tissue pressure, 70
— of venous obstruction, 65, 440
membrane, structure of,
blood capillary bed, ardu(ccture of,

endnthchum, 60
filtration, 65

blood capillary permeability
effect on of anaesthetics, 233
—- of anoxacmia, 9o
— of foreign proteins, 231
— of histamine, 232
— of mjury, 90, 232, 447
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blood capillary pesmeability—cons,
effect of lymphagogues, 231
~ of molecular size, 63, 59, 84
— of pl, 84
~— of rempsrature, 4o, 231, 448
~ of ussur cxtracts, 231
gradients of, By
pore theoty of, 63, 77
selstion of 10 Iymph formatian, 86, go
1ule of matercellular coment, 63
2o antibiatics, 367
to antibodics, 79, 240
1o antisera, 467
10 calete, rag
to cells, tog, 345
to cholesterol (sce Copillars perme-
ability 1o Liprds)
0 chylomicrans, 100
to collowds, 64
to enystaliords, by
to dextran, 81, 84
10 exg albarawn, 85
to fat (sce Capillary permeability to
hipids)
1o fibnnogen (sze Capsllary per-
meability to proteins), 73
to gelatn, Bt
to graphute, 105
to haemoglonn, 8o, 84
to snammate particics, tos
to India sk, 1o
to tactoglobulin, &1
o hipids, 97
10 lipoproteins, 58
to mucroflanae, 105
to pReumocacct, 165, 467
ta palysins b-pyrrobidone, 81
fo proteins, 63, 73, 77, 145
to red cells, yo5
10 sulphonamides, 567
ta water and dissolved substances, 62
Blood capillary pressure
effuct of an blood capifiary fltration,
64, 63, 68
n meseptery, bg
t skin, &9
m villus, 130
measurements of, 68
blood cells (see also
smphocytes,
Whate cells)
w hymph, 323, 390
blaod infection from fymph nodes,
283-281, 399404, 467468
slood infections, relstanof lymphatc
y31em 10, 263-278, 281392 100
404, 467-468
blood-lymph barsier, 291292

Leucocytes,
Red cells, and
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blood lympbocytes (sce Lympho-
€ytes, 348-371, 4o8-410)
blood, organisms i,
«ffect of antisera on, 467~468
passage from 1o lymph of antibodics,
7780, 467468
protewn {sce Protein)
relation of to tissye flurd, 72
route of entrance of lymph nto,
13-14
serum {sce Serum)
sessel pulsation, effect of on lymph
flow, 229
vitarmin C i, 306
valume sa dogs, 350
body uids, distnbution of, s3-57
clectrolytes in, 5456
extracellular phase of, 57
protein 1, 139, 393
bone marrow
ablation, effect on blood lympho-
cytes, 526
anchodies 10, 270
a3 vmphocytopoietic  atgan, 336,
340
arculation i, 12
effect on of X-rays, 253-255
first appearance of, 2
formation of hymphacytes i, 336-

310
n Addsson's disease, 373
i agranulocytoss, 427-428
n aplastic anaernia, 429-430
in arsphenamunie posorung, 427
i conditons of maruration arrest,
426330
s malnuinnon, 248
IN PErICious anzema, $28-429
Iymphatics of, 12
Iymphacstes n, 336~340, 349, 169,
362~363, 435420, 4z2-530
Iymphoid tissue in, 25, 337, 373
nutleated cell counts 19, 337340,
417, 422426
remaval of bactena by, 279
Vasoonstnctor nerves of, 1z
rain
lymph fram (see Cerebrospnal flusdy
Yymphatics of, 12
neusatrome spread of substances to
fr7°sm Basophanynx, t53, 159, 173,
¥
5 sstamin Can, jog
Tomine space, 56
bronchi S
Iymphatics of, 160
butyrinase
n ymph, 24t
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antibodies—cont.
1n bone marrow, 270
n lymph, 240
1n spleen, 270
passage of from blood to lymph, 77—

241
antisera (see Protein molecules)
absorption after imterstitial injection,

74-75
effect of on bloed and lymph organ-
1sms,
effective spread of, 167
aplastic anaemia, 429-430
appendix, 268, 278
architecture of capnllary bed, 6o
arsphenamme poisoning, 427
ascnes, 147, 188, 446
ascitic fluid
absorption of, 188, 446
composition of, 179
formation of, 147, 446
ascorbic acid (see Vitamin €, 305-

307
aseptic wounds
lymphocytic response to, 420

bacillus Monocytogenes, 40, 414
paratyphosus B,
— effect of on lymphoid tissue, 269
bacteria, in lymphoid tissue, 293-204
(see also Lymph nodes as filters of
bacterta)
absorption of, 140, 159, 160, 166, 192,
6

405

as growth stimulus for lymphoid
tissue, 38-19

capatlary permeability to (see Blood
and Lymphatic capillary perme-

ability)
effect of growth 1n sterile surround-
ngs, 263
1 oedema fluid, 29z, 463
lymphocytic reaction to, 269-276,
283289, 299, 369, 420-421 (see
also names of individual organisms)
passage from blood to lymph, 105,
6

467

passage from nasal mucous. mem-
brane to lymph, 283-

pistige of from nodes to blood 285-

2
remmal from blood, 279

bacterial umzms
fixation of, 27:

barium chlonde, Iymphocytosis from,

309
barrier theory, 267-268
— extensions of, 268-270

SUBJECT INDEX

base (see Tonic pattern of body fluids)
total, in lymph and serum, 243
basophxlla as index of age, 405
bicarbonate (see Ionic pattern of body
fluids
concentration m lymph and serum,

243
bile, effect of on lymph flow, 230
biological significance of lymphoid

tissue, 252-322
birds (see also Pigeon and Hen)

lymphatic apparatus of, 5, 23-24, 221,

337

bladder, lymphatic drainage of, 204

blood

absorption of from alseolt, 166

~ from cerebrospinal fluid, 174

*frong penitoneal cavity, 177, 180,
8

1
— from pleural cavity, 192, 194
— 1n tadpoles, 108
arterial and venous, 334
cell counts n, 364
blood capillaries, and tissues, factors
nfluencing movement of flud
between, 62
contractility of, 61
extravascular attachments of, 59
mechapism of contraction of, 61
of bone marrow, 12
of chorowd pleauses, 171
of liver, 140
of spleen, 201
pressure 1m, 65, 68, 1
blood capillary, eﬂcct on of actnaty,

230
— of age, 23,
— of altered plasmz protein concen-
tration, 65, 144
— of cap:llzry pressure, 65, 68
— of collowd osmotic pressure, 69,

— ommracnon and dilatation of
capillaries, 62
— of njury, 99, 448
-— of tissue pressure, 70
—— of venous obstruction, 65, 449
membrane, structure of, 59
blood capillary bed, arehgecture of,

endothelium, 6o
filtration, 65

blood capillary permeability
effect on of anaesthetics, 233
-~ of anoxaem:a, 90
~ of foreign proteins, 231
— of histamune, 232
— of injury, 90, 232, 447
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corpus luteume~tont,

wtanun Can, 307
cortical mwuscs of lymph node, 31~33
creatining i Iyraph and serum, 245
crocedile, tymphoul tissue s, 23
crystalioids

absotption of from akeols, 167

e fOTOCRRESAERS, 130

— from jonts, 200

-~ from nasopharynx, 156

~ from pentoneal sac, 179
cyclostarmes, lymphad tissue 1, 23
cytochrome, i lymphorytes, 396

dextran .

eleciraphoretic paticns
of fxl.\snm 78, 96
of lymph, 78, g9
clephantiasis
cangonutal, $6a
vaperimental production of, 7, 358
mfection W, 463
orderna thasil 9, 460
of scrotum, 460
pathologieal changes i, 459
trapieal, 41
cmbrsa, sppeatance of fymphocytes

wn,
endocrine contral of lympheid tissuc,

3712339
function of hmphod tissue, 308
Sotheliuns of blood capll

passage through capilian

3,
dx_zyhngm, hmphatcs af, 77, 18g

characteristios of, 10, 18, 15, 22, 59
cantrsctility of,
(see also sndivdual enzymics)

vflect of on sbsorption, 182, 194
— on lymph tlow, 3%7
diastase i lymph, 241
digestion
effect of on lymphowud tissue, 353
digestive, leucocytosss, 171
lymphocytosis, 336, 371
diuresis, and flow of lymph from
fudney, 202~203
dag, blood 1alume of, 350
cervical lvinph pathway sn, 31
tymph, cells wy, 324325, 337, 329,

332~333
Iy mph nedes of, 3134
dyes

w leucocytes, 395-397, 412

i Ismph, 248

s fymph nodes, 396

1 fymphocy tes, 395-359, 413

wn splern, 303-366

hmphocytes as actiators of, 295
eosinophiles i nrestinal mucoss,

o
ut bymiph, 332, 333
ephedrine

etiect of on cardize lymph flow, 158
epithelioid cells

and neutral red rosette, 412
erythrocytes {see Red cells}
erythrogoses, 320

of by dd
phatics, 549
— b shin lymphatics, 3151, 331
~— from accessorv sinuses, 159
from cesebrospinal Buid, 197
— Sfrom lung, 162
~— fram nasopharynx, 154
from pentancal sac, 379
- from pleurat sac, 191, 193
from trachea, 160

fym-

egg albumin
absorption of from mntestine, 140, 299,

302
— fsom tung, 167
-~ from nasopharynx, 157
Iymphowd reaction from, 269-302
passage of from blaod to lymph, 81
efectrolytes
of extracelluler flusd, 54
of anteacefiula Bud, 54
of tymph, 242

of lymphanic system, 2~4, 3323
exchange of matenaly Whrough capl-
lary membrane, 62
exescise
effect of on cardiac Iymph fow, 168
— ont hepatic lymph flow, (24
on leg lymph flow, 225
— on thoratie duct flow, 124
fymphacytous fraw, 16
exsraceliular phase
electrolytes i, 54
Gurds 1w, 53
structure of, 57
extravascular curculation of protein,

effect on of capillary pressure, 8g
— of damage 10 endathelium, go
-~ of lnoradrentn, 93
— af oxygen deficiency, ga
factors affecting, §g
significance of, 88

extravasculac protein pool, 81
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calcite
permeability to of blood capillarics,
105
calcium
m lym;gh and serum, 240, 243
cannulation of lymphatic vessels,

15
capillaries

SUBJECT INDEX

cervical lymph, 153, 154, 157, 160,
172, 174, 224, 231, 233
cells 1n, 329, 330
chemucal composition of, 238
flow (see Lymph flow}
pathway in different animals, 154
Ppressure, 235
chemical compasition of lymph, 236
chick embryo extract, lymphoid

from, 299-301

blood (see(Blaod capnllanes)
ee 1
carbohydrate

metabolism of lymphocytes, 307-399
carbon

absorption of, from alveoli, 165

— from pentoneﬂl sac, 22, 176

— from pleural sac, 22, 192

— from upper respiratory tract, 158,

1
phagacytosis of by Iymphatic endo-
thelum, 22
carbon dioxide.combining power of
Iymph and plasma, 243

effect of on Iymph flow, z27

1n lymph and plasma, 243

tenston 1n lymph and plasma, 243
cardiac activity

effect of on lymph flow, 198

lymph, 197

Iymph flow, 197

lymph pressure, 236

Iymphatics, 1

lymphancs, cannulation of, 197
carmine

absorption of from peritoneal cawity,

179
— from pleural cavity, 193
phagocytosis of by lymphatic endo-
thelum, 22
cat, cervical lymph pathway 1n, 31
Tymph, cells 1n, 325, 328, 320, 332
Iymph nodes of, 31
catalase
1n lymph, 2.
cell content of lymph (see Lymph)
central lymph (see Lymph, central)
central nervous system
lymphatic drainage of, 171
centrifugation

chlorides in lympb 243
1n extracellular flurd, 54
chalera bacilli
effect of on lymphoid tissues, 270
cholesterol in Iymph and plasma,
1377140, 244, 246
cholinesterase in lymph, 241
chorda tympani shmulation
effect of on lymph flow, 231
choroid plexuses
capillaries of, 171
chronic Iymphatic obstruction (see
Lymphatic obstruction)
chyle
cells 1n, 326, 328
clearing of, 102
ntravenous injection of, 100
lipids in, 133
chylomicrons
absorption by lymphatics, 108
m lymph, 100, 13
1 plasma, 94
passage of thmugh capillary mem-
brane, 100
chyluria, 203
circulation 1n bone marrow, 12
m spleen, 13
of lymphocytes, 344-352
circulatory oedema, 440
coagulation of lymph, 237
cold and stress reactions, 374
colloid esmotic pressure,
effect of on flurd movement, 64, 67,

%) 445
of serum of different species, 70
relation of total serum protern to, 69
colloidal gold and silver
absorption from alveols, 165
10 of

effect of on lymph

398
cerebrospinal fluid
absorption from of chylomicrons, 172
—- from of India mk, 172
— from of proten, 172, 174
— from of red cells, 172, 174
— from of T—t&zq, 172
protemn in, ¥71, 17
relation to lymphatu‘.!, 171-173

tissues,
Iymphatics, 2z, 58
passage of Iymphocytes into, 349,
357-358 .
lity of blood i 61
contractility of lymph nodes, 19
of lymphatic vessels 42, 3169,
of spleen, 42
corpus luteum
Iymphatics of, 205
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corpus luteum—cont.

vitamm C 1n, 307
cortical sinses of I)Tnph node, 31-33
creatinine in lymph and serum, 245
crocodile, lymphond tissue 1n, 23
crystalloids

absorption of from alveol, 167

— from intestines, 130

— from joints, 200

- from nasopharynx, 156

— from pentoneal sac, 179
cyclostomes, lymphoud fissue i, 23
¢3tochrome, 1 lymphocytes, 396

dextran

electrophoretic patterns
of plasmz, 78, o
of lym; . 99
elephznmsns
congenutal, 460
expenmental production of, 75, 458
nfection in, 463
vedema tlud 1n, 460
of scrotum, 460
pathological changes in, $59
tropical, 4
embryo, appearance of lymphocytes
m, 407
endocrine contrel of lymphord tissue,

372379,
function of lymphoid tissue, 308
ium of bleod

passage through capillary

1. 84
c}:zphrzgm, lymphatics of, 177, 189

charactenistics of, 10, 18, 19, 22, 59
contractility of, 61

ctfect of on absorption, 182, 194
— on lymph flow, 227
diastase in lymph, 241
digestion
etfcct of on lymphoid tissue, 295
digestive, leucacytosis, 37.
Iymphocytosis, 336, 37
diusesis, and flow of ]ymph from
kidney, 202-203
dog, blood solume of, 350
cervical lymph pathway 1n, 31
lymph, cells i, 324~325, 327, 329,

332-333
Iymph nodes of, 31-34
yes

(see also mdividual

n leucoc)lcs, 395-397, 412

1 lymph,

n I)'mph nodu. 396

mn lymphocytes, 395-399, 412

1n spleen, 305-3906

Iymphocytes as activators of, 295

cosinophiles 1n 1ntestinal mucosa,
296
n l)mph‘ 330, 333
ephedrine

effect of on cardiac lymph flow, 198
epithelaid cells

and neutral red rosette, 412
erythrocytes (see Red cells)
exylhn)gones, 420

of by dd
phatics, 149

—~ by shin fymphatics, 151, 441

— from accessory sinuses, 159

— from cerebrospinal fluid, 171

— from lung, 162

— from nasopharynx, 154

— from peritoneal sac, 179

— from pleural sac, 191, 193

— from trachea, 160

hym-

egg albumin
absorption of from intestine, 140, 299,

302
— from lung, 167
— from nasopharynx, 157
lymphoid reaction from, 29¢-302
passage of from blood to lymph, 81
electrolytes
of extracellular flud, 54
of inteacellular fiuid, 54
of lymph, 242

of lymphatic system, 2-4, z
exchange of matenals thmugh c:lpxl-
lary membrane, 62
exercise
effect of on cardiac lymph flow, 198
— on hepatic lymph flow, 124
— on leg lymph flow, 225
— on thoracic duct flow, 124
Iymphocytosis fram, 369
extracellular phase
electrolytes 1n, 54
flurds 1, 53
structure of, 57
extravascular circulation of protein,

4,
effect on of capillary pressure, 8g
— of damage to endothelum, go
— of I-noradrenalin, 93
— of oxygen deficiency, 9o
factors affecting,
significance of, §8

extravascular protemn paol, 84
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intra-abdominal pressure
effect of on penitoneal absorption, 187
intracellular phase, 53
electrolytes, 54
intracutaneous pressure in man, 70
intramuscular pressure in man, 71
inulin Space, 5
iodine, mdlo-acme absorption of from
alveol, 167
ionic pattern of
body fluids, 54
Iymph and serum, 54, 243
irradiation (see X-ravs)
irritants, fixation of (see Fixation of
antigens, Fixationt of taans}

]ellyﬁsh mternal environment of, 3
joints, absorption from, 200
lymphatics and lymphatic drainage
of, 199

K:mpmenet foci, 191-192
kalhepsm in lymph node extracts,

kldney
lymph cells i, 320
— flow of, zor
— protemn m, 203
— vitamin C 1, 306
lymphatics of, 203
Kupfler cells, 141

labelling
of leucocytes, 359-364
lacteals (sce also Ch)le and Fat)
contraction of, 20
relation of to sbsorption of crystal-
Joids, 130
— to absorption of foods, 132
-— to absorption of protein mole-
cules and of particles, 140
— to blood capillanics, 128
(see also Chyle and Lipids)
relation of to transfer of fat, 135
lactoglobulin
passage through capillary membrane,
81

lamprey, lymphoid tissue 1n, 24
larynx, 1y mphatic absorption from, 160
lead carbonate, absorption of from
nasophary nx, 158

leg lymph, 151

cells m, 324-325, 329

composition of, 225, 239

flow of, 224

passage of lhrough nodes, 279-289

pressure of, 236

protein in, 151, 239
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Ieucocytes, absorption of protem by,
~302

e[fcgt on of staphylococeic m)emons.
~ 27

effect on of X-rays, 252-261, 370-371

enzymes 1n, 395-399, 412

1n gastric contents, 295

1 Iymph, 323-306

1n oedema flyid, 463

oxygen consumption by, 398

rate of moyement of, 392-394

réle of 1n fat metabolism, 294-299
Ieucocytosis, digestive, 371

from vitarmun A deficiency, 302-303
leucocytosis promoting factor, 426
leucopenia from dimintshed produc-

ton  270—271

ounds, 60 -

pernicious (agranulocytosis), 427-428

Ieukaemia, Iymphatic, 395-396, 399~
o

7
hpas:sc m Iymph, 241
lipids in lymph, 98 135, 246
1n plasma, g4,
permcabnhty to ofbluod capillaries, 97
permeability to of lymphatic capil-
lanies, 108
uptake in liver, 1
lipoproteins, clcctrophurctlc patterns
of, 96
1n lymph, 98
in plasma,
ullraccmnfugzl separation of, g
hver, 3s source of thoracic duct lymph,

123
extract, effect of on marrow lympho-
cytes, 429
Iymph, composition of, 143
— tlow of, 124, 143
— 1n cirrhosts, 14
—m obsmu:non oi Vena Cava, 103,
147
— protem in, 143, 238
— relation of to nscm.s, 147, 446
lymphatics of, 141
sinusotds, 140
sttamin C 1,
lung (sce also Pulmonary ahveolr)
lymph, protern 1n, 164, 239
1ymp}, composition of, 239
— flow of, 92, 163
Tymphatics
lymphatics, absorpnon by, 164
-— relnﬁuon to pulmonary oedema,
9
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lyraph (see also under names of mdi
vidyal ammals, and under Lym-
phanic capillary permeability to
bactersa, cells, particles, sub~
stances, 11ruses, ete

afferent and efferent, cells 1n, 323~

331
ageluninins in, 240, 272
alburnin n, 79, 238
amino-a¢1ds 1n, 245
antibodies iR, 249, 272, 274-275
bactenia in, following intravenous
njection, 10§
bicarbonate i, 243
calcum i, 243
cells 10, 323-331
central, cells 1, 327~331
cervical {see Cervical lymph)
chemical composition of, 236
chlorides in, 243
cholesterol in (see Lipids in lymph)
clrcul:mon n mammals, function of,

C(). mmbmmg power of, 243
€O, rension of, 243
coagulation of, 237
f serum
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lymph in quiescent animals, 123-124
intermediate, cells in, 326
ionic pattem of, 242
feucocy tes i, 324337,
lymphocytes 1n (see also Lympho-
cytes), 324-348
macrophages 1, 330
monocytes In, 330
movement {see Lymph flow)
nodes (see Lymph nodes)
non-prote:n constuents of, 24z
— mitrogen in, 245
orgamsm; in, effect of antisera on,

pass;\ge of antibodres to from blood,
291-292

-~ bacteriz to from blood, 105

— particles to from b)nod, 105

— substances to from blood, gi-t10,
291~292, 467-468

peripheral, cells i, 324, 325, 328

— protein m, 225, 3:

pHoof, 243

phasphams n, 243

pohiomyelitis virus i, 159

potassium 1n, 243

o
and Iymph in different species, 236,

wn::mmmn of by lymph nodes, 348

creanmne 1n, 245

effect on of anaesthesa, 233

- of histamine, 232

— of hyperthermua, 7z, 231, $48

-— of protein depletion, 445

electrolytes of, 242

eosinophiles i 533

enzymes in, 2.

ot o (aee Lipids i Iymph)

filtration of by lymph nodes {see
ymph nodes)

flowy (see Lymph flow)

formation of, 72

from ankle (see Ankle lymph)

— bran (see Cerebrospinal fluid)

— gallbladder (see  Gallbladder

— hem (JEe Cardac lymph)
— 1ntestines (see Imesnml Iymph)

— Ludney (see Kidney,

— leg {see Leg lympl h)

— lwer (see Lver lymph)

— lung (see Lung lymph)

— skin, 151

— spleen, 201

— stomach, 126

globulin 1n, 79, 238

hearts, 35, 220

s, 72, 234
Zin cardiac lymphatics, 236
— 1n cervical Iymphatics, 235
~— 1n leg lymphatics, 236
—— in shin lymphatics, 72
— 1n thoractc duct, 235
— 1 vilius fymphatics, 236
problem of making smears of, 324
propulsion, 187, 220, 221
protein {see Protewn)
red cells in, 260, 324
relation of to tissue fluid, 84
route of entrance 1nto bload, 13
uze of lymphocytes i, 330, 331,
313
sodium 1, 243
sugar 1n, 245
thoracte duct (see Thoracic duct
lymph)
total base 1, 243
urea n, 245
uree acid 11, 245
vaccinia virus 1n, 158, 30
white cells m (see also Leucocytes
and Lymphocytes), 323-3

Iymph flow (see also Lymphatic capil-

lary permeability and Lymphatic
drainage)

cardiac, 197

— effect on of adrenaline, 108

— — of exercise, 198

— — of sodium mmte, 198
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intra-abdominal pressure
effect of on peritoneal absorption, 187
intraceliular phase, 53 |
. electrolytes. 54
intracutaneous pressure in man, 70
intramuscular pressure in man, 7:
inulin Space, 56
iodine, radio-active, absorption of from
alveoly, 167
ionic pattern of
body fluids, 54
lymph and serum, 54, 243
irradiation (see X.rays)
irritants, fixauon of (see Fixation of
antigens, Fixation of toxins)

je!lyﬁsh, mternal envronment of, 3
joints, absarption fram, zo0
lymphatics and lymphatic dranage
of, 199

Rampraeter foe, 191152
kathepésin in lymph node eatracts,
Kidney
Iymph cells 1n, 329
— flow of, zo1
~— protein m, zo03
-— vitamin C 1n, 306
lymphaucs of, 203
Rupffer cells, 141

abelling
of leucocytes, 359364
lacteals (sce also Chyle and Fat)
contraction of, 20
relation of to absorption of crystal-
loids, 130
— to absorption of foods, 132
— to absorption of protem mole-
cules and of particles, 140
~— to blood capillanes, 128
(see also Chyle and Lipids)
relation of to transfer of far, 135
lactoglobulin
passage through capillary membrane,
3z

lamprey, tymphoid tissue m, 23
larynx, Jymphatic absorption from, 160
tead carbonate, absorpuon of from
nasopharynx, 158

leg Iymph, 151

cells m, 324~325, 129

composition of, 225, 239

flow of, 224

passage of through nodes, 279-289

pressure of, 236

protein 11, 151, 239
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leucocytes, absorption of protem by,

209-302
effect on of staphylocaccic injections,
269-270
effect on of X-rays, 252-261, 370~371
enzymes 1M, 395399, 452
n gastri¢ contents, 295
in lymph, 323-396
1n cedema flusd, 463
orygen consumption by, 398
rate of movement of, 362~394
réle of 1n fat metabohsm, 294-299
leucocytosis, digestive, 371
from vitamun A deficiency, 302-303
leucocytosis promoting factor, 426
leucopenia from dimmished produc-
tion, 370-371
from wradsation, 2§3-261
from protein njections, 299
from Urethane and other toxic com-
pounds, 261
pernicious (agranulocytosis), 427-428
leukaemia, lymphatic, 395-396, 399~
o

7
h'pasze n lymph, 241
lipids in lymph, 98, 135, 246
1n plasma, 94, 246
permeabiiity to of blood capillaries, 97
permeability to of lymphatic capil-
lastes, 108
uptake in liver, 103
lipoproteins, electrophoretic patterns

of, 9
n Iymph, g8
in plasma, g4
ultracentrifugal separation of, g6
laver, as source of thoracic duct lymph,

123
extract, effect of on matrow Iympho-
cytes, 429
lymph, composition of, 143
— flow of, 124, 743
— 1n cirrhosis, 147
~— 1n obstruction of Vena Cava, 103,
147
— proten n, 143, 238
— relation of to ascites, 147, 446
lymphatics of, 141
sinusotds, 140
vitamun C 1n, 305
lung (se¢ also Pulmonary alveoll)
lymph, protemn in, 164, 239
lymph, composition of, 239
— How of, 92, 163
Iymphatics of, 161
}ymphatics, absorption by, 164
-~ relation to pulmonary oedema,
169
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lymph (see alse under names of indi-
vidual anumals, and under Lym-
phatic  capillary permeability to
bactera, cells, partcles, sub-
sStances, VIruses, etc )
afferent and efferent, cells in, 323~

333
agglutimns i, 240, 272
alburun 10, 79, 238
amino-acids i, 245
antibodics in, 249, 272, 274-275
bacteria 1n, following intravenous
ingection, 105
bicarbonate 1n, 243
calcium 1, 243
cells in, 323-331
central, cells i, 327-331
cenvical (see Cenvacal lymph)
chermical composition of, 236
chlondes 1n, 243
cholesterol m (see Lipids m lymph)
circulation 1n mammals, function of,

3,72

CO, combining power of, 243

CO, tension of, 243

coagulation of, 237

comparatie composition of serum
and lymph sn different species, 236,

234
concentration of by lymph nades, 348
creatnine 1n, 24:
effect on of anaesthesia, 233
— of listamine, 232
— of hyperthermua, 72, 231, 448
-~ of protein depletion, 445
electrolytes of, 242
eosmophiles m, 333
enzymes in, 241
fat 1n {see Lipids in lymph)
filsration of by lymph nodes (see
Lymph nodes)
flow (see Lymph flow)
formation of, 72
from ankle (see Ankle lymph)
 bram (see Cerebraspinal flutd)
~ galbladder  (see  Gallbladder

ympl
 heart (see Carduac lymph)
- intestines (see Intestinal lymph)
— Judney (see Kidney)
—_ leg (see Leg lymph)
— Iner (see Liver lymph)
— lung (see Lung ymph)
— skin, 151
— spleen, zot
— stomach, 126
globulin n, 79, 238
hearts, 35, 220
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1ymph 1 quiescent animals, 123-124
intermedate, cells m, 326
1on1C pattern of, 242
frucocytes i, 324-331, 333
lymphacytes in {sce also Lympho-
cytes), 324~348
macrophages in, 330
monocytes i, 330
morement {see Lymph flow)
nodes {sce Lymph nodes)
nan-proten Constituents of, 242
~- mitrogen in, 2435
organmisms 1, effect of antisera on,

487
passage of anubodies to from blood,
291-292
— bactenia to from blood, 105
— pamcles to from blood, 105
— substances to from biood, 94-110,
261-292, 467468
penipheral, cells 1n, 324, 325, 328
— protemn m, 235, 324
pH of, 243
phosphorus 1n, 243
poliomyehitis virus n, 159
Ppotassium in, 243
pressures, 72, 234
— in ¢ardiac lymphatics, 236
-—m cervical lymphatics, 235
— in leg lymphatics, 236
— tn shin lymphatcs, 72
— in thoracic duct, 23
— 1 villus lymphatics, 236
problem of making smears of, 324
propu)sion, 187, 220, 221
protein {see Protein)
red cells i, 260, 324
relation of to nissue fAuid, 84
route of entrance wto blood, 13
siz¢ of lymphocytes n, 330, 331,

333

sodium 10, 243

sugar in, 245

thoracic duct (see Thoracic duct

lymph)

total base tm, 243

urean, 245

uric acid 1n, 245

vacClna virus ia, 158, 390

white cells i (see also Leucocytes
and Lymphocytes), 323-344

lymph flow (see also Lymphatie capil~

lary permeability and Lymphatic
drainage)

carduac, 197

— effect on of adrenaline, 198

— = of exercise, 168

— ~ of sodwm mirnte, 198
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Iymph flow cervical,
-— effect on of chorda tympani stimu-
lation, 231
~- — of swallowing, 327
conditions affecting, 221
effect on of acetylcholne, 230
— of activity, 124, 225, 230
— of age, 17, 233
— of anaesthesia, 233
— of anoxaemia, 9o
— of blood vessel pulsation, 229
— of CO,, 227
— of digestion of foods, 232
— of fat absorption, 132
— of fluid absorption, 130
— of glandular activity, 230
— of hypoproteinaemia, 445
— of inflammation, go, 449, 466
— of injury, 90, 449
— of intravenous transfuston, 72
— of lymphatic contraction, 19
— of lymph node contraction, 42
— of massage, 224
— of passive motion, 224
— of penstalss, 229, 368
— of pilocarpine, 367-368
— of plasmaphaerests, 445
— of respiratory movements, 227
—- of shock, 456
— of temperature, 72, 231, 448
— of venous obstruction, 72, 440
— of venous pressure, 65
— of villus movements, 129
from gallbladder, 149
— heart, 197
~— ntestines, 123
— kidney, z03
— leg, 222, 224
— Iner, 143
- lung, 92, 163
— night lymph duct, 123
— salivary glands, 230
— stomach, 126
-~ thoracic duct, 121
n frog, 220
i mammal, 221
n shock, 456
n skin, 151, 222, 440, 445, 448
Iymph nodes (see also Lymphowd
tissue)
absorption of water by, 348
antibody formation by, 270-276
as filters, 279-291
— of bacteria, 283-289
— of inamimate particles, 27g-282
—. of red cells, 282-283
— of viruses, 289-291, 399404
association of with lymphatics, 25

SUBJECT INDEX

Iymph nodes—cont.

cellular equilbrium 1n, 41-42

concentration of lymph by, 348

contractility of, 42, 369

effect on of adrenocorticotropic hor-

mone, 376-379, 272-273

— of chronic thirst, 298

— of mnflammatzon, 38-39

— of protem mjections, 39, 259-301

— of starvation, 298

— of steroids, 376-379

— of stress, 374-379

embryological and phylogenetic ap-
pearance of, 22-24, 407, 412

enzymes 1n, 395-399

germmnal centres of, 38-41, 269-270

n birds, 23-24, 337

1n pellagra, 298

1n scurvy, 298, 307

njection of, 32-33, 34, 279-289

Iymphatic tissue 1n, 2

— vessels of, 22, 24, 31-32, 34, 44

279-282, 323-327

Iymphocyte formation 1n,
323-327

Iymphocytes in, 37-38, 335, 346

Iymphopenta following~removal of,
264-265, 370-371

macrophage stimulation by dyes,
4142

mesentenic  (see also DMesentenc
nodes), 23, 26-27, 3¢43-344, 369

mgration of bacterra from to blood,
283-289, 467-468

monaocytes i, 2627, 40, 413

of alimentary canal, 331

of burds, 23-24

ox)g§n consumption by, 397399

38-42,

poliomyelitis virus 1n, 401-403
regenerative powers of, 4244, 264
relation of to lymphatic vessels, 30—

» 44
response of to extirpation, 4244, 264
— to irnitation, 38-42
sinuses of, 31-34, figs. 11, 12, 13
species variations 1n, 23-24
! and f 1

n, 26-27

structure of, 30-41, 279-282

tumour formation after trypan blue
mnjections, 42

virus, growth i and dissemination
from, 277, 399-504

vitamins 1n, 302-307

lymphagogues, 231
lymphanc blockage in local inflam-

mation, 278
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R e, o oy output e by P
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— structure of, 10 ! ton, 271-232 £ 666
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340-341

fistulae, 463

leuhaenma, 369-370, 395-396
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infection, 463
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— oedema flurd 1n, 460
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spread of infection, 277, 465
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—— spleen, 24
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24, 25, Fig 11,44
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— distribution of, 12
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— permeability of, 106
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— of 1onizing radiation, X-rays and
radum, 252-259
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—of splenectomy, 264-267, 370,

334

— of vitamin dtﬁclency, 302-307

enzymes 1n, 305-399, 4

excretion of nto ahmenury tract,
354-356

fat transport, 295-297, 395, 397

filtration of by bone marrow, 336—
340, 415-430

formation of by lymphoid tissue, 38-

42,204, 323-352

— effect of starvation on, 298-299

functions of, 397399, 407~ 408

granules 10, 406407, 411

n blood disintegration of, 349, 352—

—dura(lon of stay (Blood Span),
355-3605
— effect on of adrenalectomy, 373—

315
~ — of complete lymphatic block-
age, 263-264, 340341
— — of ligating lymph ducts, 340-
341, 351-352
— fate of, 336-340, 352-358, 359-
363, 422-430
— level of, 363-371
— numbers of, 269-270, 325, 348—
352, 353—371. 372379, 420421,
— size of, 428-310
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in lymph, 294, 323-334, 342-352
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n pathological conditions, 420-421

n peripheral lymph, 324-325, 328

m spleen, formation of, 265-267, 334,

370

m thoracic duct lymph, 342~352

in thymus, formation of, 335-336

mterrelationship of small, medium
and large, 404-408

lipase 1n, 396-397

lymph-borne, ratio of to other lym-
phocytes, 330-341

maturation of, 404-408

metaboltsm of, 397-399

morphological characteristics of, 391,
404-408, 411-412, 415-416, 418

420
motility of, 392-394
neutral red rosette in, 471-412
ongin of from fixed tissue cells, 36—
38, 412
oxygen consumption by, 397-399
passage of mnto bone marrow (see also
Bone marrow), 336-340, 348,
359-360
-— mto connective tissues, 357-358
poliomyehtis virus mn, 401-402
protein transport by, 299-302
rate of movement of. 201

— of to thymocytes, 28-30, 335-
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réle of in fat metabolism, 294~298,
396-397
mutcs of entry into blood, 340-341,
348, 351
secretory function of, 295, 396
seen by phase contrast, 406
sequestration, 359365
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thromboplastic actlvlty of 240
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transformation of, 394, 408 410-420
vaccinia VIrus 1, 399-401
virus carnage by, 399-404
‘itamins 1n, 302307
lymphocytic response in and about
aseptic wounds, 420
1n areas of nflammation, 372, 420
to agranulocy tosis, 427-- 428

to bacteria,
263, 269-276 299, 369, 420-421
to changes in pH, 372
to pernicious anaermia, 428-429
to syphilis, 420
to tuberculosis, 420-421
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penia, 365-371
lymphocytosis with increased entry
of lymphocytes into blood, 367-370
digestive, 371
emotional, 369
from adrenaline, 369
— bactenal injections, 270, 369
— barum chloride, 369
— exercise, 369
— heat, 368
— hyperthyroidism, 373
— hyperventilation, 371
-~ increased peristalsss, 367368
— wmsulin, 372
— Iiving tissue injections, 368
— lymph node contraction, 369
— muscarin, 369
— pilocarpine, 367-369
— protein injections, 299-302
— sympathetic stimulation, 369
— X-rays, 256~257, 3
n Addison’s disease, 373
1n thyroid disease, 373
1n whooping cough, 369
significance of, §20-421
lymphoedema, 458
experimental, 75, 458
wnfection 1n, 462
lymphoid cells in bone marrow,
mutochondria 1n, 411, 419
— oxydase reaction 1, 412
follicles 1n large intestine, 26
lymphoid nodules in bone marrow,

337
— intestines, effect of digestion on,

295
Iympheid organ, 27
reaction from foreign protan, 39,

209-301
Iymphoid tissue, age of, 307
as defence mechanism, 267-202
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filters for bacteria), 269276, 283-
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biological sigmificance of, 252-322

definstion of, 252

destruction of red cells by, 308-309

effect on of bacterial injections, 269~
276, 283-289, 299, 369

— of diet, 294-307
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marraw (see Bone marrow)
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myeloid cells n, 25
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294-298, 328-329, 331

of intestine, effect on of digestion, 295

reaction centres 1, 38-41, 269270

regenerative powers of, 43-44, 264-
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404
segregation of, 25
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ic lymphat
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milk, absorption of from pentoneal
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molecular size, effect of on blood
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lymph, cells i, 320
— nodes of, 31
— protein 1, 330
monocytes, 40, 324-326, 330-331,
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1n lymph, 294, 323-334, 342-352
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n, 420421
pellagra, lymph nodes 1n, 298

penis, lymphatic dramage of, 204
peptidase i lymph, 245

peptone, cffcet of on lymph flow, 231
pericardial cavity, absorption from,

— lymphatie dranage of, 195
peripheral Ilymph (sce Lymph, peri-

pheral
peristalsis, cffect of on lymph flow, 220
increased, lymphocy tosis from, 368
peritoneal cauity, absorption from,
176
— — effect on of anacsthesia, 182

ascites after, 188
etfect of on capillary filtration, 67
— on lymph composition and flow,

445
pleural flud, composition of, 193

pressures, 227

sacs, absorption from, 189

— — effect of diaphragmatic mose-
ment on, 195

— — — anacsthesia on, 194

— — — posture on, 191

— — — respiratory motvements on,

— lymphatic dramage of, 189
— mechamsm of absorption from,

191
— — —of diaphragmatic move-  — rate of lymphatic absorption, 193
ments, 182 stomata, 192

— — — of posture, 184 pluncytopema, 430

—1 h pathways of at 1 i from alveols,
from, 176 166

— h of at from, i, ab of from
182 aheolt, 166

— pressure in, 187
— rate of lymphatic absorption from,
8

17
fluid, composition of, 179
membrane, stomata 1n, 18.
permeability (see Blood capillary,
permeabihity of, and Lymphatic
capillary, permeability of)
pernicious anaemia, bone marrow 10,
428-429
— lymphocytic response to, 428-429
Peyer’s patches, 24, 25, 264, 278
BH of lymph, 243
phagocytes, omentum as source of, 178
phagocytosis by lymphatic endo-
thelium, 22
1n alveols, 165
10 pentoneal sac, 178, 181
wn pleural sacs, 191

of from nasopharynx, 157
phosphatase, alkaline, in lymph, 241
phosphorus in lymph and serum, 243
phrenic nenve, effect of section of, on
182

— from nasopharynx, 159
passage of from blood to fymph, 104,
467
t effect of on ab
from pleural cavity, 195
poliomyelitis virus (see also Virus and
truses)
— absorption of from Intestines, 140
-— — from nasopharynx, 159, 402
~ 11 blood, 402
— 1n lymph, 159, 402
— — nodes, 401-402
— 1 Iymphocytes, 401402
— method of spread, 175, 289-291,
401402
polyvinyl  pyrrohdone,  passage
through capillary membrane, 81
pore, size of, 81
theory of capillary permeabihity, 63,

posture, effect of on absorption from
pentoneal cavaty, 184
— on absorption from pleural cawity,
191

— — on pleural absorption, 195
pilocarpine, effect of on lymph flow,
230, 367368
Iymphocytosis from, 367
pituitary extract, absorption of from
nasopharynx, 157
pitwitrin, action of on lymph capil-
laries, 20
wffect of on lymph fiow, 230
plasma cells, 273-276, 413

1 lymph and serum, 243
todide, absorption of from naso-
phanynx, 157
pregnancy, hypertrophy of uterine
Iymphatics in, 206
pressure, colloid osmotic (see Colloid
osmotic pressuse)
1n blood capillaries (see Blood capil-
lary pressure)
m lymphatics (see Lymph pressure)
in pentoneal sac, 187
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motion—cont

contraction, Massage, Passive
Motion, Peristalsis and  Villus
moy ements)

muscular (see Activity)
mucous membrane of large intestine,
Tymphoid follicles 1, 26
mucous membranes,
tissue m, 23
muscarine, lymphocytosis from, 369
muscles, lymphatics of, 12
vitamums 1B, 304, 30
muscular activity (see Activity)
myeloblasts, relation of to lympho-
cytes, 411-412, 414~420
myeloid metaplasia, 25
tissue, separation of from Iymphoid
tissue, 25

ymphatic

nasopharyngeal lymphoid tissue, pro-
tectrve function of, 278
mucous membranes, lymphatics of,
153-156
nasopharynx, absorption from, 153
— of bacteria, 159
— of crystalloids and colloids, 156
— of dyes, 156
— of inantmate particles, 158
— of lead carbonate, 15
— of mecholyl, 157
— of phenelsulphonphthalemn, 157
— of putuitary extract, 157
— of poliomyelitis virus, 159
— of potassium 10dtde, 157
— of protein, 157
— of Prusstan Blue, 157
— of saline, 157
— of vaccinia virus, 158
— of viruses, 158
— of water, 156
effect of levosite on Jymph flow from,

151
lymphatic drainage of, 153
lymphaues of, 153
necturus, serum, collord osmotsc pres-
sure of, 69
— protemn 1, 70
nephrotic 9edemz, 445
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I-noradrenalin, effect of, on flusd bal-
ance of lung, g3
~— on lymph flow, 233
nucleated cell counts in bone mar-
YOW, 337-349, 417, 4223-426
nucleoli in lymphocytes as index of
age, 406
nutritional cedema, 444
obstruction of lymphatics (see Lym-
phatic obstruction)
oedema, arculatory, 440
due to burns, 90, 448
— chemical irmitants, go
— histamune, 21
— hunger, 444
— njury, 447
— plasmaphaeress, 67
effect of on lymphatic capillaries, 20—

22
fluid as culture medum for bactes1a,

453
— white cells 10, 463
nephrotic, 445
of sexual skin of monkeys, 206
pulmonary, 169-171
oesophagus, absorption from, 126
Iymphatics of, 126
olfactory mucous membrane, sb-
sorption fror, 153, 157
— — structure of, 153
nerves as pathway of absorption, 553,

172
omen7(um, effect of resection of on
perttoneal absorption, 178
Iymphatics of, 178
 Mulky spots " of, 178
phagocytes of, 178
ovaries, lymphatics of, 205
vitamin C 1n, 305
oxidase reaction as crterion of cell
ype, 412
oxygen consumption by leucocytes,

397-399

— by lymphocytes and Iymph nods,
397-399

— lack (see Anoxaemua)

pancreas of Aselly, 3o

absorp-

sinuses, lymp

spread of poli litis,
401-402
neutral red rosette in lymphocytes,
411-412
neutropenia, 427
neutrophilic  granulocytes  (see
Leucocytes)

non-protein constituents of 1y mph, 242
nitrogen n lymph and serum, 245

tion from, 159
parietal peritoneum, absorption by,

177
pleura, absorption by, 191, 193
— lymphatics of, 189
particles (see Inanimate particles)
passive motion, effect of on Iymph
flow, 224
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holorical cond. Iymph

3

ta
n, 420-431

pellagra, lymph nodes in, 208

penis, lymphatic drainage of, 204

peptidase in lymph, 2.

peptone, effect of on lymph flow, 231

pericardial cavity, abserption from,

16
— lymphatic drainage of, 195
peripheral lymph {see Lymph, pene
heral)

peristalsis, effect of on lymph flow, 229
increased, lymphocy tosis from, 368
peritoneal cawity, absarption from,

176 -
— — cfiect on of anaesthesia, 182

ascites after, 188
effcct of on capillary filtration, 67
— on lymph composittop and tlow,

445
pleural fluid, composition of, 193
pressures, 227
sacs, absorption from, 189
— — effect of diaphragmatic move-
ment on, 195
— — — anatsthes:a on, 194
— — — posture on, 191
- — — respiratory moscments on,

— lymphatic drainage of, 189
— mechanism of absorption from,

191
— rate of lymphatic absorption, 193

from alveol,

of from

— — — of diaphragmatic move.
ments, 182 stomata, 192
— — — of posture, 184 plunicytopenia, 430
Iymphatic pathways of futoni
from, 176 166
from, i, ab
182 alveols, 166

— pressure 1n, 187
— rate of lymphatic abserption from,

flud, composition of, 179
membrane, stomata 1n, 184
permeability (see Blood capillary,
permeability of, and Lymphatic
capillary, permeability of)
pernicious anaemua, bone marrow i,
428-429
— Iymphocy tic response to, 428-329
Peyer's patches, 24, 25, 264, 278
#H of lymph, 243
phagoacytes, omentum as source of, 178
phagoceytosis by lymphatic endo-
thelum, 22
1n alveols, 165
1n perttoneal sac, 178, 181

in pleural sacs, 191

of from nasopharynx, 157
phosphatase, alhaline, 1n lymph, 241

phosphorus in lymph and serum, 243
phrenic nerve, effect of section of, on

— from nasopharynx, 1
passage of from blood to Iymph 104,
467
effect of on ab:
from pleural cavity, 195
poliomyelitis virus (see also Virus and
iruses)
— absorption of from 1ntestines, 140
— — from nasopharynx, 159, 402
— 1n blood, 402
— 1 lymph, 139, 402
~— — nodes, 401-402
— i lymphocytes, 401-402
— method of spread, 175, 289-291,
401-402
polyvinyl  pyrrolidone,  passage
through capillary membrane, 81
pore, size of, 81
theory of capillary permeability, 63,

posture, effect of on absorption from
pentoneal cavity, 184
— on absorption from pleural cavity,
191

182
— — on pleural sbsorption, 195
pilocarpine, effect of on lymph flow,

230, 367-368
Ivmphocytosts from, 3
pituitary extract, absorpuon of from
nasopharynx, 157
pituitrn, acton of on lymph capil-
larwes, 20
effect of on lymph flow, 230
plasma cells, 273-276, 413

in Iymph and serum, 243
1odide, absorption of from naso.
pharynx, 157
pregnancy, hypertrophy of uterine
ymphatics 1n, 206
pressure, colloid osmonc (see Colloid
osmotic pressure)
1 blood capillanies (see Blood capil-
lary pressure)
sn lymphatics (sce Lymph pressure)
1 penitoneal sac, 187
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pressure, in pleural sac, 195
1n veins {see Venous pressure)
primitive cells, 419-420, 429
propulsion of lymph 187, 220
protease mn lymph, 2.
protein absorption by ]eucocytes, 275
— from alveolt, 167
— from intestines, 140
— from knee joint, 200
— from nasopharynx, 157
— from pericardial sac, 196
— from peritoneal sac, 179
— from pleural sac, g1
— from skim, 151,
as stimulant to lymphoid tissue, 299~
302
capillary permeability to (see Blood
and Lymphatic capillary perme-
ability)
concentration 1n body fluids, 179, 193
deprivatron (see Hunger oedema,
Hypoprotemnaerma  and  Plasma-
phaeresis)
extravascular, removal of by lym-
phatics, 72
— csrculation of, 73, 84
— — factors affecting, 39
— — significance of, 88
foreign, 74
1 afferent and efferent lymph, 348
1n ankle lymph, 225
1 ascitie flurd, 179
1n cardiac lymph, 197
1n central [ymph, 327-331
in cerebrospinal fluid, 173
1n cervcal lymph, 230
1n gallbladder Iymph, 149
1n intestinal lymph, 144, 238
1n kidney lymph, 203
1 leg Iymph, 151, 239
n liver lymph, 144,
1n lymph durmg hy perthermlz, 90,
231, 448
1n lymph, effect on of histamune, 232
f Iymphatic obstruction, 460
— — of running, 226
— — of walking, 226
m lyrnpl:l of (_hﬂu:em spectes, 237

I pesaes sy
tn plasma of different specxes 70, 238

i shin and subcutaneous Iymph, 151,
225, 239
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protein in synovial fluid, zoa
1n thoracic duct lymph, 86, 238
mn tissue fluid, 8.
njections, effect of on lymph nodes,
39, 299-301
— — on spleen, 269, 299301
— leucopena following, 270, 299
~— lymphocytosss  from, 270-271,

209-302 -
leakage n different tissues, 86
metabolism and transport of, 298-302
molecules, siz¢ and shape of, 77
reaction of lymphoid tissues to, 39,
260-275, 209~302, 395-396, 408
transport by lymphocytes, 275, 299~
301, 395-396
protealysis, effect of pH on, 395-396
proteolytic enzymes in lymph nodes
and Jymphocytes, 305-396
— spleen, 395396
prothrombin in Iymph, 240
Prussian blue, absorpuon of from
nasopharynx, 1t
pulmonary alveol: (see also Lung)
— absorption from, 164
— lining membrane, 16.
— lymphatic dramage o 161
oedema, 169
2 ek of oxsgen deﬁclency m, 92
— Lnoradrenalin m,
pulsatmn of blood vessels, eﬂect of on
ymph flow, 13
pus corpuscles, Iymph nodes as filters
for, 26

quiescent animal, lymph flow i, 222
—— — pressure in, 234

rabbit, cersical lymph pathway i, 31
Iymph, cells in, 329, 332, 333
— nodes of, 31
Iymphoid tissue m, 26, 31
radium, deposit of i tissues, 257-258
effect of on lymphocytes and lym-
phoid tissue, 252-261
reaction centres, 38-41
rectum, lymphatics of, 128
red cells, capillary permeability to (see
Blood and Lymphatic capiiary
permeability)
absorption of by lymph, 108, 166,
172, 174, 180, 182, 186, 192, 194
deszrucuon of by ]yrnphoufl tissue,
308-30
effect on of Xorays, 252-260
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309
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safiva, v\itamin C I, 30!
sativary glands, lymph flow from, 230
scrotum, elephantiasss of, 460
lymphatic draipage of, 204
scurvy, lymph nodes 1, 307
secrettn, effect of on lymiph flow, 230
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spleen, effect of removal of on |
tissue, 265-26
— on of malnutnition, 298
— of protein njections, 299-302
— of vitamun A, 302-303
—- of bactenalinjections, 269-270,273
enzymes 1n, 39539
first appearance of, 23
formation of lymphocytes in, 334
in fish, 23
lymphatics of, 201
Iymphatic tissue m, 23, 24, 27, 269,

273
lymghocytosxs from contraction of,

309
removal of bacterna by, 279
splenic blood vessels, cell counts 1n,

334
standing, lymph flow during, 225
plasma protein concentration during,

lexus,
184-187 P
sucrose space, 56
sugar, 1n lymph and serum, 245
sulphate space, 56

B i At A P T
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absorption of by gail-bladder fym-
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— from accessory nasal sinuses, 159
— from alveoly, 167
— from cerebrospinal fwid, 172
— from combination with proten, 75
— from nasopharynx, 157
— from pentoneal sac, 182
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effcct of on blood capullary per-

269-271, 369
Starling hypothesis of fluid exchange,

2, 04-05
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90, 231, 448
~—on lymphatic capillary perme-
ability, 107
— on lymph flow, 72, 231, 448
testes, Iymphatic drainage of, 204
vitamin C 1n, 305307
hil space, 56
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—on 1 h 265,
298-299

— on lymphocytes, 297
— on lymphod tissue, 265, 297-299
status lymphaticus, 3o
sternal puncture, 338
stomach, absorption from, 126
Iymphatics of, 126
stomata 1n peritoneal membrane, 184
pleural membrane, 192
postcapillary vewns, 279, 285, 331
streptococcal infections in Iymph-
oedema and clephantiasts, 463
treatment of with antisera, 467-468
streptococei, filtration of by Iymph
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stress, effect on lymphoid tissue, 374

37
a lymphopoietic component, 378-379
subarachnoid space, absorption from
of chylornicrons, 172
wn — of India 10k, 172
— - of protem, 172, 174
— — of red cells, 172, 174
— — of T-1824, 172
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subcutaneous pressure (see Tissuc
pressure)
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thirst, chronic, effect of on Iymph
nodes, 298

thoracic duct, effect of ligation of,

340341
thoracic duct lymph
cells in, 327334
chemical compositton of, 86, 136,
238, 243, 244, 245
effect of abdominal pressure on, 228
effect of respiration on, 227
flow, 121
flow during absorption of fluids, 130
Row duning absorption of foods, 132
lipids m, 93, 135, 244
liver as source of, 123
Iymphocytes in, 327-334
pressure, 235
— effect of arterial pulsations, 235
— — of forced breathing, 235
protetn 1n, 86, 140, 237
transfer of fat m, 135
thromboplastin 1n lymph, 240
thymectomy, 30, 265
thymocytes, relauon of to lympho-
cytes, 28-30, 204-205
thymus, as lymphoid organ, 28-30,
264-205
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— of X-rays, 29, 253-261
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335-336
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1hyroid disease
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pressure, 70, 72
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deposit of radium 1n, 257-258
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pressure of, 70
protein in, 70
tonsils
effect of removal of, 278
protectine function of, 278
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toxin fixation by lymphocytes, 294, 356
toxins
absorption of, 4
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l)‘mphancs of, 1
transfusion, intrapentoneal, 181-182
of leucocytes, 359-365
transitional cells, $18-419
traumatic shock (see Shock)
tropical elephantiasis, 460
oedema, 4
trypsin n lymph node extracts, 396
tuberculosss, lymphocy tic responise to,
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tumours
effect of X-rays on, 260-261
Iymphatic spread of,
turtle serum, collowd osmotic pressure

of, 70
typhoid and other vaccnes
effect of on Iymphoid tissue, 269-274
typhoid bacilli, penctration of intes-
tinal wall by, 140

uranium, absorption from alveols, 166
) 245
and lymphantc
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urc acid 1n lymph and serum, 245
urinary tract, lymphatic drainage of,
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uterus, lymphatics of, 206
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vaccinia virus (sce also Virus and
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(
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mmh of i lymph nodes, 277, 290—

n I)Tnph 158, 290
n lymphocytes, 158, 399-401
passage of through fymph hodes, 290,

399-401
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~alves 1n fymphatic vessels, 1T
vascular system, evolution of, 2-3
vasoconstrictor nerves of bone mar-
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) 331
vena cava inferior, ligayon of and
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venous obstruction, effect of on lymph
flow, 65, 72, 440
venous system
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2-4
vertebrates, lower, lymphoid tissue in,
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3
villi, intestinal, 227129
villus, capillary blood pressure i, 130
lymph pressure i, 130
movement, effect of on lymphate
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uraemu, 289-291, 41
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tion, 158
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mechanism of spread of, 399-404
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vitamin A eﬂect of on spleen, 303
Teucocytosis from, 302-303

vitamin B, effect of on growth, 304
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n lymphocy tes, 303-304

vitamin C, 1n organs and tissues, 305-

307
'method of detecting, 306
vitamin D, cffect of on lymphoid
tissues, 307
vitamin deficiency, effect of on lym-
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vitamin storage 1 lymphoid tissue,
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first appearance of, 23
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absorption of by gall-bladder lym-
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— from accessory nasal sinuses, 159
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— from cerebrospinal fluid, 172
— from combination with protem, 75
— from nasopharynx, 157
— from pentoneal sac, 182
— from pleural sac, 191
tadpoles, lymphatic endothelum of, 8
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tion from area of, 278
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effect of on blood capillary per-
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status lymphaticus, 30
sternal puncture, 338
stomach, absorption from, 126
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stomata 1n pentoneal membrane, 184
pleural membrane, 192
postcapillary vens, 279, 285, 331
streptococeal infections in lymph-
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treatment of with antisera, 467-468
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acdes, 284-28g
stress, effect on lymphoid tissue, 374—
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space, 56
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thirst, chronic, effect of on lymph

nodes, 298
thoracic duct, effect of Dgatton of,

340-341
thoracic duct Iymph
cells i, 327-334
chermical composition of, 86, 136,
238, 243, 244, 245
effect of abdomunal pressure on, 228
cffect of respiration on, 227
flow, 121
flow during absorption of fluids, 130
flow during absorption of foods, 132
lipads 1, 98, 135, 244
liver as source of, 123
Iymphocytes in, 327-334
pressure, 235
— effect of arterial pulsations, 235
— — of forced breathing, 235
protein in, 86, 140, 237
transfer of fat 1n, 135
thromboplastin 1n lymph, 240
thymectomy, 30, 205
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pressure, 70, 72
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deposit of radium 1n, 257-258
toadfish serum, colloidal osmotic
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effect of removal of, 278
protectve function of, 278
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toxins
absorption of, 4
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transitional cells, 418-319
traumatic shock (see Shock)
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trypsin in lymph node extracts, 396
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tumours
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lymphatic spread of,
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typhoid and other vaccnes
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dranage of, 204
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309
vaccinia virus (see also Virus and
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growth of in lymph nodes, 277, 200-
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vascular system, evolution of, 2-3
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vena cava inferior, ligation of and
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venous obstruction, cffect of on lymph
flow, 65, 72, 440

senous system
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vallus, capillary blood pressure i, 130
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absorption, xzq
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mechanism of spread of, 309-404
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walking, effect of on lymph fow and
protein content, 124, 225
— on cells 1 lymph, 3
water, absorption of fmm al‘ eol1, 167
— from large mtestine, 128
~— from nasopharynx, 156
— from small intestine, 130
— from stamach, 126
— from tissue spaces, 64, 72
n lymph nodes, 348
distribution of 1n body, 53
extracellular, 53, 57
ntracellular, 53
total, in body, 53
white cells (see Leucocytes and Lym-
phocytes)
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whooping cough (see also Haemo-
philus pertussis)
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protein 1n, 70
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X-rays, effect of on bone marrow, 253~
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— on lymphocyte output, 370-371
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— on red cells, 259-260
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yeast, growth-promoting power of, 304






