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PREFACE

Tims volume contamns papers and discussions of a small inter-
national conference held at the suggestion of Professor J. M.
Yoffey, who thought that quanutative aspects of blood cell pro-
duction could profitably be discussed by experts in haemopoiesis,
however many other haematological conferences might have been
held in recent years. The Director of the Ciba Foundation
readily concurred m this view, but on condition that Professor
Yoffey would act as Chatrrman. Other members, the Foundation,
and 1t is hoped the readers of this volume will be grateful to
Professor Yoffey for his mtiative and for his modest direction of
the proccedings.

It would be very much in line with the purpose of the Ciba
Foundanon if students of this book could find in 1ts pages a
“stem cell”", tonpotent for a nch vatiety of further research.
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PREFACE

Turs volume contains papers and discussions of a small intet~
national confesence held at the suggeston of Professor J. M.
Yoffcy, who thought that quantitative aspects of blood cell pro-
duction could profitably be discussed by experts in haemopatess,
however many other haematological conferences nught have been
held in recent years. The Ditector of the Ciba Foundanon
readly concurred 1n this view, but on condinion that Professor
Yoffey would act as Chairman. Other members, the Foundanon,
and it §s hoped the readers of this volume will be grateful to
Professor Yoffey for his mutiacve and for hus modest direction of
the proceedings.

It would be very much m hine with the purpose of the Ciba
Foundation 1f students of this book could find in its pages a
“stem cell”, tonpotent for a rich vanety of further rescarch.
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THE LYMPHOMYELOID COMPLEX

J- M. Yoreey

Department of Anatory, The University, Bristol

The evolution of the lymphomyeloid tissues

Tue lymphomyeloid complex is the total mass of tissue con~
cerned with the formation of the blood cells, and also to a large
extent with antibody formation. It is present throughout the
vertebrate series, but shows a sequence of evolutionary changes
of whose precise sigmficance we are not as yet aware. In the
cyclostomes it 1s difficult to sdentify separate lymphoid tissue, and
the lymphomyeloid tissue 1s found 1n two siuations. The first is
under the mucous membrane of the mntestine, where it forms the
spiral valve, and the second 15 among the tubules of the mesone-
phros. Nesther lymph glands nor spleen are present, while even
the exsstence of rudimentary thymic tissuc has been disputed.
Lymphord and myelord el are closely mtermngled 1n the
cycl and here therefore one may speak of true lympho-
myelowd tissue.

In the fishes, thymuc tissue begins to be more clearly developed
in relation to the branchal epithelium, and may indeed project
onto the surface of the body (Deanesly, 1927; Hafter, 1952).
The spleen also now clearly develops as a separate organ, and
probably 1s the result of the dorsal mugration of the tissuc of the
spiral valve (Jordan and Speidel, 1930). However, some lym-
phoid ussue always seems to remamn closely associated with the
intestnal mucous membrane, and the persistence of this relation-
ship may possess a significance which we do not as yet under-
stand. The chemical links which exist between the intestinal
epithelium—possibly also the kidneys—and the formation of

HAEMO —1 1




2 J. M. YOBFEY

blood cells may date back to their ealy juxtaposition in verte-
brate evoluzion.

The next big step in the evolution of the lymphomyeloid com-
plex oceurs in amphibia, when the bone marrow first appears as
clear-cut enuty. It is however only in birds and mammals that
one finds what we have come to regard as the most typical
lymphoid tissues, m the form either of lymph glands, as 10 mam-
mals, o of more diffuse fymphoid deposits, as i birds (Kondo,
1937; Biggs, 1957). We do not know why there should have been
this relatively late formation of lympheid tassue in the two main
groups of warm-blooded vertebrates. Possibly it may have been
due to the greater habihty €0 bacterial infection and the necd for
mereased antsbody formation.

The dissociation of the lymphomyeloid tissues

Whatever the reason for all these evolutionary changes, a
broad trend seems to emerge  Vestebrates start out with a single
lymphomyeloid ussue, and this gradually separates into distinc-
ive lymphoid and myeford components. In mammals the dis-
socation appeats to be complete, and thus, if true, would be a most
intrigmng phenomenon. But further exammation suggests that
the scparation of lymphoid from myeloid trssues 15 not as thorough
as would appear at first sight.

‘The lymphowd tissues continue to show a varable tendency to
develop mycloid clements  This 15 very striking 1n the myeloid

plasia which 15 oc lly noted n the lymph nodes.

Though st 15 by no means a frequent occurrence, one need only
see a sngle really good specamen of a germ centre whose cells are
becorung granulocytes in order to refram ever after from freling
too sure about the complete dwvorce of lymphowd from myelod
tissues. Myelord metaphsia s adult Iife may be a pachologseal
phenomenon, but 1t is seen regularly in foetal lymph nodes and
thymus, while in the smaller hboratory ammals the spleen is
regulasly the site of erythropotesis and granulaporests.
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Lymphoid tissucs then are not as exclusively lymphoid as they
might seem, since to a variable extent they may contain myeloid
elements. How about the myeloid tissues? Here too, bone mar-
row does not contain obvious lymphoid tissue, but nevertheless
has, dupersed among its myeloid elements, quite appreciable
numbers of lymphocytes.

The apparent evolutionary divorce of the lymphoid from the
myeloid tissucs raises therefore a number of problems. Is the

patation really complete? Is the lymphoid complex merely the
original lymphoid tissue which has, for some reason or other,
separated from the myeloid, or is it 1n fact a completely new
development? Ifthe former is the case, then what purpose has been
served by the lymphoid tissues sphitung off from the myeloid?
And if they really have split off, to form a distnct structural
entity, is there any functional connexion between them?

"The quantitative study of lymphocyte production

The problems thus raised have proved to be among the most
fascmating—and also among the most intractable—in the field of
expertmental biology. The present author can well recall his
own feclings of bewilderment when, after a study of the spleen 1n
fishes (Yoffey, 1920), he felt hie would Iike to know more about
lymphoid tissue in gher vertebrates. After a good deal of
deliberation he finally decided to embark upon the quantitative
study of lynfphocyte production At that time 1t all scemed
farcly simple. Ranvier (1875) had noted the lymphocyte content
of thoracic duct lymph, an observation subsequently confirmed
by many (for literature see Yoffey and Courtice, 1956). The
thoracic duct seemed to be a sort of heaven-sent natural bottleneck
through which most of the lymph of the body returned to the
blood, and 1t also appeared to be the channel through which
newly formed lymphocytes entered the blood. Counting the
Iymphocytes in thoracic duct lymph seemed therefore to be a
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blood cells may date back to their carly juxtaposition in verte-
brate evolation,

The next big step in the evolution of the lymphomyeloid cam-
plex accurs n amphibia, when the bone martow first appeats asa
clear~cut entity. It is however only in birds and mammals that
one finds what we have come to regard as the most typical
lymphoid tissues, in the form cither of lymph glands, as m mam-
mals, or of more diffuse fymphosd deposits, as in bieds (Kondo,
1937; Biggs, 1057). We donot know why there should have been
this selanyely late formation of lymphoid tissue in the two main
groups of warm-blooded vertebrates, Possibly it may have been
due 1o the greater hability to bactenal infection and the need for
increased antibody formation.

The dissociation of the lymphomyeloid tissues
Whatever the reason for all these evolutionary changes, 2
broad trend seems 1o emerge. Vertebrates start out with a single
Tymphomyeloid tissue, and this gradually separates mto distinc-
tive lymphoid and myelord components. In mammals the dis-
sociation appeats to be complete, and thus, if trve, would be 2 most
intngwing phenomenon. But further exammnation suggests that
the separanon of lymphord from myeloid tissues is not as thotough
a5 would appear at furst sight.
‘The tymphoid tissues continue to show a vamable tendency to
develop myelord clements. This is vety staking i the myelord
plasnia which is occasionally noted m the lymph nodes.
Though it 1 by no means a frequent occurrence, one need only
see a single really good specimen of a germ centre whose cells are
becoming granulocytes in order to tefratn ever after from feeling
too sure sbout the complete divorce of lymphoid from myelowd
tissues. Myeloid metaplasia in adult life may be a pathologreal
phenomenon, but 1t is seen regularly 1 foetal fymph nodes and
thymus, while in the smaller !:Abuxatory ar:imals the spleen 1s

regularly the site of erythrop and g P
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Lymphoid tissues then are not as exclusively lymphoid as they
might scem, since ta a varisble extent they may contain mycloid
elements. How about the myeloid tissues? Here too, bone mas-
row does not contain obvious lymphoid tissue, but nevertheless
has, dispersed among its myeloid elements, quite appreciable
numbers of lymphocytes.

The apparent evolutionary divorce of the lymphoid from the
mycloid tissues raises therefore a number of problems. Is the

paration really complete? Is the lymphoid complex merely the
original lymphoid tissue which has, for some teason or other,
separated from the myeloid, or is st in fact a completely new
development? Ifthe former is the case, then what purpose has been
served by the lymphoid tssues splitting off from the mycloid?
Asd if they really hove split off, to form 2 distnet structural
entity, 15 there any funcional connexion between them?

The quantitative study of lymphocyte production

The problems thus raised have proved to be among the most
fascinating~—and also among the most intractable—n the field of
expenimental biology. The present author can well recall his
own feehngs of bewilderment when, after a study of the spleenin
fishes (Yoffey, 1929}, he felt he would like to know more sbout
lymphord ussue m hagher vertebrates. After 2 good deal of
debberation he finally decrded 1o embark upon the quantivative
study of lyniphocyte production. At that time it all seemed
firly sumple. Ranvier (1875) had noted the lymphocyte content
of thoracic duct lymph, an observation subsequently confirmed
by many {for lterature see Yoffey and Courtice, 1956). The
thoracic duct seemed to be 2 sors of heaven-sent naturat bottleneck
through which most of the lymph of the body tetumned to the
blood, and jt also appeared to be the channel through which
newly formed lymphocytes entered the blood. Counting the
Iymphocytes m thoracie duct lymph secmed therefore to be a
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sunple way of estimatmg lymphocyte production (Yoffey, 1932~
1933, 1936}, The ratio between thoracic duct Iymphocytes and
those in the circulation was described as the Daily Replace-
ment Factor {D.R.R.) on the assumption that the thoracic duct
lymphocytes were newly formed cells. In the dog the DREF.
was found to be about 2+ 5, which meant that the lympho-
cytes remained in the blood for about so hours. Dara which
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£ 343) The ongwal figure was kandly prepared by
Dr W O Renhardt)

have since accumulated {Fag. 1) from other sources suggest
that the lymphocyte content of thoracse duct lymph tends to
vary inversely with the size of the amymal  The rat, for example,
seems to have a much hsgher lymphocyte content than man.
There may be other mmportant species differences, so that
generahzations based o a single species may not be unwersally
applicable.
Difficulty of estimating lymphocyte pr

The thoracte duct 15 sot the only channel through which
Jymphocytes can enter the blood. They can do so through other
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Iymph channels, such as the right lymph duct, and irregular
Iymphaticovenous ¢ jcations in the thorax and abdomen
—these are the indirect entry lymphocytes—or clse they may
pass into the blood stream dircctly through the walls of blood
capillaries in lymphoid tissue (Schulze, 19255 Ehrich, 1929).
These direct entry lymphocytes we are not able to measure.
Estimates of lymphocyte production based on the thoracie duct
alone are therefore minimal.

We do not know why some lymphocytes should enter the
blood directly, while others pass into the lymph channels and so
enter the blood indirectly. It may be that the direct entry lym-
phocytes are more actively motile than the other groups. In that
case it could well be that their greater motility would result in
their leaving the blood stream more quickly. Thus, if true, could
readily account for the two different Iymphocyte populations in
the blood which some workers have postulated, one remaining in
the blood a good deal longer than the other (Ottesen, 1954).
Whether this be so or not, 1t would appear rash to base general~
izations about the Iife cycle of the lymphocytes solely on the
thoracic duct lymphocytes, which may represent a special group
of cells.

The obvious way of measuring total lymphocyte production 1s
to study 1t at the source, 1 the lymphoid tissues themselves; in
this way one could expect to ascertain both the durect entry and
the indirect entry lymphocytes The proneer studies in ths field
we owe to Kindred (1938, 1940, 1942), who estimated lymphocyte
production by making mitouc counts 1n lymphod tissue. An-
dreasen and Chostensen (1949) later investigated mutotic activity
m ssolated nucler of lymphotd organs. An obvious extension of
this method 15 the use of radioactive 1sotopes which become
specifically mcorporated mto newly formed deoxyribonucletc
aad (DNA), which can then be measured erther in radioauto-
graphs or following chemucal extraction (Andreasen and Ottesen,
1944, 1945; Fichtehus, 1953, Gyllensten, Rungertz and Rungertz,
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1956; Hamilton, x957; Walker and Leblond, 1958; Yoffey, Hanks
and Kelly, 1958; Perry et al., 1959). Tritiated thymidine is an
exciting recent addition to the labelled compounds at our dis-
posal (Bond et al, 1958; Firket, 1958; Yoffey, Everett and
Reinhardt, 1958; Cronkate ef al., 1950; Schooley, Bryant and
Kelly, 1959; Everctt, Reinhardt and Yoffey, 1960; Everett e/ al.,
1960)-

Kindred (1940), on the basis of mitotic counts in 15~ and 20~
day-old albino rats, concluded that the thymus was the most
active producer of lymphocytes in the body; Andreasen and
Ottesen (1044) and Andreasen and Christensen (1949) were in
broad agreement with this view. Following the observations of
Boivin, Vendrely and Vendrely (1948) on the relative constancy
of the DNA content of mammalan cells, Yoffey, Hanks and
Kelly (1958) used the DNA turnover as 2 measure of cell pro-
duction m the guinea pig. Table I gives the results obtamed.

Table I
LYMPHOCYTE OUTPUT IN GUINEA PIGS {APPROXIMATELY
400 G_WT ) ESTIMATED rRoM DNA TURNOVER
(From Yoffey, Hanks and Kelly, 1958, and Kelly, 1958}

Tissue Cells per hour % 10°
Mesenteric nodes 25'0
Cervical nodes 110
Thymus 196
Spleen 140

Note: The thymus data werc obtained in seven arumals whose mean weight was 370 g
and the remaining data on sixtecn guinea prgs of mean wesght 412 ¢

M~ T el el TWRTA svmentee ne Itratie cannte Ao nat
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The problem of lymphocyte circulation

In 1936 Sjvall put forward the view that the concept of mas-
sive lymphocytopoiesis was mistaken, and suggested that what
was really happening was a continuous recirculation of lympho~
cytes between blood and lymph. His views scem to have been
developed largely in relation to lymph nodes, as indeed have
many other theories about the function of lymphoid tissue.
Lymph nodes are comparative late~comers in evolution, and it
cannot be too strongly emphasized that lymphoid tissue func-
tioned long before lymph nodes appeated on the vertebrate
scene. Sjovall compared the lymph node to a particle-containing
lake, and he argued that if at any time there were more particles
leaving the lake than were entering it, this did not mean that the
particles were necessanly formed in the lake, but merely that they
were present in it when the water passed through. It is evident,
however, that 1f there are always more particles leaving the lake
than are entering 1t, then the lake would raptdly empty.

The experiments of Ehrich and Harris (1942) showed clearly
that, working with a single node {the popliteal lymph node of the
rabbut), the afferent lymph contamed about 2,200 cells per mm.3,
the efferent 17,000. Three to nine days after injecting typhoid
vaccine mto the pad of the foot, the cells n the efferent lymph—
virtually all lymphocytes—averaged 67,000 per mm.3® (range
41,600-144,000). At the same time the node underwent marked
hyperplasia  This type of finding, taken in conjunction with the
histological evidence of cell proliferation, seems to fit in best with
the view that there 15 active new cell formation in the node

However, some recirculation undoubtedly occurs, for periphe-
ral lymph always contams some lymphocytes. But these are rela-
uvely few in number, and from whatever source the peripheral
lymph 1s obtamed, whether mtestine (Goodalland Paton, 1905-06;

Florey, 1927; Baker, 1932-33) or hmbs (Yoffey and Drinker,
1939), there are always far fewer cells in penpheral than in
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central lymph. Yoffey and Drinker (1939) calculated that, in the
dog, of every 30 cells entering the blood via the thoracic duct one
had recirculated via the peripheral lymph. There is appatently a
steady drift of small numbers of lymphocytes out of the blood
capillanzes, through the connective tissues of the body, and back
to the lymph stream. But the number of such cells seems to be
independent of the number of lymphocytes present in the blood
stream,

Sjévall’s “lake™ hypothesisis very difficult to accept. Thelymph
node would be a cell reservoir, which should quickly disappear as
more lymphocytes were leaving 1t than entermng it. On the basis
of a recirculation hypothests, there seems to be only one way of
reconciling the persistence of the lymph node with the dispanity in
cell content between afferent and efferent lymph. One must
assume that the lymph node 1s a region where lymphocytes are
continually passing from the blood stream mto the efferent lymph

lymph node proper would remamn i situ, receving a steaay
addition of cells via the afferent [ymph. 1t 1s dufficult to reconaile
all this with the evidence of active cell prohferation.

Gowans (1957, 1959), extending the eackier experiments of
Marn and Faggns (1950), has revived the recirculation concept.
When a fistula was mamtaned for four days, Gowans (1057)
found that the thoracic duct lymphocytes markedly decreased
while at the same time there was a fall in the blood lymphocytes,
thus confirming the observations of Mann and Higguns (1950).

The interpretation of these experuments 15 not easy. It scems
probable that the rat m the Bollman cage 15 far from normal.
(a) The mtial operanve procedure, probably as the result of a
“stress” reaction (Selye, 1937, Dougherty and White, 1944),
upsets the lymphoid nssues, and produces a lymphopenia which
may last for several days (Sanders, Florey and Barnes, 1940;
Adams, Saunders and Lawrence, 19453 Andreasen and Gottlicb,
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1947). Tn it even anaesthesia without operation may have this
effect (Yoffey, 1935). (b) From what we know of the effects of
forced immobilization, restraint in the Bollman (1948) cage may
cawse a further stress reaction. (fj The animals fose weighe.
Gowans (1956), following Mann and Higgins (1950), considers
the loss of weight not to have any bearing upon the results of his
experiments, but in view of the well-known cffects of inanition
upon lymphoid tissue (Reinhardt, 1943) this is open to dispute,
{d) The animals develop a marked neutrophilin (cf. Adams,
Saunders and Lawtence, 10455 Glenn, Bauer and Cresson, 1949;
Mann and Higgins, 1950). Gowans {1957) noted that “All the
ammals developed polymorpho-nuclear leucocytosis by the end
of the experiment, the counts varying from 5,000 to 20,000 cells
per c.mm. This remains unexplained.” The association of neutro-
philia and lymphopenia is well known, and 1 our own studies
neutrophiba was accompanied by mereased uptake of lympho-
cytes m the bone marrow {Harrss, Menkin and Yoffey, 1956).
(e) The animals received repeated doses of heparin. Even single
doses of hepanin in amounts not much greater than those given by
Gowans (1057) can gwve nse to eosinophiha (Braunstemer,
Potuzhek and Thumb, 1959; Hamilton, 1957), in addition to
possible changes in plasma constituents and capillary perme-
ability (Yoffey and Courtice, 1956). The cumulative effect of all
these factors may be considerable, the condition of the thoracic
duct fistula ammal 1 the Bollman cage may be far from normal,
50 that some caution should be exercised before drawing from
these experiments conclusions of too sweeping a nature.
The stress effect of the operative procedure 1s of course common
to all studtes on thoracic duct lymphocytes. Working with the
guunea pig Rehardt and Yoffey (1957) endeavouted to cut down

tn tha ahenlies mmimcon e

suction. This gave precisely the same results as far asllympl'x
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collection was concerned, but began it much easlier, often within
ten minutes of the animal being anaesthetized. Such a proceduze
may possibly minimize the stress response, but probably the only
way of avoiding it completely would be to kill the animal instan-
taneously and then make mitotic counts in sections, as was done
by Kindred (1938, 1940).

Lymphoid tissue after prolonged lymph drainage

On the basis of pure recirculation, the effect of prolonged
thoracic duct drainage should be to cause progressve depletion
and ultimate dsappearance of the lymphoid ussues, Gowans
{1939, Fig. 1) found an rats that during the first 24 hours after
cannulation the output of thoracic duct lymphocytes was greater
than the combined volume of the abdominal lymph nodes, These
nodes should therefore have completely disapp
previowsly noted, one adopts the imptobable assumption that
most of the lymphocytes i the nodes are stationary, wiile the
cells in the efferent lymph are derived from the blood flowing
through the nodes  Unfortunately, no mformation 15 avashable
about the state of the abdommal lymph nodes m these antmals.
The absence of such information adds a further serious difficulty
to the mterpretanon of the chronae fistula experiments, The only
evidence which seems to be avagdable 1s that provided by Glenn,
Bauer and Cresson (949} They examuned the poplueal fymph
nodes i two dogs, each with 2 foue-day fistula, removing one
popliteal node at the beginmng of the expenment. They found
that the rematnng node had lost werght shghtly at the end of four
days, but concluded that It was not possible to corrclate the
decrease m lymphocyte output through the thoracic duct with
the hustologic findings m the popliteal nodes”

de-tinless, 33

Variation in lymphocyte production
It has been known for some rime that lymphocyte production
15 subject to conniderable vananon {Yoffey, 1936; Yoffey, Hanks
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and Kelly, 1958). This can be readily understood ifat is related to
the cyclic changes which occur in lymphoid tissue (Maximow,
1927; Conway, 1937). If however the lymphocytes arc for the
most part recirculating, one must look for some other explanation
of the great range of variation in the lymphocyte content of
thoracic duct lymph.

Non-disappearance of blood and thoracic ductlymphocytes
in chronic fistula

On the basis of the recirculation hypothesis, the effect of a
chronic fistula might be expected to be a progressive diminution
and ultimate disappearance of thoracic duct and blood lympho-
cytes. Instead, though it 1s true that they fill markedly after a
while, they seem to attain a stable lower level and then persist
unchanged.

Marked lymphocytes

A number of investigators have endeavoured to study the
problem by following the fate of marked lymphocytes. Farr
(1951), employing acndine dyes, observed transfused cells
lymphoid tissue and bone marrow. Fichtelus (1953), using
thymocytes labelled m vwo with *P, found relatvely high
activity in spleen and bone marrow and then 1 descending order
in thymus, small intestine, liver, lymph node, and lung. Kechane
and Metcalf (1958), working mamly with thymocytes labelled
with diamimnoacridine, could recover mn the rat only s per cent of
the transfused cells m thoracic duct lymph.  Gowans (1959), also
m the rat, found that after transfusimg thoracic duct Iymphocytes
Iabelled wath 32P **about 20%, of the total radioactivity and about
40% of the radioactively labelled Lipid in the transfused cells were
recovered n the lymphocytes from the thoracte duct”. This
represents an appreciable number of recirculating cells—the
rectrculation occurning over several days—but stll seems to
leave a substantsal number which are not recirculating,
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collection was concerned, but began it much earlier, often within

ten minutes of the animal being anaesthetized. Such a procedure

* v+t rerace resnonse, but probably the only
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tancously and then masc e . . ‘ne
by Kindred {1938, 1940).

Lymphoid tissue after prolonged lymph drainage

On the basts of pure recirculation, the effect of prolonged
thoracic duct dramage should be to canse progressive deplenion
and ultimate dwappearance of the lymphoid nssues. Gowans
(1959, Fig. 1) found 1n rats that during the first 24 hours after
cannulation the output of thoracic duct lymphocytes was greates
than the combined volume of the abdommnal lymph nodes. These
nodes should therefore have completely disappeared-—unless, 25
previously noted, one adopts the 1mprobable assumption that
most of the lymphocytes 1 the nodes are stationary, while the
cells in the efferent lymph are denved from the blood flovang
through the nodes. Unfortunately, no information 1s avatlable
about the state of the abdominal lymph nodes m these ammals.
The absence of such information adds a further serous difficulty
to the interpretation of the chronse fistula experiments. The only
evidence which scems to be avalable 15 that provided by Glenn,
Bauer and Cresson (1949}, They examned the pophteal lymph
nodes in two dogs, cach with a four-day fistula, removing one
popliteal node at the begmmmng of the expenment. They found
that the remaming node had lost weight slightly at the end of four
days, but concluded that “It was not possible 1o correlate the
decrease in tymphocyte output through the thoracic duct with
the hustologte findings n the poplieal nodes™

Variation in lyraphocyte production
1t has been known for some time that lymphocyte production
15 subject to consderable vanaton {Yofley, 1936; Yofley, Hanks
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change being a cytoplasmic reduction, with certain nuclear
alterations in addition. The cells at the various stages of the re~
duction pathway constitute the Precursor Pool, and are all cap-
able of thymidine uptake, ie. DNA synthesis and subsequent
division, except for the final small lymphocyte. Within the
lymphoid tissues the great majority if not all of the small Iym-
phocytes seem to be incapable of growth (cf. Maximow, 1909).

Following the administration of tritiated thymidine to guinea
pigs, labelled lymphocytes begin to appear in thoracic duct lymph

LABELED LYMPHOCYTES IN THORACIC DUCT LYMPH

g
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within half an hour or even less (Fig. 2). To begin with the
labelled cells were preponderantly large lymphocytes, but grad-
ually medium lymphocytes appeared 1n increasing numbers, and
then small lymphocytes (Everett et al, 1960). The Size Distri
bution Ratio (S.D.R.) of large, medium and small lymphocytes
gradually changed. Thus duning the first hour in one expenment
the S.DR. was 82-5.12 3:0, re. of the labelled cells 82- 5 per
cent were large lymphocytes, 12-3 per cent medum and o per
cent small, at 12 hours 1t was 2414331, and at six days 8:2016p.
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Working with dogs, Perry and co~workers (1959) transfused
autologous lymphocytes labelled in vitro, but were unable to find
anry radioactvity in the thoracic duct lymph. Furthermore, when
they gave P to dogs, there was no shatp rise in the radioactivity
of the blood lymphocytes nor was there subsequently an increase
in the radioactivity of thoracic duct lymphocytes when that of the
blood lymphocytes reached its peak. This they interpreted as
evidence (o) agawnst recrrculation, () in favour of a short stay for
lymphocytes in the blood. Ambrus and Ambrus (1959) found
that a considerable number of transfused labelled lymphocytes
could be identified in Thiry-Vella mtestinal loops within a short
time, as well as appearing in a number of other situations, includ~
ing the thymus. As reported elsewhere in this volume, Everett
and co-workers (1960) have transfused thymdine-labelled lym-
phocytes from the thoracic duct lymph of a donor rat and found
some of them in the thoracic duct lymph of the recipient, but
alsa in bone marrow, spleen and lymph nodes,

Experiments with tritiated thymidine

Recent studies with tntated thymdine have thrown fresh
hight on certamn aspects of lymphocyte producuon. It has long
been believed that in the lymphoid tssues, begimmng with a
primatrve stem cell—probably the reticulum cell—~there occurs 2
sexies of dwvisions passing through lymphoblasts, large lymphocyte
and medwm lymphocyte stages unul finally the small lympho-
cyte1s reached. Samnte-Mane and Leblond (1958) have estumated
that in the thymus something bke eight mateses occur between
the stemn cell and the final small thymocyte, so that each retcular
cell represents potentially 128 small lymphocytes. In the rat
fymph node Grun’dmann‘(lgsﬁ) estumnated thcrc”\:lcre ?nly six
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cent of labefled small lymphocytes, while Cronkite and co~
workess {1950} in the dog did not find any, though they obtained
12 per cent of labelled horge and medium cells. Ttis pertinent at
this point 10 note that Peery and co-workers {2939) in the dog
found in the thoracie duct lymph 25 to 35 per cent of large
Iymphocytes capable of takmg up 3P and presumably therefore
of DNA synthesis and thymidine bbellng. The relatively low
pcxccnmgc of habelled small Ilymphocytes could obviously be
interpreted to mean that most of them were not newly formed,
and must therefore be recyreulaung.  Against this, however, is the
fact that the fabelled small Ilymphocytes defintely do not appear
10 be recirculating smce they show progressive dimmnution of the
gram count (Everett, Remharde and Yoffey, 1960). Thus in a
number of expersments the avesage gram count of 25 labelled
small lymphocytes fell from 42 ¢ 13 to 14 hours, to 24 ot 26 hours,
15 3¢ 51 hours, 13 at 17 hours, 8 at 144 houss and 4* 5 at 8 days.
1€ we accept the metabolic stability of DNA, then the changing
grain count must be regarded as conclusive evidence against the
reaurentation of the labelled eells. If the non-labelled celfs are re~
circulating, whereas the labelled cells are not, tt becomes necessary
1o explun an apparently radical difference m behaviour. One
posuble explanation would be 2 differential motthity, as pre-
viously suggested t the case of the direct entry and the indirect
cntry lymphacytes Jt 1 concewvable that most of the labelfed
* fremed small lymphocytes are i the direct entry group,
£-dehmr way mto thc lymph stecam.
A ]
tin

e Lioee

with ths view {Everett, Kettwaiu, . Y
If we endeavour to summattze the state of our KIOWiuye 50

far of tymphocyte production, we would say that there is sub-

stantial new formation of lymphocytes, and also some rectreuls-

tion. There are mmportant species differences both m the total

numbers of thoracic duct lymphocytes, and in the proportions of
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This is what one would expect as more and more members of the
precursor pool finally reached the small lymphocyte stage. How-
ever at no time did the total number of labelled cells cxceed 7 per
cent after a single injection of thymidine.

Cronkite and co-workers {1959), working with dogs, found
labelled cells in thoracic duct lymph increasing up to 12 per cent
by the fifth hour. They did not observe any labelled small lym-
phocytes, though otherwise the S.D.R. seemed to be tending in
the same direction as it the experiments of Everett and co~workers
{1960), namely the gradual replacement of larger by smaller cells.

‘The discharge of cells from the precursor poal

The use of thymdine bas served to emphasize that cells are
being continually discharged from lymphoid tissue at all stages of
the precursor pool. If, followmng the model of Ssmte-Marse and
Leblond (1958}, we denote the retsculum cell as R, the lympho-
blast as L1, and the various other lymphoeytes as Lz, L3, L4, Ls,
L6, Ly and L8 (L3 bemg the final small lymphooyte}, then
Res Rt L= 2L2= 4L3== 8L4= s6L5= 32L6= 64¥ 7= 128L8.

The first question which axsses ss whether the subsequent history
of the cells at different stages of the reduction pathway 1s the same
ance they pass into the lymph stream as st wonld have been had
they remaned an the lymphosd tssues. In the lymphoid ussues
an Lz cell would ultmately form 128 small lymphocytes, an L2
cell 64 small Iymphoeytes, and so on If the subsequent develop-
ment 15 predetermuned, then wherever these cells ulmately go
after they enter the lymph and blood they would sull pive rise 10
the same number of small lymphocytes.

The second queston concerns the total number of labelled
lymphocytes appearing 1n thoracic duct lymph. The small lym-
phocytes should be the most numerous of all, whereas 1n fact i
the gumea pig Everert and co-workers (1960} after 2 smgle
thymsdine mjection could mot find more than 4-3 per cent of
these cells; Gowans (1959) xn the rat found at the most 1+ 5 per
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give Tise to a leucocytosis of 94,000 per mm3 of blood. The
normal neutrophil granulocytes in the blood of the standard
guinea pig number 1,340 per mm.3? and the marrow therefore
possesses 2 reserve of mature or almost mature neutrophils which
is about 70 times the number in the arculation. Itis still not clear
how long the neutrophuls remain in the blood stecam once they
enter it, but estimates of their stay in the blood are tending
gradually to shorten from the carlier figures of Kline and Cliffton
{1952). Craddock, Perry and Lawrence {1959), for example, think
that m the dog the neutrophils may remam in the blood for only
six to eight hours {cf. Patt and Maloney, 1959; Maver et dl.,
1959). Evenso the marrow still possesses a large myelowd reserve.
The mote immature cells in the marrow (myeloblasts, promyelo~
cytes, myelocytes, and metamyelocytes) form about one-half the
band and segmented neutrophuls. ¥ we assume that these im-
mature cells may have an overall doubling ttme of 24 hours,
1t should apparently be possible to mamntam a leucocytasis of
80,000-100,000 indefirutely.

The marrow then undoubtedly possesses a large myeloid re-
serve. It does not necessanly follow that this teserve canin fact be
readily mobslized. Cell counts on the penipheral blood arc of
hittle value, smee large numbers of neutrophils may enter the
blood without any merease 1 the circalating cells of they are
leaving the blood equally rapudly. We have therefore tried to
assess the extent of the mobsdization of the myelosd reserve by
direct quantitative marrow studies (Yoffey, 1954, 19553 Harmns,
Menkin and Yoffey, 1956). The techmque of leucocytapherens*
(leucapheresis, Craddack et al, 1955; Craddock, 1957) measures
the leucocytes which can be withdrawn from the blood.

We tied the effect of Leucacytasis Promoung Factor {LPF),
and found that four hours after a single intraperitoneal wjection
the martow neutrophuls had dimimshed by r,010x 105, This

* The ending used here and diroughont che book 1s from: the Greek aphatrens,
meanng 3 takmg away of rsemoval ~Eps,
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the different cell sizes. 1f the rat in the Bollman cage can be re-
garded as a normal animal, then the rat may have a higher pro-
portion of recsreutating lymphocytes than other animals.

The quantitative study of bone marrow

After attempting the estimation of lymphocyte production, we
next tutned our attention to the quantitative study of bone
marrow. Following early attempts with rabbit marrow (Yoffey
and Parnell, 1944) a satisfactory quantitative technique was elabor-
ated for the gumea pig (Yoffey, 1956). Careful measurements of
marrow volume by Hudson (1958, 1059) made it possible to
calculate the total matrow population of the various cell groups.

The proneer quantitative studies on the cell population of the
marrow we owe to Kindred (r942); Fruhman and Gordon
(19554, b), working with rats, used a direct quantitative technique
not unltke our own. Other data will be found in the papers of
Osgood (1954), Suit (1957), Donohue and co-workers (1958),
Patt and Maloney (1959) and Mauer and co~workers (1959).

The normal myelogram for onr standard animal has a total of
1,814,000 nucleated cells per mm 3 of marrow, and of these
716,000 are granulocytes, 422,000 are erythrowd, and 430,000
lymphocytes. These data have been calculated for a male guinea
pig of the Dunkling-Hartley strain weighing as near 400 g. as
posstble. The use of thus standard animal reduces to 2 mintmum
variations due to age and sex.

wh en dtt . riy 1 ? o1 . T * -
pig (Anaill, : :
to estimate 1 v
circulation, and compare them with those in the marrow.

The myelnid equation

The total of segmented nentrophils 1n the marrow as a whole
is 868 % 105, of band neutrophils, 1,834 x 10%. The segmented and
band neutrophls together, 1f discharged mnto the blood, would
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there is not available a large reserve of red cells to meet a sudden
increase in the demand. When more red cells are needed produc-
tion must be increased and this (Fig. 3) means additional stem
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cells (Yoffey, 1957); Alpen and Cranmore (1959) have recently
come to the same conclusion.

The lymphocyte in bone marrow
The matrow has a hugh lymphocyte content. In the standard
guinea pig there are 430,000 lymphocytes per mm.® of marrow,
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should have given rise to a Jeucocytosis of about 35,000 per mm.2,
whereas in fact the obscrved leucocytosis was almost negligible,
amounting to 1,600 per mmS. From the blood count alone it
would have been impossible to know that there had been so large
a discharge of neutrophils from the marrow. Band and segmented
neutrophils were discharged from the marrow in equal numbers
(Harris, Menkin and Yoffey, 1956).

That the marrow can rapidly discharge large numbers of
granulocytes has been d rated by the ingenious techniq
of leucocytapheresis introduced by Craddock and co-workers
(1955). This enables one ta assess the myeloid reserve and the
speed of 1ts mobilization by measuring the number of granulo-
cytes entering the blood. The earhier experiments, with a single
acute Jeucocytapl demg d that the marrow was
capable of replacing the circulating blood lencocytes every two
hours, and further studies by means of 1sotope labellng indicated
{a) that the cells discharged were newly formed i the marrow,
and (b) that once neutrophils had left the blood stream they did
not return to 1t in apprectable numbers {cf. Patt and Maloney,
1959; Mauer et al., 1959).

The studies of Gordon (1960), reported elsewhere m this
volume, provide further cvidence on lencocyte mobrlization

The erythroid equation

The erythroid cells of the marrow, as had previously been
noted by Kindred (1042), differ markedly from the myelotd cells.
Thetotal of nucleated red cells of the marrow as a whole 15 2,616 x
10%, If the ife of the circulating red cell n the gumea pig 1s taken
as 80 days (Everett and Yoffcy, 1950), the daily requrement for
new red cells would be 1,970 10°, and to mect this there must be
continuous new formation of red cells, smee there is not a large
reserve of reticulocytes i the marrow (cf. Reff'er al,, 1958). The
erythroid cells of the marrow can just about keep pace with the
need for new red cell formaton. But unhke the granulocytes
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there is not available a large reserve of red cclls to meet a sudden
increase in the demand. ‘When more red cells are needed produc-
tion must be increased and this (Fig. 3) means additional stem
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Fic 3. Reticulocytes in bone marrow and blood, and nucleated red cclls 1n the
marrow of gumnea pigs at the Jungfrawjoch  (Ths graph 13 based on data obtained
by 2 team consusting of Hudson, R. $ Harns, P ¥ Harris, Batten, Rogers, Rein-
hardt and Yoffey, 1954) The nucleated red cells of the bone marrow increase
about twofold 1 5 days; i exceptional mstances they may mereasc beyond ths,
and reach a level of,abcut 1,000,000 pet mm * of marrow  The bone marrow of
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cells (Yoffey, 1957); Alpen and Cranmore (1959) have recently
core to the same conclusion.

The lymphocyte in bone marrow
The marrow has a high lymphocyte content, In the standard
guinea pig there are 430,000 lymphocytes per mm.* of marrow,
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should have given rise to a leucocytosis of about 35,000 per mm?,
whereas in fact the observed leucoceytosis was almost negligible,
amounting to 1,600 per mm®. From the blood count alone it
would have been impossible to know that there had been so large
adischarge of neutrophils from the marrow. Band and segmented
neutrophils were discharged from the marrow in equal numbers
(Harms, Menkin and Yoffey, 1956).

That the matrow can rapidly discharge large numbers of
granulocytes has been deme d by the ingenious technique
of leucocytapheresis ntroduced by Craddock and co-workers
(1955s). This enables one to assess the myeloid reserve and the
speed of its mobilization by measuting the number of granulo~
cytes entering the blood. The earlier expernments, with a single
acute lencocytapheresis, demonstrated that the marrow was
capable of replacing the arculating blood leucocytes every two
hours, and further studies by means of 1sotope labelling indicated
{a} that the cells discharged were newly formed in the marrow,
and (b) that once neutrophils had left the blood stream they did
not remmn to it in appreciable numbers (cf. Pasr and Maloney,
1959; Mauer ¢t al , 1959).

The studics of Gordon (1960), reported clsewhere in this
volume, provide further evidence on feucocyte mobihizanion.

‘The erythroid equation

The erythrord cells of the marrow, as had previously been
noted by Kindred (1942), differ markedly from the myelod cells.
The totalof nucleated red cells of the marrow as 2 whale is 2,616
108, If the hife of the arculating red cell in the gunea pig 1 taken
as 80 days (Everett and Yoffey, 1959), the duly requirement for
new red cells would be 1,970 109, and to meet ths there must be
continuous new formation of red cells, since there 1 not 2 large
reserve of renculocytes in the marrow (cf. Reiff er al., 1938). The
erythroid cells of the marrow can just about keep pace with the
need for new red cell formation.  But unlike the granulocytes
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regarded as haematogenous, since it was too rapid to be attribut-
able to multiplication s situr,

The dual response. L:G inversion

A dual response thus occurs afier the administration of LPF~
or of bacterial vaccine. Granulocytes leave the marrow; lympho-

LYMPHOCYTE ~GRANULOCYTE INVERSION 1N
GUINEA PIG BONE MARROW, 4 HOURS AFTER
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Four hours after giving leucocytosis-promoting

factor (LPF), marmow granulocytes have dimin-

uhed while Iymphocytes have increased  (Thas

figure 18 based on the data of Harnis, Menkn and
Yaffey, 1956)

cytes are taken up by it (Fig. 4). The reverse change 15 frequently
seen 1 the peripheral blood where neutrophibia 1s found to be
d wath fymphop We imes refer to this dual
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and the marrow as a whole contains 2,660 10? Iymphocytes,
compared with 131% 16% in the blood stream, and 373x 10° dadly
entering the blood via the thoracic duct. For every lymphocyre
normally present in the blood three arc daily entering it via the
thoracic duct and 20 are present m the bone marrow. The
abundance of lymphocytes in the marrow, and the changes which
they undergo, are of great interest in relation both to the
tymphocytes and the bone marrow. Though it may sound some-
what of 2 trutsm, it perhaps needs to be emphasized that what
happens to the marrow lymphocytes can only be determmed by
the study of the marrow. No amount of work ditected to the
lymphocyte 1 lymphord tissue or fymph can tell us what is
happemng to lymphocytes m the marrow.

There 15 no evidence of Iymphocyte multiplication in the
marrow. The cells are virtually all small Iymphocytes; medum
and large lymphocytes are smgularly few. In the gunes pig
marrow numerous cells are seen which have been interpreted as
transitional between the lymphocyte on the one hand and myelo-
blast and proerythroblast on the other (Yoffey, 1957). The cells
which Lajtha (1959) regards as large lymphocytes are probably
these tramitional cells. Varying aceumulanons of fymphocytes
are found also m the marrow sinusowds, and thus has been referred
to as “lymphocyte loading™ (for fuller details see Yoffey, 1960).

Marrow lymphocyte reactions

1t has been observed that 1n a number of experimental conds-
tions the lymphocyte population of the marrow may undergo
etther raprd increase or decrease. Ropsd inerease was first noted in
associauon with the discharge of granulocytes from the marrow,
after bactenal vacanes (Yoffey, 1955) or Leucocytosts Promaoting
Factor [Harns, Menkin and Yoffey, 1956). Mention has already
been made of the discharge of granulocytes from the matrow
after giving Leucocytons Promoung Factor, At the same time
there was an ncreasc in the marsow lymphocytes which was
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erythropoietic in rats. In the guinea pig it was found to stimufate
granulopoiesis.  As the myeloid cells of the marrow increased
(Fig. 5), the lymphocytes diminished (Osmond et ol., 1960).

Increased lymphocytes in marrow during hypoxia

Another lymphocyte response was observed during hypoxia.
During the first few days of adaptation to hypoxia, there is an
increase in the marrow lymphocytes at the same time as the
nucleated red cell population is increasing (Yoffey, 1957).

The effect of sublethal irradiation

Harns (1956) followed the changes in the marrow of guinea
pigs subjected to sublethal whole-body irradiation (150 1.). To
begin with, both lymphocytes and erythroid cells fall to a very
lowlevel. From the second day onwards the lymphocytes steadily
nise, and by the 16th day have reached a level of about goo,000
per mmE, The erythroid cells increase slowly from 6 to 14
days, and then multply more rapidly to 50 per cent above their
normal level by the 20th day. The granulocytes, after an abortive
peak at 6 to 10 days, rapidly mcrease, and are well above their
normal lcvd by the 22nd day From the 14th to the z0th day
both erythrop and P proceed with great inten-
sity; duning this pertod the marrow lymphocytes fall abruptly
from 900,000 to 200,000 per mm.3, Thus has been terpreted as
mdicating their transformation into stem cells of the erythrocytic
and granulocync series. There is no evidence of a massive dis-
charge of lymphocytes from bone marrow mnto the blood stream,
smce throughout this perod the blood lymphocytes remamn
below their normal level.

The problem of the stem cell and varying
stem cell requirements
The trend of all our marrow studies has been more and more
to mmphcate the smail lymphocyte as a multipotential stem cell, 2
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response as the L: G (lymphocyte: granulocyte) inversion, In the
present example, as the granulocytes fell the lymphocytes rose,
but the opposite change may also be seen. An unexpected

LYMPHOCYTE - GRANULOCYTE INVERSION
FOLLOWING URINARY EXTRACT
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- WATER BY INJECTION
URINARY EXTRACT BY INJECTION

Fie. 5 Another example of an mverse re-
lationship between marrow granulocytes and
lymphocytes  The granulocytes are mncreased
and the lymphocytes dumsmushed following
the adminustration of a unnary extract which
was erythroporetic 1 rats but proved to be
granulopotetic 1n the gmnea pig (Thas figure s
based on the data of Osmond and colleagues,
1960.)

instance was encountered 1 some recent experiments, when
guinea pigs were given daily injections for seven days of a sub-
stance, extracted from human unine, which had been found to be
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gives rise to four mature erythrocytes. If we assume thatin man,
with a five-day maturation period, there are three mitoses in-
stead of two, then one stem cell would give rise to eight mature
erythrocytes. Thesc estimates are not absolutely precise, and may
require modification, but general considerations of this nature
suggest that the marrow of smaller animals would need consider-
ably more stem cefls than that of man. Can one in fact find evi-
dence of any significant difference in the numbers of stem cells?

‘When one compares human and animal marrow from this
point of view, the one outstanding differcnce is the greater num-
ber of lymphocytes i the marrow of the smaller animals. If the
tymphocyte is a stem cell, then the greater number of lympho-
cytes and their more obvious rdle in the matrow of small animals
becomes casy to understand. If however the lymphocyte is not
a stem cell, two questions require an answer. The first is:—why
are more lymphocytes present in the marrow of smaller animals?
The second question 1s: what other stem cell 15 there which 1s
significantly more abundant 1n the marrow of smaller than of
larger animals? The answer to the second question 15 “None™.
There is no clear answer to the first of these two questions.

In adult human marrow, there are usually 7 to 10 per cent of
lymphocytes, and most of these seem to be imactive. During the
growth period, however, the marrow has to meet not only
normal replacement needs, but ako to provide for the steady
increase m the total number of red cells, as well as for the growth
of the marrow wself. Under these circumstances, when more stem
cells are needed, the only obvious change 15 the mcrease i the
marrow lymphocytes, whose level 15 appreciably higher 1n
infancy and childhood.

The inter-relationship between different
parts of the lymphomyeloid complex
In endeavourmg to study the component clements of the
tymphomyeloid complex, we have been coming mote and more
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concept of course which is far from new. Our own work has
served merely to add quantitative data which had previously been
Jacking.

According to this concept the lymphocyte is a multipotential
stem cell, and the small lymphocyte is a comparatively inactive
form of this cell, darmane for long persods, but sooner or later
capable of reactivation to a new cycle of growth and develop~
ment. We do not know precisely what the reactivating stimuli
are, or how Iong thc small lymphocyte may femain 1n its resting
phase. Tt is possible that after a prolonged penod of rest the ceffs
may chc. Further since lymphocytc movement (McCutcheon,

--=ws ea he completely random, many cells
. aeshla

-anfrhe many puzzing pas- : ive
. ¢t besee content betwiou the
' >ratory ammals. ‘The
quantitative data now dvaon- row light on the pro-
blem. In the smaller hboratory antmals the bfe of the cirenlating
ted cell 15 appreciably shorter than 1t 15 m man. Asaganstizodays
1 man (Whitby and Britton, 1957), the hfe of the red cell in the
gumnea pug 15 i the neighbourhood of 8o {Everett and Yoffey,
1959}, while i the rat and rabbit 1t is 60 to 70 days or even less
(Neuberger and Niven, 1951; Berhn and Lotz, 1951; Burwell,
Brickley and Finch, 1953).

Gther things being equal, thus difference in the life of the cir-
culaung red cells would in stself be sufficient to increase the need
of addstronal stem cells by up to 100 per cent, But other tungs ate
not equal, for in addition to the difference in the bife of the aur-
culating red cell there are also differences in the maturation tme
sn the marrow  In the rat the total maturation time 1s around 48
hours {Belcher, Gilbert and Lamerton, 1954}, whereas i man 1t
is about five days (Badenoch and Callender, 1954; cf. Lajtha and
Suit, 19s5s) 1f we assume that m the rat two mitoses occur
between the stem cell and the mature red celi, then one stem cell
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and Vos, 1957), whereas hetcrologous marrow merely gave rise
to temporary repopulation.

Can lymphocytes confer protection?

If the lymphocyte really functions as a stem cell, then suspen-
sions of lymphocytes should confer protection. Now while it is
true that Congdon, Uphoff and Lorenz (1952) observed that
thymocytes might occasionally protect irradiated mice, and
while more recently Salvidio, Olva and Pierotti (1958) have
reported a protective action of heterologous lymph node cells in
mice, these findings are exceptional. Campbell and Ross (1952)
were unable to demonstrate any protective action of thoracic duct
Iymphocytes, and the consensus of opinion seems to be in general
agreement with this, namely that neither lymphocytes nor thymo-
cytes can confer protection (Cole, 1957).

Marrow fusion stimulates reg ion of lymphoid
tissue

Transfused marrow cells can seed out into the lymph nodes,
Liver, thymus and spleen (Ford et al, 1956; Mitchuson, 1956;
Nowell ef al., 1956; Porter, 1957). This could be regarded as a
vascular accident. What 1s surprising however 1s that the trans-
fused marrow cells can not only settle 1n lymph nodes and thymus,
but also stimulate their regeneration (Congdon and Loren, 1954;
Fishler ef dl., 1954; Jacobson, Marks and Gaston, 1954; Porter,
1957; Urso and Congdon, 1957). One can interpret this in
several ways  One mught assume that a common stem cell exists
which gives nise to lymphocytes m lymphoid ussues, o to granu-
locytes and erythrocytes m bone marrow. Alternatively, one
may speculate that lymphocytopoietic stem cells are normally
present i the marrow, and continue to function in the same way
in lymphoid tissue.

If marrow cells can simulate the regeneration of lymphoid
tissue, then marrow transfusion, 1f the lymphocyte can function
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to the view that the different parts of the complex are in close
functional relationship, and that through the blood stream there
is in all probability a constant interchange of cells between them.
In recent years new hght has been thrown on this problem by
transfusion and shielding experiments. Some of the classical work
in this field has been done by two of the participants in this
symposium. (see Jacobson et al,, 19513 Jacobson, Marks and
Gaston, 19553 Ford et al., 1956).

‘Transfusion and shielding experiments

In the main, the experiments have centred round the conferring
of protection against lethal doses of irradhation. Jacobson and
co-workers (1951) showed that marrow cells must be provided
in relatively large numbers, while Jacobson, Marks and Gaston
(1955) found that marrow cells protected m propornon to the
numbers given, with 2 maximum upper hmit. They noted that
haemopaictic cells from adult marrow, spleen, or embryomc
bver could confer protection, and they also made the fusther
sigmficant observation that young donors were better than old.
The experiments of Ford and co~workers (1956), using donor
cells with an atypical chromosome, made it posible to 1dentify
with certainty the presence of donor cells not only 1n the recipient
marrow, but also in spleen, thymus and lymph nodes
Homologous and heterologous transfusi

Mauch of the expetimental work on cell transfusions has been
carried out with homologous or heterolagous matertal. Though
these studies have simulated a number of mgenious experiments
it 1s difficult to assess dheir signeficance in terms of normal blood
formation. Congdon, Uphoff and Lorenz (1952) noted that
wsologous transfusions weee the most effective. Hirsch and co-
waorkers {1956) went into this point carefully and concluded that
only isologous marrow could promote “lasting re-generation of
the host’s rad damaged h poictic tissues” (cf. Bekk
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as a stem cell, would increase the production potential for new
stem cells to a far greater extent than marrow colonization alone.
This possibility #s one which we are forced to consider when
locking at the quantitative aspect of transfusion experiments.

The identity of the protecting cells

Alpen and Baum (1958), in transfusion experiments on irradi-
ated dogs, give a detailed analysis of the transfused marrow cells,
and point out “It is interesting to note the large proportion of the
injected cells which are presumably post-mitotic and incapable of
acting as regeneration potential”. When one peruses therr hst of
cells, it would seem that only myeloblasts, Iymphocytes, pro-
erythroblasts, and unclassified cells call for serious consideration
as stem cells. The density of marrow recolonization after Alpen
and Baum's marrow transfusions has been calewlated elsewhere
(Yoffey, 1960). Assuming that all the transfused cells settled in
the marrow, there would be 85 to x40 myeloblasts per mm.3 of
marrow, and 600 to 1,000 lymphocytes, m either case about 1/70th
of the normal marsow population. But of the two cell groups the
lymphocytes seem the more numerous, and by stmulanng fym-
phoid ussuc regencration they could rapidly mcrease ther
nunbers. Myeloblasts on the other hand would have to increase
tn the marrow very quickly indeed to be of any use. In normal
marrow mitoses of myeloblasts are infreguent, bur we have no
information about the myeloblasts in post-transfusion marrow.

Marrow shielding

Marrow transfusions—as also lymph node, spleen or thymus—
almost certainfy introduce mto the blood stream many cells
which do not normally obtam access toat. The most physiclogical
type of experment s that m which the animal is protected by
shielding part of sts marsow. This avoids all immunologreal
complications, while at the same time cells which escape from the
intacs shelded marrow can be presumed to be such as may do so
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in the normal animal. In the subscquent discussion it is d

that the protection is duc to cells, not to a humoral agent. If this
assumption should prove to be unwarranted, then the argument is
invalid.

From the experiments of Kaplan and Brown (1952}, Nagareda
and Kaplin (1955) and Weymouth and co-workers (1955)
itis clear that merely shielding the marrow stimulates the regener-
ation of thymus and lymphond tissue. The studies of Weymouth
and co-workers (1955), comparting the thymic regeneration in
animals with and without thugh shielding, suggest that there may
cither be 2 migration of small lymphocytes from matrow to
thymus, or the passage of some factor which stimulates the
formation of small lymphocytes. “The thymocytes which first
reappear during the phase of regeneration resemble large rather
than small Iymphocytes, with a correspondingly greater di
and distinctly more cytoplasm. In the shiclded ammals, this cell
type is gradually replaced over a perod of several days by the
typical thymocyte or small lymphocyte and concurrently the
mass of the gland mcreases to normal levels. In the unshielded
irradiated muce, however, the large thymocyte tends to remain
the dominant cell-type for an indefimste mnterval” (cf. Gregoire
and Duchateau, 1956).

Lymphocyte loading of marrow si id

The view that 1t 15 small lymphocytes which thus nugrate from
marrow to thymus—and lymph nodes—is supported by the dis-
tabution of lymphocytes 1n bone marrow They may be found
erther scattered throughout the marrow parenchyma (Fag. 6) or
in the marrow sinusotds. The latter may possibly be m stagnant
stnusoids (cf. Brinemark, 1959) formmng a reserve which can
rapidly pass into the circulanion when needed. Tt should be noted
that from the pomt of view of passage of cells through their walls,
the venules and large draming veins of the marrow seem to
function exactly a5 the sinusords, having walls of equal thinness.
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Fic 6 Donc marrow of normal gumea pig x 1,336 Snuall Iymphocytes (L) arc

scattered throughout the matrow parenchymn, aud three are present m thus ficld

They are among the smaltest cclls i the marrow , and the only cells approachig

them 1 s1ze arc the smaller nucleated erychroid cells These arc casily recognized
y thar densc and pyknotic nucleus

Juing page 29
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unpublished data) we have tried to follow the labelling of cells
in guinea pig bone marrow. Table II gives preliminary results in

Table I

LABELLING OF MARROW LYMPHOCYTES
AND TRANSITIONALS AFTER TUYMIDINE

Lymphocytes Transitionals
No of  Howrs dfter P
experiment  thymidine Counted Labelled Counted Labelled
3 2 2 o 20
106 6 200 3 30 3
10} 7 200 12 Not counted
92 24 200 10 - —

Uapublihed data, Everett, Remhardt snd Yoffey {1950)

In &e last two expenments many of the transiuonals were damaged and others were
dificult to dentfy They have therefore been recorded as “not counted” “Lympho~
cytes™ means mu{\ lymphocytes

four anmals. The small lymphocytes do not label within the
first few hours. However, duning this time the transitional cells
are labellng actively. From four hours onwards, increasing
numbers of labelled small lymphocytes appear in the bone marrow
(cf. Schooley, Bryant and Kelly, 1959). Smce the transitional
lymphocytes undergo mitosts very infr ly, if at all, these
Iabelled small fymphocytes must have entered the marrow from
the blood stream. A fuller discussion of the reasons against the
view that lymphocytes are being formed in the marrow will be
found elsewhere (Yoffey, 1960).

1€ these observations can be substantiated, they would fit in
with the thesis that the small lymphocyte reaches the martow in
an inactive phase, incapable of DNA synthesis and growth, but
aftec a while becomes transformed nto the transitional cell
(Yoffey, 1957) which s capable of DNA synthests, and which
grows rapidly untl 1t reaches the blast cell stage, when rmtosis
oceurs. Mitoses in the group of transitional cells, as alteady noted,
are singularly infrequent. Further there are countless gradations

of size from the small lymphocyte via the transitional lymphocyte
to the blast cell.
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Migration of lymphocytes to the marrow

The evidence for the migration of cells to the marrow is both
direct and indirect. The indirect evidence is twofold: first, that
the marrow contains large numbers of lymphocytes, with no
indication of their being formed there; second, that the marrow
lymphocyte population may undergo substantial increase in too
short a time for this to have been due to multiplication in sitw.

The direct evidence consists of the identification in the marrow
of labelled lymphocytes mijected into the blood stream. The
experiments of Farr (1951) and Fachtelus (1953) were of this type.
Perry and co-workers (1959), in the dog, transfused autologous
lymphocytes which had been labelled in vitro with 32P, and found
appreciable activity in the marrow. Elsewhere in this volume
Everett and co-workers {1960) report the results of transfusing
into littermates lymph or blood containng labelled lymphocytes
from rats which had recerved injections of tntiated thymidine.
These labelled cells were found 1n spleen, lymph node, Peyer's
patches and bone marrow, but not in lung. Ambrus and Ambrus
(1059) found that large lymphocytes which had been Jabelled in
vitro with thymidie did not recirculate; a few were found in bone
marrow and lymph nodes  Some of these experiments involve
varying degrees of lymphocyte manspulation, and expose the
cells to conditions which may be far from phystological.

A prelimmary report by Bond (1959) suggests a promising
approach. Working with parabionic rats, he injected thymdine
mto one animal, while the connexton between the two was
clamped for one hour. At the end of this ume the clamp was
removed and the labelled cells could then pass from the donor to
the recipient ammal. Labelled mononuclear cells, both large and
medium-sized, were found in the bone marrow, spleen and
lymph nodes of the recipient. After 24 honrs the cells had under-
gone morphological changes whose siguficance was not clear.

In our own experiments (Everett, Remnbarde and Yoffey, 1959,
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If the small lymphocyte is being formed in the marrow, and if
the transitional cell is an inteemediate stage between it and a blast
cell precursor, the process must be merely one of gradual nuclear
shrinkage with shedding of most of the basophilic cytoplasma,
while what httle is left gradually loses its basophilia. There
also arises the quantitative problem of the small number of
the blast cells, which scem to be inadequate for the niceds of
erythropoiesis and granuloporess, without the added bueden of
lymphocytoporesis.

One final pownt of mtercst emerges from the data of Maloney
and Patt {1958). The labelled lymphocytes which they found in
the bone marrow were small, whereas nesther Cronkite and co-
workers (1959) nor Perry and co~workers (1959} appear to have
found labetled small lymphocytes in the thoractc duct lymph of
the dog. If these cells nevertheless appear in the bone marrow,
one may speculate esther that the labelled small lymphocytes
obtained direct entry into the blood stream, or else that the
Iabelled larger and medium lymphocytes which lefe the pre-
cursor pool completed the final stages of the reduction pathway
elsewhere.

‘Whether this mterpretation be correct or not, there 15 10w
sufficient evidence from what one may term the more physio-
logical of the labelling expeniments to indicate that lymphocytes
from the blood stream may find their way in appreciable numbers
to the bone marrow, though it has not been possible as yet to
estimate them quantitatively, or to determmne the fate of the
Iabelled cells.
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DISCUSSION

Cronkite: Anaesthesia 1s necessary in most of these expeniments and
it makes a fantastic difference in the output of the thoracic duct lym-
phocytes in the various specics. Arc these being counted under identi-
cal conditions so that the output per kg, is under the same experimental
conditions?

Yoffey: The guinea prgs and rats were under Nembutal, and I believe
your dogs were also under Nembutal, I quite agree about the effect of
anaesthetic, and we have had that problem throughout with lympho-
cyte production. Many years ago I anacsthetized 2 serics of amimals,
did blood counts at intervals and found a fall in the blood lymphocyte
count (1935, loc. ¢it), That of course just aggravates the problem. One
has the fecling that throughout one 15 getting consistently low figures
for lymphocyte producton Prof. Remhardt and I (1957, loc. cit.),
tried in the guinea pig to do a very frapid cannulation—anaesthetize,
cut into the duct quickly, tear it and put a capillary tube there. Very
often we would be collecting lymph after ten munutes, just by capallary
suction. We thought we would reduce stress to 2 nunimum, Whether
we did or did not T don’t know, but the actual figures for lympho-
cyte output did not seem to vary from those generally obtained.

Cronkite: T would like o mtroduce at this stage the fact that for the
last two years Dr. Bond at Brookhaven has been carrying on a large
sertes of studses with cross 1 parat and fi of
trtium-labelled lymphocytes. To date, with lymphocytes labelled
or unlabelled, 1¢ has not been possible to demonstrate any protection
against radianon mjury.

Next, a significant percentage of all classes of lymphocytes can
eventually be labelled, yet after transfuston, parabosis or cross-circula-

tion, when the animals are sacrficed at regular intetvals and a system-
ate search 1s made for the labelled cells, one can admittedly find
Lubelled cells m the thymus, spleen, and lymph nodes, but 1o date we
have found not one labelled erythrod cell, and only a VEry rare neutro-
phulic precursor that posstbly came in through the thoracic duct—we
do not know »f there was any transformation The only things, in this
type of expenment, that we have found labelled that would begin to
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if the theory were correct—all of them would undergo myeloid meta-
plasia from the outset. Now in fact they do not, although they do at
certain pertods of foetal ife, and they can do so even during adult ife,
though they do not do so often, thncvclr 1 fele doubts about the
e 1.t T L.
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were are 2 JOL 01 UICT LUU 14Lts DOUL I 10 EXPIUL 1L WE dLE Ligul,
then I do not know how to exphin these other facts to which I have
referred.

Lgtha: Regarding lymphocy fusion in protection against radi-
ation, I think the main question is: what sort of protection? You can
get some sort of protection by transfusing or injecting lots of things
into animals, but that is rather different from the type of protccton
which you get when you transfuse ntact myeloid elements  Stuart
Finch and hus group in New Haven have shown {personal communica-
tion) that even a completely cell-free RNA extract can protect to some
degree against certan doses of radiation. When it comes to proving
whether 1t is cellular protection, or some humoral factor {which may
be a very real adjuvant), then I think the type of experiment which Dr.
Loutt has done is very uscful. In these experiments you irradrate your
control suspension with a dose which you know leaves no viable cells,
and sf the protection 1s still ssgnsficant then you can say that the protec-
tion 15 due to a humoral factor and not to cell colonization.

Prof. Yoffey, you mentioned that rats and small rodents, because of
sLaal ot AR | - 1 T

RO B R [ PL I S t.

smaller or a very much larger number of cells smply by tux:nmg over
slower or faster. The question 15 ., what proportions of the exisung
stem cell compartment are in active turnover?

Vofl'e A vpiom - mecmmmnioe o alos alon cameee oW o . e A
cells are differentiating?
Lajtha: I suggest that as 2 possibility.
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suggest—but certainly not prove—any transformation of cells are
Tabelled plasma cells. Perhaps this is not 2 good experiment. We have
also done this sort of thing in the dog and 1n the guinea pig, in experi-
ments in which the circulation to the lower part of the body was
occluded and the lower extremities kept viable by extracorporeal cir-
culation of compatible blood. The labelling procedure takes place in
the upper part of the body for a period of ime adequate to metabolize
or mcorporate all of the admunstered thymudine. Then the circulation
is re-established, serial bone marrows are taken, and again we find no
labelled erythroid precursors, no labelled neutrophilic precursors, and
only an occasional plasma cell, large lymphocyte and reticulum cell
that 15 labelled

Yoffey: § thought Bond’s work (1959, loc. a1t ) was very intrigung.
He reported finding labelled mononuclear cells in the marrow. I had
meant to refer to that, but was leaving 1t to Dr. Everett to present data
on the finding of some labelled cells in the marrow and whether they

[FUSOR TR TR S | -

WILLL YOUL LLINgs WOUIG bE 3 CONCLUSIve answer: by the tme you
have got this label into your cell does 1t function as a normal cell?
Ido not know. All I can say 1s that of those cells ate normal cells,
and 1f they never develop any further, then lymphocytes would
apparently not have those potentiahittes. There stll remain many
problems.

Lymphocyte transfuston to give protection 15 another matter agamn
The literature 15 not very extensive, but certainly the consensus of
opimion is that 1t does not protect  In an early paper (Congdon, Up-
hoff and Lorenz, 1952, loc. ait.), however, 1t was reported that in a few
cases thymocyte suspensions seemed to protect, but this was never
pursued any further. Recently Salvidio, Oliva and Prerot (1958, for.
at) gave calf lymph node 10 rats and claimed to get protection; they
sad that other people had not got protection because they had not
given big enough amounts. Tamnota transfusion expert, but on the
Pasis of the story as we sec 1t unfolding wath thymidi hing has
got to activate the lymphocyte, and app 1y 1t docs not get
in lymphoid tissue. 1f 1t did you would never have lymphoid tissues,

d
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Tymphocyte, what you notice as the cell enlarges js that the cytoplasm
gradually becomes more basophilic. That is not a unique thing; you
get it in the lymph node too when you have what everybody accepts
as a stem cell, the so-called priminve reticulum cell with 2 non-baso-
philic cytoplasm, which gradually develops basophilia and becomes the
lymphoblast.

Lamerton; Labelled cytidine studies mught show up something im-
portant, and might answer Prof. Jacobson’s question as to which of the
cells are transforming, if in fact they are transforming. I think the
emphasis has been so much on DNA that we have forgotten what we
conld learn by looking at the RNA.

Yoffey: 1 think that 15 very sound, and I only wish you or someone
else would do these Jabelled cytrdine studies.

Everett: Dr. Ricke in my laboratory has cultured lymphocytes,
labelling them wath cytidne and some of the other precursors
that would go mto the RNA, and he does mdeed find that there
15 a relatively high turnover in the RNA compound but not in the
DNA.

Braunsteiner- In a recent experiment (not yet published) we spleen-
shielded muce by classical methods, and then exammed the blood cells
hour by hour. Since it was admtted that cells maght leave the spleen
of these mice and probably go into the bone marrow, we ought to
find the prospective stem cell 1n the blood of these mice before the
bone marrow recovers. After three or four days the count goes down
to several hundred cells; then between the fifth and eighth days, in our
experiments, we find about 6o or 70 per cent of what are called
medium-stzed lymphocytes wath a small but learly visible nucleolus,

and only a very small propornion of small lymphocytes. Shortly before
the bone marrow recovers there might be several thousand of these
lymphocytes in the peripheral blood, Between the sixth and eighth
days we find a tremendous increase, 1n the bone marrow, of what Prof.
Yoffey calls transittonal cells, and one or two days later we find normal
myclopotests, In the peripheral blood we never found any cell which
could from a h logical dpoint be called a myelobl. or any
classical myelotd precursor—we only found medium-sized lympho-

q't;s. ‘This naturally 15 very much m favour of what Prof. Yoffey
told us.
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Yoffey: Have you any experimental evidence?

Lajtha: No.

Yoffey: I think that makes it all the more important to try and define
the stem cell. Have you any evidence at all bearing on the stem ccll?
‘We have looked at the sinusoidal endothelium very carefully, and have
niot been able to find any evidence of transformation at all. That was

one of the more favoured stem cells 1n the Iiterature, We have also
looked at reticulum cells. We were up against the difficulty that in the
smear preparations on which we did our quantitative work, reticulum
cells were readily damaged. But i our sections, when we get stem
cell regeneration followmng irradiation (there is a new set of experi-
ments with parttal shielding now in progress), then we look at reti-
culum eells also as a possible source for new formation of hacmocyto-
blasts. That is the stem cell that everybody accepts: as far back as the
haemocytoblast stage everybody 1s happy; it 1s when you get past the
haemocytoblast stage that doubts begin to arise. But in these sections
we found all possible transitons in cell size between the small cells
and the haemocytoblasts. I can show you whole areas in which there
are any number of those transitions, but no more than a very occastonal
mitosts of a reticulum cell, though I must admie that, Jargely because of
difficulties of identification, we have not performed counts of reticulum
cells 1n sections.

Jacobson. Has anyone tried to differentiate between those lympho-
cytes which arculate and the assue which in face bears them? For
example, has anyone studied the effect of transplantation of the
mesenteric node, let us say to the bone marrow, in companson with
the circulation of the cells that are leaving? It seems to me this mught
be important, and the posubihity that there mught 1n fact be two
populations has, I think, been suggested by someone m Sweden some

years ago.

Lamerton: If the small lymphocyte docs transform, 1t must have 4
very high rate of protein synthests at some pomt. Is there any evadence
with RNA labelling that this 15 happenmg to any small lymphocytes?

Yoffey:We have not done any RNA labellng. The small lympho-
cyte, when 1t forms in the lymph node, comes from heavily basophilic
precursors which gradually lose thar basophila. In the marrow, in
the scres of eells which we have interpreted as reactivation of the small
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It has been stated that the research tool provided by the radio-
active tracer elements is as fundamental as was the invention of the
microscope (Warren, 1949) It 15 doubtful that this is the case
with respect to problems of blood cell formation and develop-
ment. Nevertheless, 1t 15 unquestionable that the application of
radioisotopic methods has contributed sigmificantly to our
knowledge of haemoporesis. Furthermore, a continued exploita-
tion of these methods can be expected to play an important rdle
in providing answers to many of the unsolved problems we face
concerning the origin, function, lifespan and fate of certam of the
blood cells.

The utility of a radioactive isotope 1s due to 1ts nuclear mstabsl-
1ty which provides a sensitive means for following its uptake and
fate 1t has been estumated that the sensitivity of the radiorsotopic
methods 15 of the order of 10° times greater than the most sensi-
tive gravimetric methods. It 1s to be bome m mund, however,
that the radiation emussion associated with nuclear instability can
disturb the equilibnium of normal cell processes. Our assumption
that radioisotopes (n doses commonly employed for blood cell

*
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We are labellng the spleen cells of these animals by mjecting
hymidine shortly after irradration and spleen-shielding. After a short
time labelled cells can be found in the peripheral blood and they settle
down in the bone marrow. By this method we hope that it wall be
possible to determine the nature of these motile cells from the spleen
and to follow step by step their fate in the bone marrow. Quanutative
data wll be presented soon.
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superiority of radioisotopic methods over most other methods of
cell labelling.

Radioisotopic techmques employing conventional counter
methods have been successfully applied in studies of leucopoiesis
as well as in studies of erythropoicsis. These methods simplify the
quantitative approach to the problem. The methods are often
limited, however, by the nced for obtaining relatively large
samples of one blood cell type; this is dfficult to achieve except
for red blood cells. Thus, the most successful applications of
these counter methods have concerned the erythrocyte which has
been labelled with a vaniety of radioisotopes including 35Fe, $Fe,
32p, C, %8, and 3*Cr (see review by Berlin, Waldmann and
Weissman, 1959).

Radsoautographic techniques applied to the study of blood cell
production have been most rewarding, They provide for the
precise 1dentification of labelled cell types. Thus, it has been
possible by employing radioautography with selective radio-
materials to learn much about the site of ongm, rate of produc-
tion, hfespan and fate of the individual leucocyte cell types within
mixed populations of cells (Patt, 1957; Bryant and Kelly, 1958;
Bond et al., 1959; Cronkate et al., 1959; Diderholm and Fichtelius,
1959; Lajtha, 19594, b; Patt and Maloney, 1959; Schooley,
Bryant and Kelly, 1959; Yoffey, Everett and Reinhardt, 1959;
and Everett, Remnhardt and Yoffey, 1960). Radioautography has
also been applied effectively in determining the generation time
and hfespan of the erythrocytes {Lajtha and Swt, 1955; Harriss,

1957; Everctt and Yoffey, 1959; and Lamerton, Belcher and
Harriss, 1959).
Rad

grap bines the ad ges of the classical
hustological methods with those of the radiossotope. The theory,
practical applications, limitations and shortcomings of the method
will not be presented here since they have been adequately dis-
cussed elsewhere (Gross et af , 1951). It1s perhaps desirable, how-
ever, to present certamn technical aspects of radioautographic
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labelling) produce no significant radiation damage to the cells
may not be vabid in all instances. For example, Painter, Drew and
Haughes (1058) have shown an inhibition of HeLa celt cultures
grown on a medinm containing 2- § to spcfml. of PH]chymidine.
Taylor (1958) noted chromosomal aberrations within Bellevalia
containing this same concentration of [PHjthymidine. Drew and
Painter (1959) observed that very few Hela cells survive and
contintie to divide after growing in a medium containing [*H}-
thymidine at concentranons of o+ 1 pc/ml. or greater. Wimber
(1959) has observed frag jon of ¢} in the root
1ips of Tradescantia paludosa grown in 1 or 2 pcfml. of PH]thymi-
dine. The mitotic ndex dropped sharply in roots which had been
exposed to 1 peiml. of PHjthymidine for periods of more than
cight hours. It is gratifying, however, that with in vivo studies
Crankite and co-workers {1959) found no ewvidence of classic
cytological effects of radiation in mammalian cells with doses up
to 2p¢/g. of PH]thymidine. This dosage 15 of the order of two or
more times that required to produce effective labelling of cefls in
haemopoietic and other proliferating tissues Johnson and Cron-
fate (1959) reported that the biological effects of [PH]thymidine
in doses under 1 pcfg. body wetght on mouse spermatogonia
are comparable to those of less than 2 r. of y-irradiation per

.

An 2ddiional consideration which 1s perhaps of lesser import
than that of radiation damage is the possibihity that the decay
product of rad < el used for habelling may be toxic to
the cell, Finally, an assumption we make m employing radiowso-
topes is that the radioclement has the same chemical reaction
within the cell as does the normally occurning element. This may
not be correct 1n all mstances, particularly when the difference 1n
smass between two isotopes 15 iderable. To our knowledge,
however, this has never been reported as a linutation. The fact
that 2 radioelement can be expected to exhibit the same chemical
reactions as the normally occurrmg stable form accounts for the
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provides for a thin umform layer, lessens the chance of emulsion
slippage during subsequent processing and generally insures
against formation of artifacts.

In the case of tissue and blood smears, however, the nitro-
cellulose covering impairs the staining reaction. Thus, we now
process smear preparations of hacmopoietic tissues without coat-
ing with nitrocellulose. The conventional blood stains cannot be
used prior to covering the tissues with photographic emulsion
since they contain methylene blue or other similar dyes which are
reducing agents and thus effect a histochemical reduction of the
emulsion.

The procedure we now employ is to dip the glass slides in 2
weak solution of gelatin o+ s g. gelatin and o-05 g, of chrome
alum in 100 ml. of H,0) before making the tissue smears. The
smears are then fixed tn absolute methano), dried and coated with
melted Eastman Kodak NTB3 emulsion diduted in the ratio of
two parts of emulsion to one part of water. To each ml. of this
dilution, two drops of a 1 per cent solution of the detergent
Dupanol (Proctor & Gamble Co., Cincinnaty) are added. This
solution i combrnation wath the gelatin-covered shdes promotes
an even spreading and adherence of the emulsion. The slides,
after drying, are then placed m hght-tight boxes contaming a
destecant and exposed for two to three weeks at §°, After de-
velopment 1n the conventional way, the preparations are stamed
for 2 to 15 mnutes 1n a 1 per cent solutton of Leishman-Giemsa
of pH 6-7 at 5°. Differential de-starming 15 done with H,0; after

drymg m air coverships are appled using a neutral mounting
medium.

The only real difficulty we have encountered with this pro-
cedure has been the occasional histochemucal reduction produced
by smears of thymus and less frequently by bone marrow. This
difficulty can be sun d, h s bjecting the smears
to several changes of H,O after nutral fixation. It was previously
d d {Everett and S; 1953) that water is most
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applications to studies of blood cell formation when using
tritinm-labelled compounds.

Tritium is most satisfactory for radioautography, as was shown
initially by Fitzgerald and co-workers (1951), because the low
energy of its beta particle {0018 mev) gives high resolution and
provades for discrete Jocaluzation. Thymidine was shown to bea
spectfic precursor of deoxyribonucleic acid (DNA) (Reichard and
Estborn, 1951). Thus, with the development of [{Hjthymidine
{ITH) by Hughes (cited by Wimber, 1959) and by Verly,
Firket and Hunebelle (s958), an excellent tool became available
for studies of cell formation, lifespan and fate. This has been
demonstrated by a number of recent studies from the Brook-
haven Laboratories (Bond et al., 1959; and Cronkite e al., 1959}
as well as by others. Cronkste and co~workers {1959) have pro-
sented a good account of the premises made in using TTH for
studies of DNA synthesis and cell tumover in hacmoposetic
ussnes. Furthermore, the use of TTH in studies of blood cell
formation is to be discussed by Dr. Cronkate at this symposium.
Thus, a specific consideration and crtique of the TTH technique
in relation to our studies will not be made.

Radi ;) 3 e Tahellod d
graphy using trit; p

In our experence, the integrated method of radioautography
developed by Belanger and Leblond (1946) has been the method
of chowce. The only significant change which we have made in
the method for the localization of tntum 1 sections of haemo-
potetc assues 1s to dip the mounted sections twice mstead of
three tumes in a 1 per cent solution of mtrocellulose in ethet-
alcohol. With this method, we have obtamed most satisfactory
silver reduction and discrete localizanon of trinum m smeats
having a protective layer of mtrocelinlose less than o+ 52 1 thick-
niess {Everett, Reinharde and Yoffey, 1960). The nittoceBulose
film promores the spreading of the emulsion over the tissues,
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into small pieces and teasing in homologous serum. Sections were
cut at § ¢ of thymus, bone marrow, mesenteric lymph node,
spleen, Peyer's patch and cervical lymph node after fixation in
Bouin'’s fluid and embedding in paraffin.

The mounted tissue sections were stained in haemalum for two
hours and in 1 per cent eosin in 70 per cent alcohol for § minutes.
Radioatttographs of the scctions and smears were prepared as
described earlier (Everett, Reinhardt and Yoffey, 1960) except for
the slight modifications indicated above for the tissue smears.
Two wecks was the standard period of exposure for all slides and,
in most instances, additional shdes from each experiment were
exposed fonger.

The difficulty of placing thoracic duct lymphocytes in the three
conventional categories, large, medium and small, upon the basis
of absol m smear preparations was idered
previously (Everett, Rainhardt and Yoffey, 1060). This difficulty
of classifying the cells upon the basis of size 15 equally apphcable
to smears of blood and of the minced tissues. In our recent
studies n the rat, however, we have employed cell measurements
in classifying lymphocytes in all smear preparations; this provided
a better basis for comparing the counts made by different individ-
uals, Lymphocytes of 7p or less 1n diameter are considered small,
those more than 7 and less than 1op as medium, and cells Top or
more are clasafied as large.* These hmts were chosen on the
basis of a frequency distnbution chart prepared by measurimg the
diameter of many lymphocytes in several different smears. It
may be sad that the lymphocytes having a diameter of less than
74 possessed the charactensstic high nucleus to cytoplasm ratioand
polar cytoplasm.

As reported previously (Everett, Reinharde and Yoffey, 1960),
Labelled large and medium-sized lymphocytes appeared in thora-
cic duct lymph of the gwnea pig within the first hour after TTH
administration. Labelled small lymphocytes began to appear

* The respective lymphocytes of the grinea pig are shghtly Lirger.
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effecuve in removing histochemical reducing agents from fixed
tissues.

Tritium labelling and the production of lymphocytes

Labelling with single injections

‘We have employed the radioautographic procedures described
above in studies of lymphocyte production, lifespan and fate in
the guina pig and rar. Since our observations relative to the
appearance of labelled cells in the thoracic duct lymph of the
guinea pig have recently been published (Yoffey, Everett and
Reinhardt, 1958, 1950; and Everett, Reinhardt and Yoffey, 1960},
we propose to give major consideration to more recent studies
using the rat, and to present the results of our efforts to answer
certain problems of lymphocytopoiesis raised in the earlter studies.

The ammals used included male rats of the Sprague~Dawley
strain weighing 200-250 g., and male guinea pigs of a mixed
strain weighing about 400 g. Tntiated thymidine (Schwarz),
having a specific activity of either o: 36 or 19 c/m-mole¥*, was
given mtraperitoneally or mtravenously to the guinea pigs, and
intrapenitoneally to the rats, in doses of 1pc/g. body weight. At
varymng pertods, thoracic duct lymph was collected as described
by Rembhardt (1945) and Remnharde and Li (1945) for the rat and
by Remnhardt and Yoffey (1957) for the guinea pig. Smears were
made of lymph which had been concentrated in serum as des-
cribed previously (Yoffey and Courtice, 1956; and Everctt,
Reinhardt and Yoffey, 1960). Blood films were made at times
comerding with the periods of lymph sampling. At the termina-
tion of the experiment, smears were made of bone marrow sus-
pensions obtamned by a technique previously described (Yoffey,
1955). Smears were also made of thymus and of superior mes-
entenc lymph node suspenstons prepared by cutting these nssues

+ With few execptions, gumnea pigs received the 1+9 ¢/m-mole [*H]thymidine
and rats the o+ 36 ¢/m-mole.
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Figs. 3-6 are tepresentative radioautographs of labelled lym-
phocytes in rat thoracic duct lymph at different times aftec TTH
administration. It was observed, as reported previously (Everete,
Reinhardt and Yoffey, 1960), that the cells of the early intervals
are heavily labelled and that the intensity of labelling is decreased
in cells of the later intervals. This decrease in intensity of labelling

is apparent for the small lymphocyte as well as for the large and
mediume-sized cells.

LABELED LYusMOCYTES DN BLOOG OF THOWACIC DUCT FISTILA AMINALS
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Fig, 2. Labelled lymphocytes i blood of gunea pigs.
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The lymphopoietc centres (spleen, thymus, lymph node and
Peyer’s patch) of the rat as well as of the gumea pig showed
abundant proliferative actvity (Fig 7). The extensive labellng
m these centres made 1t evident that there was a large reservoir

ofnewly formed lymphocytes which could be released to thoracic
duct lymph

Labelling with multiple injections

The data presented 1n Fig. 1 show the maximum percentage of
Iabelled lymphocytes m thoracic duct lymph of the guinea pig
after 2 single dose of TTH to be 6 to 7 per cent, of which about
half, or 3 per cent, are small. Furthermore, the percentage of
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the fourth hour and increased in numbers as the proportion of
labelled large and medim lymphocytes decreased. This sequen-
tial appearance and the percentages in which the labelled large,
medium and small lymphocytes appeared in thoracic duet
Iymph are shown graphically (Fig. 1).

The percentage distribution of labelled lymphocytes in blood
with time follows the same pattern as that of lymph {Fig. 2).

This pattern s also typical for the Jabelled lymphocytes m the

LABELED LYMPNGCYTES IN THORACIC DUCT LYMFH

i
i
¢
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i
IJI

132 EE) @

% OF FOnL LAPROCYTES

A She deep T HIE
TIME AFTER WY THYMITRE

Fic. 1 Labelled lymphocytes in thoracic duct lymph of guinea pigs.

smear preparations of lymph nodes and thymus at the correspond-
ing time ntervals.

The above observations were repeated m the rat at the same
sntervals after TTH admimstranion.  Although a full account of
these obscrvations for the rat is not mcluded here, 1t may be sad
that the results were sumilac to those of the guinea pig studies. The
only essential difference was a lower percentage of labelling for
the rat thoracic duct and blood lymphocytes. For example, the
tharacie duct lymph of the rat at 6 to 7 hours after a single dose
of TTH contamed 4 per cent of labelled cells, the ughest per-
centage observed. In comparison, 54 per cent of the cells m
gumnea pig Iymph were fabelled at this time,
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Fi6s 3-6 are radioautographs of lymphocytes from thoracic duct lymph of rars
subscquent to the admnstration of £ wesg of tatiated thymdine
Fic 3 Labelled large and mcdiom lymphocytes o-2 hrs after TTH, 14 days
exposure (% 1,800

Fic 4 Labelled small and Large-medsum lymphocytes 4}-s} hrs after TTH,

21 days exposure (x 1,800)

Fic s Labelled didng lymphocyte 453§ hrs after TTH (x 1,800}

Fic 6 Weakly labelled lymphocytes, small and lasge, 72 hrs afer TTH, 21 days
exposure {x 1,800)

Fi6 7 Lymph node showing numerous labelled cells 2 hrs. after TTH, 56 days
exposure {x 258)

Jacwng page 52
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fabelled lymphocytes in blood s approximately the same for
most of the cotresponding intervals. Irshould be noted, however,
that the labelling intensity of the majority of small lymphocytes
appearing in fymph or blood three or more days after thymidine
adniinistration is much reduced (Fig. 6); this suggests that these
small lymphocytes arose from lightly labelled larger precutsors
present at these later intervals. We have no evidence as to the fate
of the heavily labelled small Iymphocyte; its Iifespan in the blood
is braef.

It seemed possible that the fulure to Jabel a greater percentage
of the small lymphocytes with a single dose of TTH might be due
to a very short intermitotic period for the precursor cells. Ths
would mply a proportionately brief DNA synthetic period and
would mean that a much smaller percentage of the daily output of
tymphacytes would be labelled from a single injection of TTH.
In order to test this possibility, rats were given multiple doses
(x pc/g.) of TTH as follows: two received three doses each at
two-hourmntervals, tworecerved shree doses at five-hour intervals;
one recerved six doses at 3o-munute tntervals, Twenty-four hours
after the last mjection, thoracic duct lymph was collected and

d graphs were prepated as descnbed above.

The percentage of Jabelled cells was mcreased only stightly in
these arumals over that in lymph collected 24 hours after a single
dose of thyridine. In no wmstance was the increase more than t to
2 per cent

As a sequel to these expertments, 1t seemed appropriate o go
to the other extreme and to admnster multiple doses of TTH at
longer tervals. For ths, a male rat was given an injectson dose
of 1 pefg. at weekly mtervals for six wecks. Thoracic duct
1ymPh was collected one week after the last ijection. Radso
auzographsof this fymph, after the standard twoweeks” exposure,
sevealed that 8+ 6 per cenc of che lymphocytes were labelled, most
of these being small. The labelling for the majonty of the cells
wasweak,as in the previous mstances at longer intervals following
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thymidine administration. It is probably significant, however,
that with prolonged exposure periods, considerably more small
tymphocytes from this animal effected a reduction™® of the emul-
sion sufficiently above the background level to be interpreted as
Iabelled cells. ‘After 20 days’ exposure, 16 per cent of the cells
were chssified as labelled and after 62 days, 30 per cent were so
characterized. That more lymphocytes registered radioauto-
——liol e, A . RN o ALT a o
radioautographs of lymph from a rat one month after TTH
cvidenced 1+6 per cent labelled lymphocytes after 14 days’ ex-
posure and 2- 6 per cent after §6 days” exposure. Incontrast, lymph
samples collected 24 hours after injection of TTH m each of two
cases showed essentially the same percentages of labelled lympho-
cytes after exposure periods of 9, 14, 27, 42 and 56 days. This has
cen the case, too, for lymph collected at still shorter ntervals and
exposed for 14 and 21 days. It 15 readily apparent that these
obscrvations sigmify the need for a most careful consideration 1n
evaluating labelling intensity and percentage labelling with re-
spect to exposure time and with respect to the interval of samp-~
g Two weeks’ exposute was more than adequate for the

Fics. 8-10. Labelled medium and large lymphocytes from teased preparation of
thymus (Fig. 8) and of lymph node (Fig 9} after 20 munutes i wiro culture 1
TTH; 14 days exposure  (x 1,800,)

FiG. g0, TiLMea a3 ettt e & o

FG. g1, . .

Fics 12and 124 Labelled retcular cells and non-labelled lymphocytes of lymph
node from gunea pig with pertussis-induced lymphocytosis 24 hrs afier TTH.
The reticular cell at the upper left of Fig. 12 was focuscd to show the cytoplasm,
The Iymphocytes are densc due to the longer stamung necessary to show the
rencular cells in berter detall. Fourteen days exposuze. (x 1,800)
* Two or more grams per cell as opposed to a background of less than one
Erain per unit area comparable ta that of the cell.
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20 minutes at 37°, and then centrifuged, washed and suspended
as above. In all cascs, approximately o'15 ml. of scrum-sus-
peaded lymphocytes (total cells=about 9x 10%) was then placed
in the diffusion chambers which previously had been moistened
with heparinized Ringer's solution.

The diffusion chambers, shghtly modified from those of Algire,
Borders and Evans (1958), were made from Lucite rings of 7%
thickness, o- 5 inch outside and o+ 25 inch nside diameter. Dif-
fusion membranes 30p thick with average pore diameter of o+ 451
were secured to these nings with Millipore cement, x x 70000 00.

The lymphocyte-bearing chambers were then placed through
ventral midline incisions for culture in the pentoneal cavities of
rats selected from male littermates of the donor animals. Cham-
bers were cultured for one to three days; smears of chamber con-
tents as well as impnnts of diffision membranes were then pre-
pared for radicautographic processing. Control smears of lymph,
made immeduately after i1 vivo or in vitro labelling, were radio~
autographed at the same ume.

In addition to these experiments with cultured thoracic duct
lymphocytes of the rat, ccll suspensions were made of the thymus
and of the cervical lymph node of a guinea pig and Iabelled s
vitro as described above for the lymph (Figs. 8 and 9). Cells from
each suspension were placed in separate Milipore chambers and
introduced into the abdomunal cavity of the same ammal. After
24 hours, smear preparations were made and radiosutographed
along with the control shides. A labelled dividing cell from one of
these preparations 1s shown i Fig. 10,

At the present time, results are avatlable for only four expen-
ments 1n which thoracic duct lymphocytes were cultured. The

observations, ssmilar to those of Schooley and Berman {1960),
seem unequivocal, however, m showing the small lymphacyte
and thymocyte to be derved from their medium-sized counter-
parts, which in turn are derived from larger precursors. In all
expenments, control radicautographs showed that the only
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Iabelled cells of the early intervals and with longer exposure many
of the more heavily labelled cells could not be classified because
of the intense reduction of the overlying emulsion.

In vivo culture of labelled lymphocytes

For the following reasons, the results from both the guinea pig
and rat studiesindicate the developmental sequence of thelympho-
cyte to be Jarge->medium->small. (1) labelled large and medium-
sized fymphocytes arc present in all tissues at the carliest intervals
studied, although most are large; (2) the proportion of labelled
medium cells mereased dunng the first few houss; (3) labelled
small lymphocytes first appeared about the fourth hour after
thymudine administration; and {4) the average intensity of
labelling decreased from large to medium to small lymphocytes.
The possibility still existed, however, that the labelled small
Iymphocyte arose from other labelled precursors whose dentity
was overlooked. In an attemnpt to provide a definitive answer to
shus question, it seemed appropriate to culture labelled lympho-
cytes in Mullipose chambers to allow direct determnation of
changes in size distnbution of fabelled cells.

For these experiments, lymphocytes were labelled either in vivo
or 1 vitro. Lymph cells abelled 1 ywo were collected from the
thoracie ducts of adult male Sprague-Dawley rats which had
received parenterally t uclg body werght of TTH two hours
previously. Lymphocytes for i wutro labelling were obrained
from thoractc duct lymph of uninjected animals, Lymph was
collected for 30 munutes to one hour in a small vial in which
minute quantitics of powdered heparin and 400 unts of potassium
pcmcillin—ﬁ had bc'cn placed.

LERELERL | . T e | T Pt P9
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cyte production, thymidine has been given to animals having a
sususined lymphocytosis. A lymphocytosis was induced in two
guinea pigs and in onc rat by injecting swspensions of killed
pertussis bacilli as described by Tuta (1937) for the rabbit. The
injections of from 1 to 2% 10* bacilli cach were given at two to
three-day intervals until the peripheral blood counts evidenced a
sustained lymphocytosis. One guinea pig with an indtial leucocyte
count of 4,600 per cubic millimetre (65 per cent lymphocytes)
showed ant increase to 18,860 (85 per cent lymphocytes) in eight
days. The leucacyte count of the other ammal increased from
approximately the same initial value to 13,340 (85 per cent
lymphocytes) in two weeks. The leucocyte count of the rat
increased from 15,700 to 22,300 m two weeks with no change
from the initial 74 per cent lymphocytes. At these respective
times after the onset of the pertussis injections, each animal was
injected with 1 pcfg. of TTH. After 24 and 48 hours respectively,
samples of thoracic duct tymph, blood, lymph node and thymus
were obtained and p d for rad graphy as described
above. The percentages of the respective labelled cell types in
thoracic duct lymph and i the glndula mesenterica magna
appear in Table I

For companson, the percentages of labelled cells in control
ammals are given for the corresponding penods after thymidine
admunistration. It is observed that the labelled cells mereased 1
each case and range from about $0 to 150 per cent above the con-
trol values. This increase is of the same order of magnitude as
n;iglat be expected from the imncrease in the lymphocyte content of

ood.

Tt may be said that there was also a significant increase mn the
percentage of labelled cells 1n the lymph nodes and thymus. Of
special mterest 15 the mcreased number of rencular cells as well as

| L, N 2. T SO RSy U UG RPURRE M)
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labelled cells introduced into the Millipore chambers were of the
large and medivm vanetics. After culturing for 24 hours or more,
the labelled cell types were predominantly medium and small
(Fig. 11). The data for thymus and lymph node cells are presented
in Table L.

Tt1s perhaps significant that the percentage of cells labelled from
it vitro cultures of thymus was more than twice the percentage
Iabelled in lymph node. Schooley, Bryant and Kelly (1959)
similarly reported a greater percentage labelling of thymocytes

Table I
CHANGES IN SI28 DISTRIBUTION OF CELLS LABELLED in titro
AND m pivo ™
In vitro contrOL;
Cells 9% Cells Labelled cetl types
Tissue sovnted labelled a5 % of toral cells
L M S
Lymph node 743 28 o8 9 000
ymus 05 68 o4 63 000
I vive 24~HOUR CULTURE,
Cells %% Cells Labelled cell types
Tissue counted  Tabelled a5 %, of total eells
L M s
Lymph node 673 3 o 247 10
Thymus 626 75 o 43 32

L—Large, M—Medum, S$—Small

than of lymphacytes after in vitro culture of rat thymus and lymph
node suspensions 1n TTH. These observations are also m accord
with the studies of Andreasen and Ottesen (1945) which showed a
greater renewal of DNA for thymus than for lymphod organs.

Lymphocyte labelling in pertussis
vaccine-induced lymphocytosis
In attempts to answer the question of whether our procedures
employing TTH provide for an accurate assessment of Jympho-
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one, approximately half of the labelled cells arc damaged.
Although most of these cells could not be classified as to cell type,
it is onr impression that by far the largest numbers of damaged
cells were reticular in type.

Recirculation of transfused labelled lymphocytes

Reference was made above to the fact that only a small propor-
tion of lymphocytes appearing in thoracic duct lymph after 2
single dose of TTH were labelled. Assuming the premises of
TTH lbelling to be correct, this shows that only a small per-
centage of the lymphocytes in thoracic duct lymph are newly
formed. Thisis in accord with the studies of Gowans (1959) who
recovered at least 80 per cent of mtravenously administered
tymphocytes from the thoracic duct. The experiments of Gowans
(1959} on mfusing unlabelied or *#P-labelled cells provide very
suggestive evidence of extensive recirculanon.  Yoffey and
Drnker (1939) reported recirculation but felt it to be on a small
scale. The crittcal test of recireulation is thought to reside sn the
direct dentification of recirculating cells. For this purpose TTH
labelling 15 considered to be more speatfic in the sense of providing
for the actual idenufi of labelled recirculating cells. With
the hope of contribunng more direct information relative to re-
arculation, attempts have been made to recover trtume-labelled
lymphocytes in blood, lymph and tissues subsequent to intraven-
ous adminsstration. Male rats of the Sprague~Dawley strain have
been used and tabelling was effected using our standard dose of ©

ne TTH per gram body weight. Thoracic duct lymph {o- 5 10
1ml) wascollected in separate sced vials from each of five animals,
This was given by vem to littermates of the donots. The number
of lymphocytes admastered vaned from 1 ox 167 to 8- 1x 107,
of which approximately 3 per cent were labelled as determined by
control radioautographs. Thoracic duct lymph was calfected
from the reaipients after 20 to 3o minutes and after 4, 5 and 18
hours. Radioawtographs were prepared of the lymph, blood, and
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Fics
wwracic duct lymph, 28 days exposure {1,800 )
Fics 15and 16 Labelled lymphocytes i bone matrow, 21 and 14 days exposure
tespectivly  {x 1,800}
Fic 17 Labelled small lymphocyte i lymph node, 21 days exposure (x 7,800)
Fic 18 Labelled medmm-large lymphocyte m spleen, 14 days exposure,
(x 1,800)
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of suspensions of the haemopoietic organs. Labelled small
Iymphocytes were not abserved in the 20- and j0-minute samples
of thoracic duct lymph, but 2 few were found in the 4- and 18-
hour samples.

In another series of rats, blood was removed in two to three
stages by cardiac p and replaced ; Iy immedi~
ately thereafter with the same volumes of blood from littermates
which had received TTH 24 hours previously. The animals were
lightly anacsthetized with ether for the procedures; the donors
were given 37 pg. of heparin per 100 grams body weight intra-
venously. These exchange transfusions have been made for five
paus of rats in the weight range of 200-250 grams, and the
volumes of blaod exchanged have varied from 5+ 3 to 9+ 6 mall-
litres. The number of transfused labelled lymphocytes in the dir-
culation of the recipients was esumated to be from 2+3x 10% 10
5 2% 105,

At 6, 12, 24, 36, and 48 hours after transfusions, smears were
made of thoracic duct lymph and blood, and in some cases
smears were made of bone marsow, thymus, and lymph node.
Tissue sections were made of the superor mesenteric and cervical
Iymph nodes, thymus, bone marrow, spleen and lung. Radio-
autographs were prepared of the smears and seetions as above.

A number of labelled small and occasionally medium-sized
lymphocytes were seen i thoracic duct Iymph subsequent to the
intravenous admunistration of blood (Figs. 13 and 14). The num-
ber of labelled cells observed, however, was small, and they were
not seen m all samples from tus series. They appeared with
greatest frequency 1n the 24-hour sample. No labelled lympho-
cytes were observed 1 the blood 48 hours after admunistration.

Labelled small, medsum and large Jymphocytes were also
obsesved m sections of spleen, lymph node, bone marrow and in
Peyer's patches {Figs. 15-18), but not m lung. In some scctions
they were clearly within the capillanies. In other mnstances, how-
ever (lymph niode, bone marrow and Peyer’s patch), labelled




Fics 13-18 Labelled lymphocytes m varnious tssues of a rat 24 hrs after beng
transfuscd wath blood from a littermate previously myected with TTH
Fics 13 and 14 Labelled medium and small lymphocytes respecavely from
oracic duct lymph, 28 days exposure (x 1,800
F16s 15and 16 Labelled Iy mphocytes n bone martow, z1 and 14 days exposuze
respectively (X 1,800).

Fic 17 Labelled small lymphocyte i lymph node, 21 days exposure (x 1,800)
Fic 18, Labelled medum-harge lymphocyte m spleen, 14 days exposure,
(x 1,800)
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cells appeared among the other cell types within the parenchyma.
Tt may be significant that in proportion to the areas of tissue
scctions examined, labelled lymphocytes were seen with greatest
frequency in bone marrow. This could be related to the vascular-
ity of the tissue. These data show that small and medium lympho-
cytes pass from blood into Iymph and tissues, but do not provide,
however, a basis for estimating the percentages of labelled lym-
phocytes leaving the circulation to reappear m the i
tissues or thoracic duct lymph.

P e

Interpretation and significance of the observations

The sequence in which the labelled large, medium and small
Iymphocytes appear following a single dose of TTH, the change
in their percentage distrbution with time, and the results of the
in vivo culturing of labelled large and medium lymphocytes seem
to show rather conclusively that the developmental pattern of
l)'mphocytcs 15 large—+medium—>small. In addition, the increase
1n the number of labelled reticular cells and the mcrease 1n labelled
lymphocytes of the respective sizes following pertussis-induced
lymphocytos:s are n accord with the ““stem cell renewal theory”
of lymphocyte formation proposed by Sainte-Marie and Leblond
(1958 for the thymus. This theory states that large lymphocytes
are denived from reticular cells; the large lymphocytes then pass

[ N s

reticular cell or from a first generation large lymphocyte. Al-
though our data are not adequate to determne the number of
gencranons from stem cell to defimtive small lymphocyte, it is
apparent from the decreasing grain count that a number of divi-
sions intervene.

Reference has been made to the active ccll proliferation withmn
the lymphopoietic centres of the rat and gunea pig as evidenced
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by thymidine uptake. It is difficult to reconcile this observation
with the relatively low percentages of labelled small lymphocytes
which subsequently appear in thoracic duct lymph. Furthermore,
it might be expected that if the 2 to s per cent labelled large and
medium lymphocytes which are present during the first few
hours should continue their expected developmental sequence, 2
much higher percentage of labelled small lymphocytes would
result. In fact, when the labelled small Iymphacytes are present in
greatest numbers, the total percentage of labelled lymphocytes s
about the same or shightly less than the percentage at the eatler
intervals. The failure 1o obtain a larger percentage of labelled
small Iymphocytes may be related to the greatly diluted TTH
resulting from continued division of the labelled precursors. For
example, a large Iymphocyte effecting a reduction of 100 silver
grains would be interpreted as a heawily labeiled cell. Assuming
that such a cell was in the second generation according to the
schema of Samte-Mane and Leblond (1958), the derived small
lymphocytes might be expected to produce an average of one and
a half grains within the same period of exposure. Tt is likely that
many cells of this category would be overlooked or not inter-
preted as labelled cells. Another possible comphicatig factor re~
lates to the geometry of the cells 1n smear preparations, Large
lymphocytes could concervably flatten more than a small cell and
this would provide for more effective reduction by the weak beta
particles of tutium i the larger cell. Thus, 1t scems possible that
many small lymphocytes arising from hightly labelled precursors
may not register radioautographucally under the usual conditions
of exposure.

The refability of attempts to determunc accurately the numbers
of newly formed small lymphocytes may be questioned on the
basis of the lymphocytoss experiments. In two guinea prgs, for
example, the blood leucoeyte count was mcreased two to three-
fold; p bly the production rate was d as judged
from prohfesative activity 1 the lymphopoietic centres. It might
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be expected that a large fraction of these newly formed cells
would be labelled. Although there was an increase in the labelled
cell population in all tissues studied, the increase was not of the
magnitude expected. It 1s possible, however, that the TTH in-
jections were not made at the right times to allow maximal
labelbng,

A limited number of transfusion expertments (lymph or blood)
showed clearly that some small lymphocytes recirculate from
blood to lymph, but the numbers of labelled cells administered
was small and the periods of sampling too brief to estimate per-
centages. It would appear, however, that there was no predilec-
tion for labelled cells to appear in thoracic duct lymph ot in
lymphoid tissue. In fact, when considered with respect to the
size of the tissue sampled, the greatest numbers of labelled
.1 . PR - "o 1,

evidence, however, that the transplanted labelled cells seen in
the bone marrow or other tissues were undergomg division or
transformation

It is believed that the exchange blood transfusions provided the
most physiological means to mtroduce labelled lymphocytes from
one animal to another; httle ttme was lost 1n transfer and in vitro
manipulations were reduced to a mimmum. Furthermore, these
experiments provided for a more satisfactory 1dentification of
labelled cells 1n the recipient.

In evaluating the results of these transfuston experiments, 1t 1s
perhaps important to consider the fact that small amounts of
heparin were introduced with the blood or lymph and that the
recipient rats were lightly anaesthetized with ether dunng the
bref period of transfusion Ether and heparin have each been
reported to alter capillary permeability.

Even though the present studies show that some labelled lym-
phocytes recirculate from blood to lymph, the observations are
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not in accord with 2 continuous recirculation of these TTH~
labelled cells between blood and Iymph nos are they 1 accord
with a long blood lifespan for these cells. Admittedly, the num-
ber of experiments s too small to be canclusive; nevertheless, the
inabulity to find fabelled cells in blood or lymph of ene animal 48
hours after transfusion would suggest that their cicculating hfe-
span is not more than a few days m length. This is in accord with
earlier observations for the guinea pig {Everett, Reinhardt and
Yoffey, 1960).

Summary

The advantages and the possible shortcommngs of using radio-
wsotopte methods for studymg blood cell formation have beent
presented. The chief advantages concern the specifisty and sensi-
tivaty of the methods. The primary disadvantage stems from the
possibility of radiation damage suffictent to alter development ot
hifespan of cells.

Special consideration is given to the radioautographue techaique
for studies of haemopoiests. This includes an account of improv
technical applications for the radioautography and subsequent
staining of tissue smears.

An account is given of certam aspects of lymphocytopotesis i1
the guinea pig and rat as revealed by use of [*Hjthyrmdine.

After a single dose of *Hlthymudine, ibelled large and med-
jum-sized lymphocytes are present m lymph, blood and the
lymphoporetic tissues at the earhtest atervals sampled. Labelled
small lymphocytes first appear during the fourth hour and mcrease
n numbers as the percentage of labelled large and medwm lym-
phoeytes decreases. The sequence 1 which the labelled cells
appear, together with the results of i vive cultuning of lympho-
cytes using Millipore chambers, shows the developmental sequence
of lymphocytes to be large—>medinm—»small.

Labelled smafl and occasional mediumesized lymphocytes
appear in thoracic duct lymph, bone marrow, spleen and Iymph
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“-s2am of lymph ot

blood {exchange tratisin. sich received
[H)thymidme.

tT Mt Ceanhoeytes, primandy small, have been ob-
¢ v ' t T ~Faninca pigs and

The detection of dghty sl ' '
midine administration 18 ot interpreted to ., c 02
Iymphocytes sre Jong-ved: rather these hghtly labelled cells
reflect the dilution of the PHjthymidine label hrough the suc~
cessive mitoses of precursor cells,
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DISCUSSION

Leblond: It is not known why so few small lymphocytes are labelled
in the thymus, One hour after [*H]thymidine injection, Mr. E. Kallen-
bach in my department found that 59 per cent reticular cells, 64 per
cent large lymphocytes, 30 per cent mediom lymphocytes, but only
0+28 per cent small lymphocytes, are labelled. This finding would be
cansistent with the widely held belief that small lymphocytes do not
dwvide. However, 1 to 2 per cent small lymphocytes are found at
various stages of mitosis in the thymus; and, while a few of these mito-
ses end in pyknoses, most of them lead to recognizable anaphases and
telophases.

It was then thought that the paucity of fabelled small lymphocytes
was due to a very rapid DNA synthesis prior to the mutoses of these
cells. 1f ths were the case, the number of silver grams over those cells
‘which are labelled would be high. However, the grains were found to
be less numerous over labelled small lymphocytes than over other
cells in the thymus.

Another possible explanation was a falure of DNA synthesis in
small lymphocytes, as they might undergo mitosis with htde or no
previous DNA synthesis In such a case many small lymphocytes
would contain less than the diplord amount of DNA. However,

of DNA in lymphocytes by Hewson Swift (rgs0.
Physiol. Zool,, 23, 169) revealed that thymic lymphocytes have a
diploid DNA content, with a few tetraploid cases. Hence, ths ex-
planation is not satsfactory exther

Yoffey* One mght also mention Petrakis (Petrakis, N, L. [1953).
Blood, 8, gos), who says that from spectrophotometnic analysis the
small lymphocyte has the full number of chromosomes.

Cronkite: The cogent thing 1s the matter of the weak fabelling of the
small lymphocyte, with which I concur. 1 also concur with Prof.
Leblond's observations of the percentage labelling of the large, medim
and small lymphocytes However, we do not see mitoses in the cells
which we call small lymphocytes. There may be 2 techmieal reason—
we use smears and he uses sections Dr. Trowell, n hus observations on

cell suspensions from lumbosacral lymph nodes of the small rat, was
also unable to find mitoss in the small lymphocytes,




68 DISCUSSION
Tnlic ab 1.

1 do not believe there is any good evidence fora -
ity or difference of the small tymphocytes as far as incorporation of
thymidine goes. They do become labelled, and the question is: why
do they not become labelled more intensively? One could say that
this 35 2 non-dividing cell, hence on an average its label must be half
that of whatever the precursor may have been, and certainy T do not
Know what this is. Next, it1s a dense cell. Our evidence indicates that
thymidine eaters by diffasion, so that the amount that can get in during
the time that the thymidine is available is a function of the surface ate
of the cell. So thus cell, if it ever does synthesize DNA, gets less
Iabelling material during the time that the label 15 available.

The range of the B particles from the trtium is o shore that if equal
amounts of abel are present in two cells and one cell is spread out ©0
the thickness of 0+ s p and the other to 2 p, there will be appzrcnd‘f
¢ight times the amount of label, whereas m reality the lsbel is identical

The dufferences are explicable strictly on the geometry of the situation.
A 2 e cmall Tomanho-

dd

en

one would label suceesutve groups of cells that ate coming into DNA
synthesis. We have done precsely tus and one can actually get 2
rather fugh p of small lymphocytes labelled. We have got
them up to 40 per cent, but 1t takes 22 days with mjections every 12
hours to do tt. In other words, everything indicates to me that thus is 2
non-dinsding cell which does not synthesize DNA, 1 have no idea
what its precussors are. It must hve a really long peniod of nme in che
rat, perhaps an average bfespan of sixty to seventy days, and in man,
wing the same deduction and computations, we come out with
greater than a hundsed days for the hfespan of the small lymphacyte-
Flamilton and Ottesent came 1o the same conclusion much earlier from
other types of studies (Hamulton, L D. [1956] Nature (Lond), 178,
567; Ottesen, J. [1954) Acta physiol scand., 32, 78}

Leblond: Pethaps, before continuing this discussion, it should be
emphastzed that small lymphocytes have to be preaisely chatactetized.
In the paper I shall present later, written m collaboration with Dr.
Sainte-Matie, they are defined as cells with a nuclear dameter measur-
ing less than 4°5 1 in secrions. We feel cells defined 1n this manner
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undergo mitotic division. {The mitotic figures are dense and may have
been missed by many anthors) The evidence indicates that the cells
atising from these mitoses are still small Iymphocytes, bt no longer
have the ability to divide,

To tetum to the problem of why so few small lymphocytes are
labelled soon (1 hour) after {*H]thymidinc injection—a fact which is
true whether smears or sections ate used—the difference between small
Iymphocytes and other cells may be shown in a different manner. My
collaborator Dr. B. Messicr found that the rano of the percentage of
Tabelled cells to the percentage of dividing cells usually varied between
4 and 12 {for mstance, s, 9, 4 and 12 respecnvely for oesophageal

pithel colonic epithelinm, p hymal cells of liver, and acinar
cells of pancreas). In the thymus, the ratio was 13 for redaular cells, 5
for large lymphacytes, 1+4 for medium lymphocytes, and only o-1 for
small lymphocytes (E. Kallenbach),

O. F. Nygaard and R. L. Potter (1959. Radiat. Res., 10, 462), using
chemical methods, observed a poor incorporation of {HC]thymidine in
thymus as compared to spleen and small mtestme, Therr evidence led
them to conclude that the pool size for one or more of the intermedi-
ates between the myected precursor and DNA was greater m thymus
than i other nssues. However, this mterpretation would require that
all thymus cells be poorly labelled. The figures just quoted indicate
that thes 15 true only of small and to a lesser exrent medwm Iympho-
cytes. Nevertheless, there is a possibafity that a large pool of thymidines
DNA intermediates occurs, but only within the cell body of stall and
1 2 lesser extent medsum lymphocytes, Such a hypothesis would
account for the low labelling of these cells.




THE USE OF TRITIATED THYMIDINE IN THE
STUDY OF HAEMOPOIETIC CELL
PROLIFERATION*

Eucens P. Cronkme, Vicror P. Bow,
Turopor M. Fumoner, | and Sven-Acz Kueaann

Medical Research Center, Brookhaven National Laboratory,
Upton, New York

Faurowine the development of trtiated thymidine inde-
pendently in the United States (Hughes, 1957) and in Belgium
{Verly, Fitket and Huncbelle, 1958), this pound has been
used extensively in the study of cell proliferation and deoxyribo-
nucleic aad (DNA) replication in plants and animals. It has been
applied in: chromosomal replication (Taylor, Woods and Haghes,
1957); radioautography of polytene chromosomes (Ficq and
Pavan, 1957); studies of nucleic acid and protein synthesis (Ficg,
1958); general labelling of mammalian tissues (Hughes et ol
1958); problems in Jeucocyre transfusions (Brecher of al., 1938);
in vitro synthesis of DNA by some arculating cells of normal
human blood (Bond et al., 1958, 1959a}; the study of kinerics of
cell tunover in the small intestine (Quastler and Sherman, 1959);
cell rencwalin gastromntestinal tract and other tissues (Leblond an
Messier, 1958; Leblond, Messierand Kopriwa, 1959), generalstudy
of human and ammal haemoporetic cell proliferation (Cronkite
¢t al, 1958, 19594, 1960; Bond et af, 19506; Maloney and
Patt, 1958; Patt and Maloney, 19594, 8); study of lymphocyte
function, fate and lifespan {Yoffey, Everett and Reinhardt, 1958,

* X suppotted by the US Atomic Energy Commission.
b lYlloov: np%cmy-?(nnkmhzm, Univensity of Headelberg, Hodelberg,

Germany.
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1959; Gowans, 19592, b; Schooley, Bryant and Kelly, 1959;
Everett, Reinhardt and Yoffey, 1960); study of nucleic acid
metabolism (Lajtha and Oliver, 1959; Woods and Taylor, 1959;
and Fitzgerald and Vinijchaikul, 1959); tissue culture (Verly,
Firket and Hunebelle, 1958; Painter, Drew and Hughes, 19583
and Painter and Drew, 1959); in the study of the turnover and
metabolism of mjected thymdine (Rubini et al., 1960); and in the
study of tumover rate of human neoplasms (Johnson et al., 1960;
Cronkite ef al., 1960). No attempt has been made to cover all of
the rapidly expanding literature in this area, and only those
papers which bear directly or indirectly upon the problems of
application and mnterpretation of radioautographic studies on
haemopoietic cell proliferation have been ated. In an earher
publication (Cronkate et al., 19594) the assumptions and premises
upon which analysis of [*H]thymudine labelling data are based
were discussed. Briefly, 1t 15 assumed that:

(1) The trittum and labelled thymine are largely non-exchange-
able after DNA is tagged.

(2) DNA turnover 1s due solely to cell division and death,

(3) Reutilization of labelled matersals 1s mnsigmficant.

(4) DNA synthesis 1n general destines a cell to divide again.

(s} In vitro labellng deternunes the proliferative potentials of
the cells,

(6) I vivo labelling makes posstble the study of the kinencs of
cell prohferation.

(7) There is no perturbation of the normal cell gencrative
cycle by radiation mjury from the [*H]thymtdme incorporated
mto DNA or from the formation of libelled degradanon
products.

In this paper the following are presented:

. {1} Asummary of the sequence of eventsn granulocytopouesis
in normal human marrow after labelling by PH]thymidine,



THE USE OF TRITIATED THYMIDINE IN THE
STUDY OF HAEMOPOIETIC CELL
PROLIFER ATION*

Everns P. Crowrrrs, Victor P. Bonp,
Turonoz M. Furones, | and Sven-Ace Kitann

Medical Research Center, Braokhaven Napional Laboratory,
Upton, New Yotk

Forrowme the development of tritisted thysudme indes
pendently in the United States (Hughes, 1957} and in Belgium
(Verly, Firket and Hunebell 1958, dhis pound has heen
used extensively in the study of cell proliferation and deoxyribo-
nucleic acid (DNA) rephcation 1 plasses and ansmals. It has bees
applied in: chromaosomal replication (Taylor, Woads snd Hughes.
1957); radioautography of polytene chromosomes (Ficg and
Pavan, 1937); swdies of nucleic acid and provem synthests (Ficg,
1958); general labelhing of mammalan tissues (Hughes ¢ al
1958); problems in leucocyte transfusions (Brecher et al., 1958);
in vitro synthesis of DNA by same crreulating cells of norms!
. TF il 10s8, 1939a); the study of kinetics of

Lo . © o Quastler and Sherman, 1958}
cell renewalin gastivaans.. and other tyssues {Leblond and
Messicr, 19583, Leblond, Messicrand Koptiwa, t95g), generalstudy
of human and ansmal b poictic ccll proliferation (Cronkite
et al., 1958, 19804, 1960; Bond et al., 1959h; Maloney and
Patt, 1958; Part and Maloney, 1959a, §}: study of lymphocyte
function, fate and hizspan {Yoffey, Everett and Resnhardy, 1958,

* & supported by the US Atommic Eneegy Comoursion,
+ ;‘XJ:‘:I uppgzcmy-}{rmkmh:m. Untversity of Hedelberg, Hadelberg,
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days. Label was fixed and detectable in granulocytic precursors
within one minute. ‘The grain count was maximal by one hour.
During the first three days the label spread into the non-dividing
compartments. The labelling simultancously decreased in intens-
ity with successive ccll divisions, thus facilitating an estimate of
the time between successive mitoses for various cell types, Radio-
autographic studies have shown that the group of cells called
haemohistioblasts, haemocytoblasts, large and small naked nuclet
(reticulum cells?), large and small reticulum cells, and myelo-
blasts had labelling indices from 35-03 per cent. Of course the
number of these cells seen was relatively small. Promyelocytes
had a labelling index of 76 per cent and large myelocytes 68 per
cent. The percentage of labelling of these cells remained relatively
constant during the first three to five days after injection, whereas
the grain count diminished 1n what appeared to be an exponential
fashion, However, as the observed gram count approaches the
background an apparent second component of the curve appears,
partly because one counts whole grains and the apparently
Labelled population diminushes i size.* The half-time of decrease
in the average grain count is in all probability prmanly a func-
tion of the average time between successive mutoses. On this
basis one can estimate generation times for the myeloblasts to be
between 13 and 1+6 days (see Fig. 14). The generation time
for myeloblasts is approximately 1-3 days. There is so much
scatter in the data for promyelocytes that it is not feasible to fita
curve, but the range in generatton tume 1s between 1 and 2- 5 days.
Large myelocytes start with a labelling percentage of about 70
and the grain counts dumnish with a half-nme of about 2- 25 days

* Each electron emussion which huts the emulion produces on an average 2
Little more than one gram When average gram counts are based on the vistbly
Iabelled population, distortzons are mtroduced as the mean count approaches
2¢r0. The more heavily cells are labelled imnally, the longer it takes this group
toreduce 1ts mtensity by successive mitoscs to a level where, on the average, there

will be no emistion during the exposure trme. Thus can be comrected in theory, but
it 1s dufficult an practice,
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(2) Preliminary work on function of the “mononuclear”
circulating blood cells of the rat during induction of sterile
inflammation.

{3} Status of present knowledge on the production of radiation
injury in lymphocytes by [PHjthymidine.

The sequence of events in erythropoiesis and in the appearance
of labelled grannlocytes in the blood has been presented and
analysed previously (Bond ef al., x959¢).

Materials and methods

(1) Granulocytopoiesis in man.

The patient, [*H]thynudune, radioautographic techniques, and
metabolism of [*H]thymudine have been described (Rubind ef als
1960; Bond ef al,, 1959a; and Cronkute et al., 1958). .

{2} Labelling of lymphocytes by repetitive injections and rdle
of Iymphocytes in stenle mflammation. .

PH}thyrmidine was administered in doses of o s pc/g. (sp:{tlﬁc
activity 1-g ¢/ m-mole} every 12 hours for three days. Arvarious
time wntervals before and after nduction of a Selye inflammatocy
pouch, ammals were killed for radioantographic studies. Details
will be published (Witschu and Cronkue, 1960; Cronkite ef af,
1960).

(3} Raduation injury of lymphocytes by [*H]thymidne.

{*H}thymidire was given n a single injection m graded doses
up to 20 pcfg. (speafic actvity 119 ¢/m-mole) and :uuma‘Is
were kifled after five hours for study of the number of pyknotic
small lymphocytes (Trowell, 1952). In addmon injections of
{H}thymdine at a dose level of o 5 pcfg, were given evesy 12

hours, and animals were killed inter ly for rad graphy
studies of pyknosis.
Results and di ion of granulocytopoicsis in man

Bone marrow aspirations were commenced one minute after
the injection and continued at successively longer intervals for 15
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(s4hours) (Fig. 18). Small myelocytes startwith a labelling index
of about 20 per cent which clunbs to 72 per cent at the rate of
32 per cent per hour (Fig, 1¢). After the maximum percentage
of labelling is attained the grain count diminishes, with a half
time of 2-4 days {60 hours) very similar to the decrease for the
large myelocytes. Metamyelocytes are not fabelled initially.
Labelling first appears in the metamyelocytes three houss after
injection and initially climbs at a rate of about 4 per cent per hour,
attaining a labelling of about 65 per cent eventually (Fig. 10). In
Fig. 1c, D, is shown the increase in labelling of metamyelocytes
and small myelocytes. In Fag, 24, B, ¢, 15 shown the sequence in
labelling of the metamyclocytes, band and scgmented neutrophils
in the bone marrow. It takes three hours for the metamyclocytes
10 Jabel, 12 hours for the bands and 24-36 hours for the segmented
neutrophuls to {abel. Labelled band and segmented neutcophils
appear in the blood after two to three and three to four days
respectively. The scquence m the peripheral blood has beenr
teported previously (Bond er of., 1959¢) and will not be com-
mented upon here,

In the small lymphocytes observed in the marrow no labelling
was seen intaally, indicating that the small lymphocyte may be 2
non~dividing cell at least when 1t 15 resident 1n the bone marrow.
After six hours jabelled smaff lymphocytes began to appear.
After three days the labelling ndex was up to about 8 per cent,
with a constant gramn count of about 2+ 5.

Much information on the ume parameters of the cell generanon
cycle can be extracted by an analysis of the surge of cells from 2
labelled dividing compartment to a non~dividing compartment,
as for ple the app of labelled yelocytes. This
general problem has been considered eather (Cronkite et al.,
1058, 19504, b; Bond et al., 1959¢), and will not be discussed in
detail here. Cell prolife can p fized and
models constructed for apparent “'steady state”™ equihibria with

their Targely unknown regulatory mechanisms that control
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population size by increasing or decreasing flux across compart-
ment borders upon physiological d d. It is recognized that
these systems are not ditectly comparable to chemical steady state
systems. However certain general principles can and have been
applied (Bond et al., 1959¢). Next, one can analyse by graphic
inspection the per cent labelling curves and extract faitly accurate
mnformation on the duration of various portions of the cell
generation cycle. For example, it takes three hours for the first
labelled metamyelocytes to appear. This sets a minimum time of
three hours for premitotic rest (R,) and mutosis of myelocytes.
As cells enter, the per cent labelling increases and will continue
to increase for a period equal in duration to time for DNA
synthesis (¢,) of the immeduate precursor. The per cent labelling
attained wall be determned in part by the time to be spent in the
compartment entered. If this time 15 greater than the average ¢,
100 per cent labelling wall not be attaned since cells not mn the
DNA synthesis period at the time of labelling will always be
present, as well as labelled cells, 1 the non-dividing compart-
ment. A graphic analysts of these time parameters 1s under study
and as yet is mcomplete (Cronkate et al , unpublished).

It appears that approximately 22 hours 1s the upper limit for
tenewal of metamyelocytes. Since the non-dividing metamyelo-
cytes, juvenile bands and segmented neutrophils appear 1 the
1atio of 1-0:1-4:1-6, one can estimate the average tme n each
stage as 22, 30- 8 and 3§ hours respectively for a total maturation
time of about 87 hours Since the relative sizes of these com-~
Ppartments are proportional to time in the compartments one
can compute from the average time of six to eight hours spent
in the peripheral blood (Mauer et al., 1960) that the mmeduately
available reserve of mature neutrophils 1s of the order of four
to six times the number curculating, and the total reserve of
non-dividing matunng granulocytes that can be mobilized upon
severe demand 1s about ten to fourteen times the amount of frecly
cireulating granulocytes. These esti are very rough and
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duction line tends to resemble 3 “pipe-line™ with surprisingly
litde strapgling, The system appears to be openwended with
granulocytes disappearing into the tissues ot being disposed of
somewhere. It is highly suggestive that there may be a feed-back
mechanism, related to disposal of the mature cells, by which a

Table 1
COMPARISON GF BONE MAZROW TIME PARAMEYIS
FH}hymidme Mtotsg index
Primitive progenitor cells 1321 S7%
Myeloblasts 1-32% o 83-1-62F
Promyelocytes 10-2° 5% 1+40-1- 861
Larpe myelocytes 2% . .
Small myei;mcym 240* } 2-43~2-67F
Metamytlocytes oot
uvende bands* .

JM;m:l s:;ﬁmtcd ' zgt} vyt } $438-5-02%

neurophils 151t

)

T . e p—,

- . - CY
TGH Important 1n the last probferating compartmens, e the myelocyee compastment,
~ PR RSN S PRRN A SRS S Sy

caleutated 21 1-3 dayr

signal is teansmicted from the dymng cells to the production line to
increase the production rate upon demand. However, diverse
studies to date along these lines have come to little except for the
demonstranian of mechamsms for the mobilization of the rather
sizeable dullary pool (d d carher) of metamye]

1

7 \
to phals, The di in the size of Jthxs
granulocyte compartment mside the bone marrow cavity of fixed
volume will produce 2 dilatation of the sinusoids by crculating
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dependent upon the accuracy of the determination of the aversge
duration in the blood and of he relative sizes of bone marrow
compartments, .

In considering the preceding data it must be recognized that the
serial studies have been performed on only one human being,
apparently in normal haemopoietic equilibrium. Spot checks on
one other patient 1 haemopoietic equilibrium revealed essentially
the same *‘flash” labelling index but serial studies were not
performed so no comment on the time trend in the marrow can
be made. However the sequence in the peripheral blood was
essentially the same. Of considerable mterest are the comparisons
of the computed time parameters from mitotic mdex (Killmann
et al, 1960) and labelling by di-1sopropylfiucrophosphate
(DF*P} of the granulocytic sertes (Mauer et al., 1959, 1960). In
Table I is shown a comparison of the time parameters (Killmann
et al., 1960). The closeness of the computations from different
sets and types of data is striking. In respect to the production and
life cycle of the granulocyte in human bengs certam fanely clear
conclusions can be drawn. The upper limit of the average stay 1
the peripheral blood has been shown to be of the order of two
days (Bond et af., 1959¢). The data of the Utah group using
DFP Jabelling (Mauer et al., 1959, 1960) clearly indicate that the

disapp from the lating blood is probably random,
with a half-nime of about six to exght hours, and that the labelled
cireulating cells very promptly come nto equilibnum with 2
“margmal poal” of leucocytes on the vascular endothehum

The size of the **margmal pool” 1s about equal to the number of
the circulating granulocytes. The margmal pool can be released
into the freely arculating blood by the approprate simulus, such
as intr 1) of adrenaline. The and size o

an extravascular pool of granulocytes 1s sl debatable. However,
from ous data (Bond et af, 1955¢, Cronkite ef al., 19594, b; and
Mauer ef al., 1059, 1960} there 1s no evidence for any significant
return of lencocytes from an extravascular pool. The entire pro~
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donors, and by studying transformation and migration of eclls,
labelled in one part of the body while circulation was occluded,
to the occluded area after the circulation is re-established. To
date these studies have produced evidence for migration of mono-
cytes and all types of lymphocytes to marrow, other lymph nodes,
spleen and thymus. Appearance of labelled cell types suggests
conversions to plsma cells, reticulum cells and possibly to pro-
myelocytes in the marrow. There is no evidence as yet for large-
scale conversion to granulocytic precursors and no evidence
for conversion to red cell precursors. If this occurs normally it
must represent but a small fraction of new cell production. To
date the labelling studies have not supported the concepts of
Yoffey and others (reviewed, Yoffey and Courtice, 1956) that
the small or any lymphocyte significantly contributes to red cell
or granulocyte production. However, we recognize that negative
results do nat constitute proof that such may not be the case to
some degree. In contrast to the difficulty of establishing quantita-
tive evidence for mgration to and cell transformation in the
blood-forming organs m normal haematopoiesis it has been easy
to demonstrate the migratton of all types of circulating leuco-
cytes into areas of stenle inflammanon with probable significant
transformation of large mononuclears mnto tissue macrophages
and ultimately to fibroblasts (Witschn and Cronkite, 1960).

The Selye pouch, stenle inflammation technique was used in

ee manners. First, pouches were nittated and at various time
intervals thereafter a single injection of [*H]thyrmdine was given
for ““flash” labellng and the anumals killed for study one hour
later. Sccond, haemoporetic tssues of rats were labelled by
injections of [*H]thymidme every 12 hours for three days, with
cach injection containmng 1 p¢/g. (spearfic activity 19 ¢/m-mole),
to produce maxtmal labelling of mononuclear cells; pouches
were made two hours after the last [*H]thymidine injection and
animals killed at 12, 24, 48, 72 and 96 hours. Third, pouches
were started and [*H]thymidine given in the same dosage every
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blood. It is not inconceivable that there ate local stretch-tension
signals within the sinusoidal walls that fire the signal for greater

v production. The mechanism of regulation of production must

~temain a subject for experimental study since so few facts ate
known today. However, there may be some common denomina-
tor between red cell, granulocyte and platelet production for
there is 2 disease of the steady state equilibrium in which all three
are being overproduced simul 1sly Jy polycythaemi
vera, In this situation it appears that the red cell production is
progressively increasing in rate (red cell mass steadily or intee-

({‘ mittently expanding) and leacocyte and thrombocyte production
are set at a Jugher “‘steady state” Jevel. Systematic study of the
time parameters of this disease by the combined use of [*H]thymi-
dine and DF*P labelling may throw considerable Light on the

“ problem of regulatory mechanisms.

+ Further refinements in time values and estimations of the dura-
tion of post-mjtotic rest (R,), DNA synthesis, and R, must
await further studics and analyses of existing data. The stadies
performed to date have yielded usefil information and indicate
how to design new experiments.

The valuable data of Patt and Maloney (rgsga, b) vsing
[*H]thymidme in dogs are consistent with our data on human
bengs. The provocative studies of Osgoed 1n earher years {see
Osgood, 1950) and Ottesen (1954) and Khine (3950) wsing dif-
ferent techniques are not discussed since the intent has been to
concentrate on the use of [PHjthymudine. The comparative
values of the diverse techruques have been well discussed (Stohl-
man, 1959)-

Lymphocyte lifespan and function

Bond and colleagucs {1959b) have presented preliminary data
on conversion potentialittes of labelled lymphocytes in parabiotic
rats. These studies are continung with cross-transfuston and
direct transfusion of labelied cells from the thoracic duct of
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laries. Approximately 9o per cent of hacmatopoietic cells were
intensely labelled.

When the pouch was permitted to develop for 12 hours after
cessation of the three-day labelling period, there was intense
labelling of the cellular infiltrate of the pouch. About 99 per cent
of the segmented neutrophils were labelled. Labelled mono-
nuclears of all sizes were present and heavily labelled but much
fewer in absolute number than the neutrophils, Labelling in the
adjoining connective tissue was evident but the percentage was
low. After 24 hours the labelling proportion was roughly the
same but with 2 heavier exudate. The average grain count was
15. After 48 hours there was considerably more organization and
the proportion of labelled granulocytes to labelled mononuclear
cells had decreased. The grain count had decreased to about 10
per cell on the average. After 72 hours the proportion of labelled
mononuclear cells was higher and there was a diversity in type of
labelled mononuclears from all types of lymphocytes to labelled
macrophages with boid cytopl Labelled mitoses were
not scen. After 96 hours the gram count of labelled cells had
decreased to less than 10 per cell The connective tissue cells
(£ibroblasts) that were bemng formed were m part labelled. Since
only few fibroblasts i the pouch were flash labelled by 24 and
48 hours after the pouch induction, it 15 reasonable to postulate
that labelled cells migrated mto the area from the blood and were
transformed nto fibroblasts through a sequence of steps not yet
established in these studies. Rather heavy labelling was still
present mn all of the haematopoetic tissues and leucocyte concen-
trates of the blood.

Cumulative labelling of pouches after
initiation of the pouch
After 12 hours 2 small number of labelled mononuclears sumilac
to labelled cells seen m the peripheral blood were found 1n the
wflammatory exudate. After 24 hours the cell density and label-
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12 hours for 12, 24, 48, and 72 houts to cumulate labelling in the
atea, and the animals were killed within six hours after the last
injection.

Flash labelling after infi y stimulus

With “flash” labelling injection and pouch simultaneously
and killing in one hour no labelling was scen in the pouch area.
Hence, within the availability time of [*H]thymidine, DNA
synthesis had not been instituted. At 12 hours the flash labelling
demonstrated that Jess than 1 per cent of the mononuclears in the
area were labelled. However, some had 2040 grains overlying
the nucleus, indicating that ecither DNA synthesis had been
inttiated in the atea in pre-existng cells or that cells that were
Iabelled elsewhere had migrated into the area. A very rarc
£ibroblast was intensely Jabelled. Flash labelling 24 and 48 hours
after pouch induction showed a very low labelling of the fibro-
blastic tissue. Mitotic figures were seen but none were labelled
nor was labelling expected {one hour 1 less than the premitotic
rest pertod). At 48 hours labelled endothelial cells were seenin 2
small percentage.

Sequence after maximal labelling of hacmopoietic
tissues before injtiation of pouch

Mononuclear cells of the penpheral blood were intensely
labelled. Over 50 per cent of the large and medium Iymphocytes
were labelled after the 72 hours of labelling. In some mstances
labelling was close to 100 per cent. Approximately oo per cent
of the segmented granulocytes were labelled. In the connective
tissue, away from the area where pouches were formed, there was
very Litle labelling although an occasional fibroblast and peri-
mysial connective tissue cell with 10-20 grams per cell was ob-
served. In the area where pouches were formed a rare endothelial
cell was abelled and a vanety of “*fixed tissue™ cells were labelled
in a Jow percentage, particulatly in association with small capil-
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ling had increased. Both granulocytes and mononuclears weee
labelled. After 48 hours (five injections) many labelled endothetial
cells were seen. About 80-85 per cent of the inflammatory cells
were labelled. In the blood vessels adjoining the inflammatory
pouch there appeared to be a heavy concentration (greater than
in blood at large) of labelled mononuclears within the lumen, but
none were observed in the act of traversing the vessel walls, After
72 hours (six injections) up to 9o per cent of the cells in the
inflamimatory wall were labefled with average gram counts of
about 20. Examples of labelled cells are seen in Fig. 34-C.
These studies are not conclusive. However, if all of the cell
prohiferation in an inflammatory area was derived from eells that
existed there prior to institution of the inflammatory process one
would expect a hugh percentage to be labelled after flash labellng
of the pouch at different time intervals. ‘When the haematopoietic
tissues were maximally Jabelled before institution of the pouch
one found increasing labelling of the mononuclears m the exudate
and eventually some labelled fibroblasts. Ths is strong evidence
for migration of cells from the blood with transformation, Since
the mtensity of the label decreased by about one-half after about
24 houss, one 1s mnchined to beheve that the mgratory cells also
dwided. Not only do these migratory inflammatory cells divide
but apparently they are wransformed in part at least to macro~
phages and fibroblasts, thus confirmung the mdirect studies of
Allgower {1956} on colchicine build-up of mutotic figures
wounds. MacDonald (1959}, using PHjthymidine labellng in
wounds of rats, concluded that fibroblasts anise only from fixed
connective nssue cells adjacent to the adventina of vessels and then
migrate to area of nced. He interprets his data as mdicanng that
fibroblasts do not arise from blood cells However, MacDonald
does not give enough data on his experimental design, ¢.g. nme
from wjection of PH]thymidine to biopsy, to tnterpret his ob-
servanons. It appears that our data support, but do not prave,
Al)gowcr's behef of nigration of mononuclears with mitosts and
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transformation into fibroblasts. Neither our experiments nar
MacDonald's are conclusive evidence for the origin of fibro-
blasts. We agree with MacDonald that there is proliferation both
of the connective tissue cells around the adventitia and of endo-
thelual cells, but perhaps the former arise also from blood cells.
Tt may well be that fibroblasts have an apparent dual soutce, each
of which arises from a more primitive mesenchymal cell. The
best means by which our studies could be confirmed is by the
transfusion of labelled thoracic duct lymphocytes from PHjthy-
midine labelled donors into rats with inflammatory pouches of
varying ages followed by senal sacrifice. If labelled fibroblasts
ate then found one source 15 proved

Radiation injury of lymphocytes by
injection of FH]thymidine

The problem of radition wjury by {*H]thymidine was dis-
cussed in principle at the Salt Lake City Conference on cell pro-
Uiferation” (Stohlman, 1959). Radiation myury of cells in tissue
culture by PHJthymidine was shown to be much greater than by
cqual amounts of trnated water (Pamter, Drew and Hughes,
1958). Johnson and Cronkute (1959) have shown that 20 ucfg.
simulates the effect of 40 r. and s pe/g stmulates the effect of
about 10 r. studying the radiation effects on spermatogoniag
with less than 1pcfg 1o effect was detected. Lymphocytes have a
comparable degree of radio-sensitrvity, The Trowell technique s
asatisfactory g we of tad effects on the
small lymphocyte. Many of the studies with [HJthymidine
labeling of lymphocytes are concemed with prohferative
potentials and transformation of lymphocytes mto other cell
types. Since radiation may d Ily infl both prokif;
and transformation capabilities 1n some subtle manner it appeared
mandatory to investigate radiation myury of all types of lympho-
cytes following single and repetitive injections.
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In Fig. 4 is shown the initial experiment on the effect of single
graded doses of *H]thymidine on pyknosis of small lymphocytes
compared to the effect of X-ray. By extrapolation 25 uclg.
simulates the effect of 75 1. whole-body X-ray. The interval
between 0 and 5 p.c/g. has not been investigated but there is no
significant difference between the controls and s pefg. Un-
fortunately the thick film technique of Trowell, though excellent
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EiG. 4. Percentage of pyknotic small Iymphocytes after singfe

doses of tmtiated thymudine compared to whole body X~
imaduton. (HSTD d thymudine )

Ri—tmty

for its basic purpose, is very poor for radicautography and drastic-
ally reduces the efficiency of trittum because of the short path
length of the *H beta particle. Labelled pyknotic nucle: of both
large and small lymphocytes are found eastly after a dose of 20
pe/g. but because of the thick film it 15 impossible to quanufy.
One alsa sees phagocytic cells laden with nuclear debris from time
to time; again quantification has not been attempted. Labelling
of the nuclear debms was not present but the cells were so deep
the fim that labeling could have been missed. The maximal
dose of raduation from the imjection of {*H]thymidme uniformly
Jistributed in the body and converted to soluble uniformly dis-
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tributed products would be about o012 radfhour/uc *H or a
total dose of 0-06 rad per me injected for the five-hour period
between injection and killing. One must assume that the con-
centration of the thymidine in DNA is responsible for the bulk
of the observed radiation injury.

In Table I is shown the relative lack of effect from the repetitive
injections of {*Hjthymidine (o- s1¢/g. every 12 houn). However,

Table T

CUMIZATIVE EFFECT OF DOSES OF o+ § 15/g, OF THTHYMIDIN EVERY 12 HOURL.
RATS KILLED T HOUR AFTER LAST INJECTION

Time after Cumulative PH}thymidine Pet ent

first injection w pefg. pyfnosis
1 hour 05 78
12 hours 10 345
3-8 days 30 296
55 days 60 488
65 days 7' 256
85 days 90 1852
105 days 120 44
13§ days 40 310
1405 days 50 107
175 days 180 110

as Trowell (1952) has pomnted out, pyknotic cells are removed
relatively rapidly after raduation. They are wvisble promptly,
atiain maximum Jevel at about five hours after whole-body
itraduation, and then decrease 1 number. In the repetitive in-
Jection study 1t 15 entirely concervable that the rate of removal of
pyknotic cells 15 sufficiently raprd so that we could not detect
radiation mjury by this means. A search 1s under way for mitotic
aberrations. It appears by the wsual criteria of radution injury
that PH]thymidme i the doses used for smgle igection Iabelling
aud radi graphy is relativel However further
searches should be made for more senstive and subtle evidences
of 1mpairment of cell function. At the present time ¢ appears
that repetstive injections at a evel of o 5 pcfg. every 12 hours
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produce little damage. However 12 hours is probably longer
than the DNA synthesis period so that the same cells will not be
relabelled until they have completed a division (halved their
label on the average) and entered DNA synthesis again. After
the second labelling the *H content will be 1+ 5 times the initial
labelling on the average, and it is obvious that the maximum
Jabelling will converge on 2-0, irrespective of the number of
injections, so Jong as the time between injections is greater than
the sum of time for DNA synthesis and availability time of the
[*H]thymidine. However the radation dose from tritiated water
will progressively climb as more will be produced than is being
turned over since water has 2 bilogical half-time of about ten
days. About half of the [*H]thymidine is converted to tritiated
water. Hence the concentration of tritiated water will progres-
sively chmb and may produce significant radation effects by
itself after repetiive mjections.

Summary

In vivo labelhing with tritiated thymudine followed by radio-
autography was used to study normal granulocytopoiesis i man,
the destny of arculanng DNA-synthesizing mononuclear cells
in rats and the origin of mflammatory cells i sterile mflammattont
in rats, In addiion some prelimmary data on the radotoxicity of
tritiated thymidine are given.

A Tanetic analysis of human granulocytoporesis based on the
decrease 1n mean grain counts of cells capable of division and the
percentile increment with time 1n the number of labelled cclls in
the marrow compartments consisting of cells incapable of
diviston 15 presented. Tl‘lc halftime of decrease in the mean

cly‘!obhﬂs: retnculum eclls) 15 estumated to be between 1-32 and
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1+57 days, and the generation time for myeloblasts, promyelo-
cytes and large myelocytes at 1-32, 1-2-§ and 2-23 days re-
spectively; these figures are preliminary and subject to later
revision, particularly since they were not corrccted for the
perturbation by influx of labelfed cells from preceding labelied
compartments. The average tumover ume of the compartment
consisting of cells mcapable of division ({metamyelocyte to
matrow segmented neutrophil) was about 87 hours; with the
type of analysis employed this is the upper Limit for the average
time spent in this compartment.

Prelminary data on conversion potentiahities of labelled
ymphocytes in parabiotic and cross-transfused rats are p d;
no evidence has been found for a conversion of lymphocytes to
ted cell precursors or for any large-scale transformation to
granulocytic precursors.

Single or repeated injections of trifiated thymidine were given
to rats before or after induction of a stenle inflammation. With
single tracer injections at various times after the induction of
inflammation very few cells were labelled. On the other hand,
if the haemopoietic tisues had been maximally labelled before
inflammation was mduced, heavy labelling of all types of mono-
nuclear cells and to a lesser degree of fibroblasts was present.
These findings suggest that cells from the blood mugrate to the site
of inflammation; since the grain counts of the mflammatory cells
decrease with time1t appears possible that in addition cell prolifera-
tion takes place in sitw, The data provide evidence but donot prove
that fibroblasts anise, at least in patt, from arculating blood cells.

Intranuclear srradiation effects of trtiated thymidme could
seriously perturh the capacuies of cells for proliferation and
transformation The Trowell technique was used to estimate the
radiation damage to small lymphocytes by tritiated thymidine as
compared to the effect of whole body X-irradution. Pre-
hminary studies show no sgnificant effect of single doses of

spefg. rat, wath single doses of 10 and 20 ucfg the percentage of
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pyknotic small lymphocytes increases. By extrapolation 25¢)g.
simulates the effect of 75 r. whole-body X-irradiation. It thus
appears that tritiated thymidine is relatively innocuous in the
single doses (0° 1-1- 0 pc/g.) usually employed in studies of cellu-
lar kinetics. The effect of repetitive doses of tritiated thymidine is
more difficult to evaluate; with injections of o+ 5 pc/g. every 12
hours the number of pyknotic small lymphocytes rose until 2
cumulative dose of 6 pcfg. was atmined. Following this 2
plateau was reached, perhaps even with a tendency towards a
decline in the pyknotic count at the highest cumulanve doses. A
possible explanation 1s that an equilibrium 1s reached berween the
formation and removal of pyknotic cells in the mtact animal.
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pykniotic small lymphocytes increases. By extrapolation 25 ucfg.
simulates the effect of 75 . whole-body X-irradiation. It thus
appears that tritiated thymidine is relatively innocuous in the
single doses {0 1~1-opc/g.) usually employed in studies of cellu-
far kinctics. The effect of repetitive doses of tritiated thymidme is
more difficult to evaluate; with mjections of o: 5 pc/g. every 12
hours the number of pyknotic small lymphocytes rosc until a
cumulative dose of 6 pefg. was atmined. Following this 2
plateau was reached, perhaps even with a tendency towaeds 3
decline in the pyknotic count at the highest cumulative doses. A
possible explanation is that an equilibrium is reached between the
formation and removal of pyknotic cells in the intact animal.
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cither in survival or in recovery of white count. Inutially the trans-
plantations were made one day after thymidine was given to the donor
mice, and in a second experiment eleven days after thymidine.
Craddock: T am troubled by the possibility that there may be intracel-
lular thymidine pools in certain types of cells. You stated that this
possibdity was cither very small or even non-existene—is there good
evidence that this s so 1n all types of cells you have obscrved?
Cronkite: If one follows the evolution of tritiated water, which is a
metabolic product, it goes up to 2 maximum by 60 minutes and no
mote is formed. 1am reasonably confident that labelled thymidine
isnot being diluted in a pool of any signficant size, nor is it being
incorporated into a form where it is no longer degraded ta tritiated
waterif not incorporatedinto DNA. A very simple arithmetieal com-~
putation of the number of dismtegrations per munute that have been
distributed between roughly 10%€ cclls in an average man afier g me
injection shows that there must be some type of concentrating mech-
anism while material 1s avaulable or one could not produce a radio-
autograph. {*H]thymdine diffuses through the capillary bed and comes
mto equibnum with total body water cxtremely rapidly. If the cell
which it enters is synthesting DNA 1t 15 tapudly incorporated into
DNA, so that there appatently 1s a one<way street—1t goes 1 and is
trapped by the mcorporating mechamsm, thus there 13 2 maximal
diffision gradient during the time label 15 available, I there were any
significant pool of endogenous thymidine as such we could not get a
d graph. Sample p show this {Cronkue et af,
19504, foc. cit.).
Lajtha: There seems to be some difference between the overall
speafic actwvities depending on the label used and the organs investi-
gated. With 32P you get very high DNA-speafic activities in the
thymus—much higher than 1 lver, and higher even than in the
intestme, With [¥CJthymudine or tntated thymidine the thymus
gives a very low speatfic activity, hardly above that for the liver. This
1 atself does not necessanly mean that the thymus contains a great
thymidine pool; 1t may also mean that thymus cells have a very
effiaent pathway syntheuzng their own thymudine and do not very
much like the thymidine you myect, But we have been wmpressed
with the differences between grain coynts in different organs very
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DISCUSSION

Yoffey: Is t not posuble to pet some cell m culture which everybody
accepts as 4 growing cell and which is capable of normally undergoing
some differenniation 1 culture, and to apply known levels of thymudine
there, perhaps on the hnes that Firket (1958, Arch. Brol. (Lidge), 79: 1}
did in bus i vitro studies? Itss obvious that sf you get enough thymidine
in you will cause cell death and pyknosss, but the crincal point that
we are all worrted aboat 1s whether the smalfer doses will just interfere
with the normal cycle of develop ] and diffe it changes

Cronkute. This has been done by R B. Pamter, R. M. Drew and
W. L. Hughes (1958, loc. cit.) and st the levels they were using they
could find no perturbation of the normal cell cycle in the Hela eell
tissue culture, which is qute sensitive to radiation. They did notice
that if you went up to the higher doses and started increanng speafic
activity you got myury and the myury went up with increase in the
specific activity of the thymudme

Stohlman: It conjunction with Drs. W. W. Snuth and G, Brecher
have done a few plot experiments which bear on the question of radt-
ation damage from thymudine. The effect of thymidine on bone
marrow ph in diated mice was d ined. Using
10 116/g. m 1sologous mice we have not been able to detect any change
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would still be of the same shape. 1have reasonable evidence that very
few cell populations are truly homogencous. There are chronic
stragglers in every population which get labelled and for some reason
just stay there. I think therefore that the figure of 1+3 days is probably

tha tinman

and eha Lkals finien ey ha 1A Ar 70 nee rent less.
foe ey E T “there were

Lajtha: 1 mean that this limit you are getung is due to the stragglers,
which in fact did not divide during that time and therefore increase
‘your grain count.

Stohlman: If they don’t divide then their intermutotic time is infinity
and 1+3 days would not be the upper limut.

Lajtha: It ennrely depends on what your gram count distnbution
curve looks like in time., If it remams the same type of distribution
cuve, fair enough, but if you sec that it broadens out with time, then
that 1s 2 pretty good indication that the cells did not behave uniformly,
and some of them divided once, some twice, and some not at all.

Cronkite: The distnbution of the histog of labelled granulocytes
in peripheral blood moves over as one would expect, untl there is an
artifiqal diminution 1 the fraction labelled simply because with time
and successive mitoses cells are produced wath so Little label that there
are no dusinteg; during the exp penod. It does not look as
1f there 15 a population of stragglers, and certamly after the first couple
of days there are really no heavaly labelled cells left in the marrow, such
as are seen mutially, There are a Jot of alternative explanations on how
to mterpret the findmgs, but 1 do not think that 1n this case there is
much stragglng In ammals we have observed 2 small fracton of
heavily labelled cells remaming in lymph nodes for as long as a week.

Lousut: Does thus figure of 95 per cent labellmg indrcate that some
cells are for 95 per cent of the time in the DNA synthetic pertod, or is
there some other storage or arufactual phenomenon creeping mn?

Cronkite: If they spend thesr hifetime in the marrow then g5 per cent
of the time 15 spent, on the average, n DNA synthesis. If they come
from somewhere outside and only synthesize DNA in the marrow, then
this is not representative of the total bfe cycle of that particular cell,

Lamerton: Was thus wath a single injecion?

Cronkite: Yes.
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shortly, or threc or four hours afier a single injection of thymidine.
The thymus and spleen do differ quite a bic.

Secondly, there are some cells which, at least for 2 while, may con-
tain thymidine in their cytoplasm or nucleus in a form which is not
DNA. Iam referring to some hitherto unpublished observations of
Prof.J. A. V. Butler, at the Chester Beatty Institute. He has incubated
cells from mouse ascites tumours for one to five minutes with thymi-
dine, washed them in Hanks' solution, and then determined the total
radioactivity mn the cells as well as the total radioactivity of the DNA
content. Within the first five minutes up to 9o per cent of the total
activity in these cells is not in the DNA. We were very interested in
that because when we started itradiating these ascates cells and investi-
gating the effects of irradiation on DNA synthesis, using thymidme
with 2 rather high speaific activity, we had a very nice 5o to 6o per
cent depression of the DNA specific actwity, or grain count over
individual cells, followmng a dose of 2,000 £. Then we switched over
ta another source of thymdine from Amersham and did not get more
than about 10 to 15 per cent depression. Lam afrard we very unjustly
aceused Amersham of giving us a bad batch of thymidine. Then we
started thinking about the specific activity problem, and we compared
compounds with high and low specific actmties. We found hat the
cells upon irradiation may release enough thymiduae (or thymidine=
Like substance) to dilute our administered label by 5o per cent, which
in thyrdine was equivalent to about 1 to 2 per cent of the DNA con-
tent of the ceffs.

The other point Ishould hke to raise 1s the grain count half-time you
gave, Dr. Cronkite. Do you agree with me that this 15 an apparent
generation ume, and that in fact indivdual generanon times could be
quite 2 bit less than this 1f the cell populanon is not functionally
homogeneous?

1f you have, say, two populations of cells, one which divides very
slowly and the other dviding every six or ten hours, the time will
come when the overall pramn count will go down to half of what it was
at zero time, stply due to the fact that onc (the fast population) went
down 75 per cent, the other (the slow population) only 25 per cent.
What one would like to sec with a grain count half-time is not only the
mean or median grain connt, bur 3 grain count distribution which
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Cronkite: We have only tried to observe it, using these technigues.

Braunsteiner: But you think these are lymphocytes and not mono-
cytes?

Cronkite: They are mononuclear.

Braunsteiner: But generally monocytes are found only in 2 small
percentage.  There are so many cells conung from the thoracic duct
that one 1s rather mclined to say they are lymphocytes.

Cronkite: They are mononuclears of vanous sizes in the blood stream
—they are not “small lymphocytes,” I am certamn of that,

Everett: Have you observed the persistence of heawily labelled lym-
phocytes for a long penod of ime i the penipheral blood?

Cronkite: No. In human beings the percentage of labelling of large
and medium lymphocytes 15 at 3 maxumum between the second and
thurd days, and then the gram count decreases very raprdly.

Everett Then how can you reconale these observations with your
statement that the small lymphocyte must have a long hfespan?

Cronkite: I think our data mdicate that the small lymphocyte prob-
ably has a long lifespan. I do not think our data mdicate that 1t can
come from the medium lymphocyte I think it comes from something
else. Asa clintcal haematologst I am used ta looking at classical smrears

can tell Iifespan from observing the blood.
Cronkite If the cells of the blood are n equilibrium with everything
that1s 1 the body, one can deduce from what 1s observed i the blood
gnm: nformation about the total hifespan. I think 1t 15 quute logical to
o that

va s 1 R
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of his 1deas and data. If 1t 15 an open-ended system and they are yust
going out, again they should have a peak of high labelling, as the
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. Leblond: In the medium Iymphocytes the percentage of labelled cell
is about the same in thymus as in peripheral blood (30 per cent). If we
assume there is a steady state, these cells would therefore appear to syn-
thesize DNA during 30 per cent of their hifespan (or generation time).
Cronkite: A very inseresting thing to me (although again anacsthesia
may be a perturbing factor) 15 that 1n a thoracic doet-cannulated dog
huge numbers of labelled cells are pouring out into a volume that we
have a reasonable estimate of, namely the circulating blood. The
equihibrivm concentration 15 much below what it would be if they
were circulating for any sigmificant period of time. Whether they are
just dying in the peripheral blood, or going out into the tissues, or
gomg back into the lymph nodes, we cannot answer from this pro-
raduen We do know that when we use the Selye pouch technique
BN © T Md e gy days, theressan out-

: - sxudate, Tr Jooks, as far

as we have gone uung e vepe e y ponch, as if a majot
source of the fibroblasnc formation afies three or four days comes from

Jear cells that are fating m the peripheral blood  There
is something very simular 1n the peripheral blood to Prof. Yoffey's
loading in the capillanes of the bone mattow. In the mflammatory
area the capillanes are crowded wath fabelled eells and then they are
out m the tissues and one sees labelled fibroblasts. There is o durect
proof yet, but these observations strongly suggest that one produces
the other.

Lajtha- ¥ can confirrm that in vitro. 1 have found exactly the same
many times. There 1s a pure population of menonuclear cells in itso,
and quantttattve transformaton to fibroblasts.

Yoffey: What 15 the source of the mononuclears®

Lagtha. Peripheral blood, whte cell concentrate (normal), infecnons

mo:gnuclcbs:s penpheral blood, or blast cell leukaemia pertpheral
blood.
Braunstemer: Do you thunk that labefled lymphocytes leave the blood
vessels and get transformed, as you have said, some to plasma cells and
others to cells which ate called hustiocytes and which are found in
granulation ussue?

Cronkite: They must leave the blood stream and go somewhere.

Braunsteiner; Can you observe this?




DIFFERENTIATION, PROLIFERATION AND
MATURATION OF HAEMOPOIETIC CELLS
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and Institute * Ciitd dt Pavia™, Pava, Italy

Maturation

ONE of the problems in our programme of experiments con-
cems the maturative activity of haemopoietic cclls. To study
this, the bone marrow cells are placed in 2 hquid medmum. At the
beginning of the expeniment, and subsequently every 6 to 12
bours, the cells in the different maturatron phases are counted (the
absolute values per mm®). Since under such conditions haemo-
potests rapidly weakens while maturation continues, the first to
decrease or disappear are the most immature cells, secondly the
cells 1n the middle stage, and finally, those which are nearly
mature.

Of the erythroblasts (Fig. 1), the first to disappear are the baso~
phils, secondly the polychromatophuls and finally the ortho-
chromatics. An esttmation of the length of maturation can thus
be deduced from the above-mentioned behaviour. These experi-
ments therefore permut one to compare the behaviour of the
erythroblasts from normal bone marrow with those from
marrows from various blood diseases, as well as to investigate the

effect of vartous agents acting directly on the cells themselves in
vitro

* Supported by the Blood Reseasch Foundanon, Washington, D C.
29
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segmented neatrophil does—it goes up to 75 or 8o per cent when they
sutge aut of the marrow inta the peripheral blood.

Craddocks Tsn't it possible that they could be held vithin the nodes for
a Jong period of time before entering the blood?

Crotikite: Then we should sec them habelled in the nodes, and we do
not see that, In the sccondary follicles you can see large lymphoblsts.
A very high percentage of them are Iabelled; the renculum cells and
macrophages are labelled, but of the small lymphocytes only a very
small pereentage are Iabelled.

Leblond: 1 1snay come back ta Dr. Everctt's question, you said that
3 or 5 per cent small lymphacytes may be labelled after 2 single injec
:l\;r;;f FH]thynudine. For how long did you keep that level in the

:

Crotikste: In thus case we only observed it for 15 days. I agree with
both you and Dr, Everett on this. The grain count and percentage
labelling are wery low to begmn with, and so far dhis has not been
followed sufficiently Jong to sce if the percentage Jabellng remains
constant for weeks. This must be done.

Evereit: We have also seen labelled small lymphocytes at long
periods after thymudine but heavily labelled cells do not exst for more
than a few days at most. We would mtcepret chis to mean that these
cells that persist and are weakly labelled are not of the same generation
as anes we see earher, and that they have anisen later from the Labelied
precursors, We rght use the stem cell theory of Prof. Leblond foran

pl For iple, a Jarge lymphocyte of the second genera-
tion, which might gwve a reduction of toa grams, would produce
definitive small lymphocytes that would have a potennal of only one
and a half grains each, and I think we nught miss a lot of them.

Leblond: An important finding ss that the small lymphocyres fournd
within the eprthehum of the mtestine do migrate to the lumen. This
was shown by M. A. Jassmowski (1925, Frankfure. Z. Patl., 32, 238}
who observed large numbers of lymphocytes m washwgs of exterk
zed intestne m rabbsts. This finding was confirmed by Mr. E. Kal-
Jenbach mn the rat, since lazge numbers of mononuclear cells were
found next to shed epithefial cells s various states of digestion in the
intestinal mucus, This loss is large enough o play an mportant 16le
in the metabolism of lymphocytes.
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person. This seems to prove that she above-mentioned abnormal
maturation is more closely bound up with the humoral sur-
roundings in which the erythroblast is living, than with its
intimate biology.

A quite different result has been obtained by experimenting
with the erythroblasts from hookworm anaemia (Astaldi, Rond-
anelli and "Troiano, 1951). In this diseasc, before treatment, it has
been seen that there 1 2 significant delay in maturation not only
shen the cells are kept 1 the serum from the patient, but alo
when they ate kept in the serum from a normal subject. On the
other hand, after treatment the maturation activity of erythro~
blasts appears to be practically normal. These results seem to sug-
gest that the delayed erythroblastic maturation in hookworm
anaemia is not entirely due to the severe lack of won which
occurs in thus disease. It may also be due to biological alterations
i the erythroblasts, e d with the p of the parasite,
even though this hypothesis is not the most prevalent at the
moment.

Some other reseatches have been camned out on the erythro~
blasts from the three forms of thalassacmia: major, minor and
mmima. Such investigations {Astalds, Tolentino and Sacchetti,
1951) showed a delay 1 the maturaton process in the ortho-
chramatic phase, with a slowing down in nuclear loss before the
exythrocytic stage is reached, This delay 3 lasgely manifested in
the most sertous cases of the disease and especually in the major
form Besides thus, 1t appeared that the erythroblasts from thalass-
aemia show the same degree of maturanon whether they are kept
mn the serurn from the panent or in the serum from a normal
subject In the same way, erythroblasts from 2 normal subject
behave simalarly mn the secum from the same subject and in the
thalassaenue serum.

From these results, 1t seems that the retarded enucleation in the
erythroblast from thalassaemza major is due ta symething which

has occurred in the intimare biology of the cell, rather than to the

854
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The experiments on the erythroblasts front normal bone marrow
showed that 18 to 24 hours are necessary from the basophilic to
the polychromatic stage, 12 1o 24 hours from the polychromatic
to the orthochromatic phase, and 24 to 36 hours from the latter
to the stage of renculocytes. The entire cycle of normoblastic
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FiG. 3. The bel of the phases of erythroblasts from human
normal bone marrow during survival i vitro

maturation {to the adult erythrocyte) seems to need about one
hundred houts

Rescarches carrted out on the erythroblast from primary hypo-
chromic anaemia (Astaldi, Maurt and Salera, 1950) showed 2
significant slowmng down of the maturanon process when these
erythroblasu were kept in serum obtamed from the patent But
it may be obscrved that the same erytheablasts show 2 normal
rate of maturation when they are kept m scrum from a normal
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11, 1.1

concerning the p of the nor
megaloblasts will be summarized.

Pernicious anaemia bone martow tn relapse, cultured in pa.
serum, remains megaloblastic, The same marrow, however,
shows signs of normoblastic conversion when it s cultured in p.a.
serum to which Hiver extract is added, as was first observed in this
laboratory in 1946 (se¢ Astaldi and Cardinah, 1957).

A normoblastic transformation has also been obscrved by
cultivating bone martow from patients with pernicious anaemia
in serum from normal human subjects, or in serum from patients
with pemicious anaemia afer treatment (Astaldi and Cardinab,
1957; Lajtha, 1950; Callender and Lajtha, 1951; Franco and
Arkun, 1951).

Matked signs of conversion are also observed when the pa.
bone marrow is culoured 1n p 2. serum to which folic o folinic
acid is added {Lajtha, 1952; Callender and Lajtha, 19513 Astaldi,
unpublished; Thompson, 1952; Franco and Arkun, 1951; Swan,
Ressner and Silverman, 1655). However, the same marrow shows
no sigmft when 1t 15 cultured in pa. serum to
which thymine (Thompson, 1952) ot vitamin By, alone 15 added
{Callender and Lagtha, 1951; Lajtha, 1050; Astaldi, unpublished;
Thompson, 1952; Franco and Arkun, 1951). In order to obtain
the normoblastic conversion, vitamin By, has to be added, to-
gether with gastnc uice (Callender and Laytha, 19513 Lajtha,
1952). The same conversion seems to be obtamed even when
vitamin By, is added to normal cluck serum and chick embryo
extract {sce Astalds and Cardwisl, 1957), while both gastnc
juice alone (Callender and Lagtha, 1951; Lajtha, 1950) and
chick embryo extract alone (Astaldy, unpublished), like vitamin
B,, alone, are ineffective.

From the data reviewed, it can be seen that a conversion of
megaloblasts 1o normoblasts {n vitro has been observed by colvat-
ing the megaloblastic marrow in the following media: () serum
from normal human subjects, (B) pernitious anaemua serum

conversion of
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surrounding in which the cell is living. It should be noted, how-
ever, that such a phenomenon is not exclusively associated with
thalassaemia, as it was observed also in other secondary erythro-
blastosis ansemias with hyperhaemolysis, such as leishmaniasis
{Astaldi and Tolentino, 1949). This may suggest that we ate
dealing with a phenomenon which is not primary, but acquiced.
In any case, a retarded enucleation does occur 1 the erythroblast
from haemolytic diseases of the newborn. In fact, when the
erythroblasts present in the blood stream of this disease are kept
in vitro, they reach the erythrocytic stage normally. This suggests
that the later peripheral erychroblastosis may be comp 4

Megaloblasts from pernicious anaemia in relapse show a delayed
maturation as compared with nosmoblasts from noemal bone
marrow. In particular, when the pemicious anaemia {p2)
marrow 35 cultured 1 p.a. serum, the whole cycle of msgﬂo-
blastic maturation from the basophil to the orthochromatic stage
requires not less than 72 hours, whereas the normoblast completes
the same cycle in 48 hours,

This delayed matnration may be brought back to normal by
the addition of agents to the p.a. serum used as a culture medsum.
Tt has been shown as a result that hver extract reaccelerates the
slowed-down rate of megaloblastic maturation (scc Astaldi and
Cardinali, 1957) The same result (Fig. 3) has also been obtained
with nicotinamude (see Astaldr and Cardnali, 1957). One should
note, however, that while liver extract smultancously restores
normoporests, erythropoiesis remams megaloblastic with mcotin~
amide. The acceleration of megaloblastic maturation is therefore
dissoctable from the ph of the blastic conver-
sion of megaloblasts. It seems possible to conclude that the
Jifference between megaloblasts and normoblasts consists not
justin the slowing down of maturation, but also 1 some deeper
‘Biological charactenstics, strictly conmected with the morpho~
Jogical appearance of the cell. )

‘At this point the results obtamned by the in vitro culture method
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on investigation of the local effect of inoculation of vitamin By,
directly into the pernicious anacmia bone marrow, it appeared
that at the site of instillation the capacity for binding this vitamin
is limited. Finally, by employing labelled vitamin By, in a case
of mactocytic anaemua, 1t was observed that there was a defect in
vitamin By, binding. Such a defect could be corrected by the
2dministration of normal serum (Horrigan and Heinle, 1952).

By comparing both in vifro and in vivo observations itis possible
to suggest that-

{a) A binding factor 15 needed 1n order that vitanun By, may be
wilized by megaloblasts both 1 viro and i vivo.

{5} Such a factor 1s contamed m normal serum, while it is facking,
or 15 nsufficiently d, 1n pernicious serum.

(&) The lack of a bindimg factor can be corrected in vivo by the
admunistration of normal serum, and in vitro with normal
serum as well as with embryo extract or gastric juice.

{4 The serum t2ken from a patient wih permoious anaemia
treated with vitamn By, does not show any lack of the factor
referred to.

These observations in tun suggest the hypothesss (Astalds and
Cardinal,, 1957) that 1n permaious anaemia mn relapse there is a
fessenung of a plasmatic factor which 15 needed for the utilizaton
of vitamin B,, by blood cells (utihizanon factor). One may sug-
gest that such a plasmatic factor may be the plasmatc tinding
factor (P.B F.), whose lessenung may explain the lack of vitamm
By, action i vitro, where there 15 a very small quantity of serum.
Such a defect can be obviated by adding protein substances con~
tamed 1n embryo extract, or m gastnic ynce. On the other hand,
t vivo vitamin By, may become biologcally active, because there
isnot an absolute deficiency of P.B.F. owing to the great quantity
of serum present s the entire body (in spue of the percentage
lessening of P.B.F. mn this serum)  The local effect, too, obtained
by the mstilavon of vitamin B, mto the bone marrow, may
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taken from patients treated with vitamin By, {¢) serum from
patients with pernicious anacmia in relapse, + liver extract, (d)
scrum from patients with p.a. i relapse, 4- folic or folinic acid,
{e) setum from patients with pa. in relapse, + vitamin Byt
embryo extract, and {f) serum fram patients with p.a. in relapse,
+ vitamin By, + gastric juice,

No mportant effecct on the conversion of megaloblasts to
normoblasts was observed by cultivating megaloblastic marrow
in pernicious anaemia serum alone, or with addition of one of' d}c
following substances: (4) vitamin By, (5) thymine, and (c) gastric
Jjuice.

The fact that no activity 15 exexted i vitro by vitamin By, alone
on megaloblasts growing mn permicious anacmia serum apparently
contrasts with the therapeutical effecuveness of vitamin By, when
given to the patients by the parenteral route. Moreoves, the
lack of any effect in vitro from vitanun By, seems especially to be
in opposition to the effect of mstillation of the drug directly into
the bone matrow of patients with permcious anaemua, In fact,
there the vitamm mduces the normoblastic conversion of marrow
and corrects the cellular abnormality in ribonucleic acid {(Horngan
and Vilter, 1950, 1051; Jarrol et dl., 1951).

On the other hand, as mentioned above, vitamim By, 13 effective
in pitro when it 1s contamned 1n normal serum, or added to pernt-
c1ous anaemia serem 1n the presence of embryo extract or gastrc
juice. This proves that vitamin By, is capable of acting in vitro
only 1 the presence of an unknown factor which 1s contamed 1
normal scrum, i embryo extract, and in gastric ymee, but which
is lacking, or 15 contained nsufficiently 1n pernicious anaemia
serum. Smce this factor cannot be vitamn By, by reself; 1t 15 pre-
sumably 2 product capable of mnducing 2 transformation or 2
binding of vitamn ]?,',. This 15 also sum:ortcd by the fact that

JRF P SUNT'S R S
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The result {sec Astaldi and Tolentino, 1949) was a delay in the
maturation of normal erythroblasts following the addition to the
cultures of a spleen extract from a case of hipoidosis. A delay in
the maturation of erythroblasts was also observed in another
case in which both the cells and spleen extract were obtained
from the same patient with Cooley’s anacmia.

Moreover, an increase 1n temperature above 37° and up to 42°
accelerates maturation of the erythroblasts (Astaldi, 1951); up
to 42°, there are very early signs of cellular damage, such as lysis,
Colchicine in stathmokinetic doses (doses sufficient to stop all
the mitoses at the premetaphase) does not interfere in the matu-
ration from the basophil to the polychromatic stage, and it just
shghtly slows the subsequent maturation from the polychromatic
to the orthochromatic phase. Morcover, it appeared (Mauri,
1951) that aminopterine inhibits maturation of both leucoblasts
and erythroblasts, but to a higher degree in the latter; that

hane stimulates the polyck ;. . of basaphil
erythroblasts; and finally, that methyl-bis(8-chloroethyl)amine
does not interfere in the maturation process of haemopoictic cells.

Protamine sulphate, too, has been tested in view of the fact that
this substance, having an anti-heparime effect, may be substituted
for embryonic extracts in the coagulation of heparinized plasma.
The results of these mvestigations (see Astald, 1951) have not
shown any effect of that drug on erythroblast maturation,

Proliferation

Another of the problems which mwited investigations by the
in vitro culture method, and which was mncluded in the research
programme in this laboratory, deals with the proliferative
actvity of the haemoporetic cells.

As1s known, the microscopical observation of both lustological
sections and smears of bone marrow shows whether there are
many or few mitoses. It 15 also possible to obtain the mitotic
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depend on the utilization of 2 sufficient quantity of P.B.E., con-
tinuously carsied into place by the blood stream, even in reduced
concentration. Finally, it is probable that some cases of megalo-
blastic anaemia untesponsive to vitamin B,y atise from 2 more
serious lack of P.B.F.

Going further on, we have suggested that the fessening of
P.B.R. in petnicious amactnia might be 2 consequence of the in-
sufficient absorption of vitamin By In particular (see Fig. 2}, the
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lack of the gastric absorption factor causes a plasmatic deficiency
of By, which normally gets bound to P.B.F. This induces 2
transitory mncrease of the unbound PBF, n comparison with
that bound 1o vitanun By,. Tlis in turn causes a decreased forma~
tion of P.B.F., and then a more or less sertous lack of 2.

Besides haemopoietic factors and normal or thalasssemic or
pernicious anseria serum, other agents, such as spleen extracts,
cytostanc agents, temperature, ctc, have been used in experi-
ments on the maturation of erythroblasts saryiving in vitro.
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proliferating, although at a different rate according to the cell
type; second, the stathmokinetic effect of colchicine is exactly the
same in wifro as it is in vive, ie. at ‘}lﬂ mel dose it SKOPS at
premetaphase all the cells which have entesed mitosis. In other
words, the idea we have been holding is the following (Fig, 3):
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Fic. 3. Diagram of the stathmokanetic test (accarding to Astaldi and Maur,
1949)-

when 1 a gwen place, that is in 3 gtven culture, all the cells
entening smtosts are arrested at the premetaphase, the ratio of
mitoses achieved in 2 given ume (stathmokimensc index) wall denve
Just from the number of the cells which have entered mitosis, t.e.
from the average duration of interkinests. In this condition, the
stathmokanetic ndex will show the degree of proliferation of the
cells under examinanon.
Preluminary £Xpenments were magreement with the theoretical
the test has been formu-
lazcd {Astaldi and Mauri, 1949, 1950) and then used in our
Laboratory, as well a5 by other mvestigators.
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index, that is, the percentage ratio of the cells at the mitotic stage
as compared to the cells at the resting stage. But that index is not
sufficient by itself to give grounds for an unequivocal conclusion
on the amount of proliferation of the cells under examumnation.
I fact, the variations of the mitotic index may depend not only
on the variations in the resting time (that is, on the degree of the
proliferation actavity), but also on the duration of mitosis.

In other words when, for instance under pathological or
experimental conditions, we observe a mitotic index which is
higher than the standard one, we cannot say that more cells have
entered mutosis in the same time, whach wonld mean that pro-
liferation was more actve. In fact, the mitotic index mighs also
be higher than the standard one because the duration of mitosis is
longer than uswal. The latter occurrence is not just a theorctical
possibility, but a real one, because the development of the mitotic
stage may be influenced by many factors, both physical and
chemical, as well as under different biologrcal conditions (see
Astaldi and Mauri, 1947).

In conclusion, the mutotic ndex derives from two factors: the
duration of resting stage and the duranon of mitosis, both varying
according to the cell type, the maturation stage and the different
stimult which may occur. It follows that we are not in a position
to use the mitotic mdex to obtain mformation about these two
factors (the one we are mterested 1 being the average duratton
of the resung stage, that 15, the degree of proliferation).

In order to get more precuse data on which to judge the degree
of cellular proliferation, we thought of arresting the process of
yatosis, If this were done, the varanons of the nutotic mdex
wonld become a function of interkinesss only, thus expressng
the degree of prohiferative activity of the cells under examination
as well as the effect of the sumuh eventually reaching the cells.

To do this we have exper d on the stathmokinetic effect
of colchicine on cells explanted in vitrs, based on the facts that:

first, when proliferating tissues are explanted i witro they keep on
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between basophil and polych phil stathmokinetic indices is
3/1. This different behaviour of the mitotic and stathmokinetic
indices as regards maturation may be explained only by admitting
that mitosis lasts longer in polyct phul than in basophil
normoblasts.

From the results obtained it appears that the development of
maturation in the normoblast entails: (1) a gradual increase in the
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Fic. 4. Mitotic and stathmokinctic indices under different physiopatho-
logacal conditions

average mterkinetic time, i.e. a gradual decrease in probferation,
down to zero at the orthochromatic stage; (2) 2 gradual in-
crease 1n the average kinetic period (mamly due to 2 longer
metaphase).
The results of this experimental evaluation of the normoblast
proliferation in the different stages of maturation agree most
isfactorily wath the behaviour of the bolism of nucleic
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The test is quite simple. To the culture medium is added 3
solution of colchicine, whose final optimal concentration for the
erythroblasts from human bone marrow is 1/1,000,000. Bone
matrow fragments obtained by sternal puncture are explanted in
such 2 medium and incubated at 37° for a given time, vsmlly
22 to 18 hours. Afterwards, the cultures are smeared and stained
according to May-Griinwald-Giemss, or other staining methods,
and at this point the number of the stathmokineses present in
1,000 cells may be determined, thus giving the stathmokinetic
index.

Some results on the proliferation activity of blood-forming
cells, obtamed by using the stathmokinetic test, will now be dis-
cussed.

Experiments carried out on the normoblast from normal human
bane warrow proved that (Fig 4) the stathmokinetic index at the
18th hour of eulture is roughly 200 pet thousand in the basophils,
and 6570 per tf d in the polyct phils, The stathmo-
kinetic index of orthochromatics is practically zero, since mitoses
are generally not m evidence m these cefls (see Astalds and
Cardinali, 1959).

The fact that the average stathmokametic index of the basophul
normoblast is three times that of the polychromatophil one
means that the average mterkinetic period of the former 15 three
times shorter than that of the latter, 1.e. the proliferative acuvity
of basophil normoblasts s roughly threc times more than that of
polychromatophil ones. The orthochromatic normoblasts, on
the other hand, have no prohferative activity and therefore they
have no value in the proll on of the erythropoienic cells con-
sidered as 2 whole.

Information on the average duration of mitosis may be ob-
tained by comparing the stathmokinetic mdices and the mitotic
ancs. The latter appeared to be 31-8 per thousand # 5+3 for
basophils and 20-2 per th d +1 o for polycl phils,
The ratio of these two values 1s therefore 3/2, while the ratio
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moderate and irregular in the minima (present in about 50 per
cent of cases). It scems, moreover, that a correlation exists
between clinical gravity and increased proliferation, at least
withwn certain limits. In contrast with the behaviour of basophils,
the proliferation of polychromatophils is within normal limits in
all three forms of thalassaemua.

The increased proliferative activity at the basophil stage tends
to offset erythrocyte losses due to the marked erythrocytolysis,
while the abscnce of any increased proliferation at the poly-
chromatophul stage 1s probably connected with the fact that no
deficient maturation is seen in thalassaemia at this level,

Investig; conducted on the loblast from pemicions
anaemia revealed that 1t proliferates more actively than the normo-
blast, at both the basoplul and polychromatophil stages. The
values of the stathmokinetic indices at the 18th hour (Fig. 41) are
very high: 350-400 per thousand for the basophil and 230 per
th d for the polycl phil megaloblast (sce Astaldi and

e .
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that while normoblast prohferation decreases from the basophul
to the polychromatophil stage 1n a 3/1 ratio, 1n the megaloblast
the decrease of proliferation between the two maturation stages
1550 much less marked that the ratio of the stathmokunetic indices
is lower than 2/1. This means that the megaloblast from perni-
cious anaemua—mn contrast to the normoblast from normal
bone marrow—also proliferates actively m the polychromatophil
stage

Companson between the mutotic mdices of megaloblasts
(27 2 per thousand + 1-8 for the basophil and 20- 8 per thousand
+2-2 for the polychromatophil) and the corresponding ones of
normoblasts (31- 8 per thousand + 5+3 for the basophil and 20-2
per thousand + 19 for the polychromatophil) does not reveal
significant differences. To explam thus, since the stathmoknetic



2 GIOVANNI ASTALDI

acids in normoblasts during their maturation. In fact, in the
normoblast during maturation there is (Thorell, 1947) a gradual
decrease of the ribopolynucleotide content, with which ¢he
protein syntheses involved in cell growth (proliferation) are con-
nected.

Investigations on erythroblast profifération evaluated using the
stathmokinetic test have afso been conducted on marrow from
different physiopathological conditions.

The erythroblast from primary hypochromic anaemia revealed 3
higher degrec of proliferation as compared to the normoblast
from the normal bone marrow, in both the basophil and poly-
chromatoph stages. In fact (Fag. 45), the stathmokineuc indices
at the 18th hour werc 261 per thousand and 118 per thousand for
basophils and polychromatophils respectively (Astaldi, Mauri and
Salera, 1950). Since the mutotic indices of this anaemia are con-
tained within normal limits, it must be admitted that the average
duration of mitosis in these erythroblasts is shorter than usual
The ngher degree of erythroblast proliferation, not only in the
basophil stage but also in the polychromatophil one, which
occurs in patients with this anaemia as compared to the normal
subject, may be related to deficient maturation of the erythro-
blasts, depending on the lack of iron,

The opposite occurs with the erythroblast from hoofworm
anaemia, the stathmokanetic mdaces of which (Fig. 4¢, ) are lower
than normal in both the basophul and polych hal stages
{Astalds, Rondanelli and Trouno, 1951}, despite the jron defici-
ency. Ttas therefore probable that in this anacria the cocxdstence
of cytotoxic damage caused by the parasite may be responstble
for the decreased proliferation

The erythroblasts from thalasseemna showed (Astalds and
Tolentino, 1952) a prohferative activary (Fag. 4% ¥, ) defintely
higher than normal in all three forms of the disease: major, minot
and minima. The mcreased proliferation 1s both more marked
and more constant in the two more serious forms, while it 15
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influence of various agents on cell proliferation. It was seen that
hypoxia is one of the condtions which inhibit the proliferation of
etythroblasts. In fact, the proliferative activity (Fig. ) decreases
with the reduction of pressure in the surroundings in which the
cefls are cultivated (sce Astaldi and Cardinali, 1959). A decrease

758 560 3

Fic 5, Influence of hypoxa on proliferative acuwity of
erythroblasts under dufferent conditions.
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in the erythroblastic proliferation induced by hypoxia is revealed
in both the basophil and polychromatophil stages, but it 15 more
marked 1n the former.

Similar g ducted on the loblast from
pemnicious anaemia proved that hypoxia causes a preater reduction
of proliferation in this type of erythroblast than i the normo-
blast, and also that n megaloblasts the sensitivity to hypoxia is
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indices of the megaloblasts are higher than those of the normo=
blasts we must admit that the average Juration of the meg?
1oblastic mitosis is shorter than that of the normoblastic one:
The following conclusions may be reached with regard t0 the
megaloblast: (1) it proliferates much more actively than the
normoblast in both the basophil and polychxomatophil stages;
(2) the decrease in proliferation when passing from the basophi
to the polychromatop il stage is less marked than that observed
in the normoblast; (3) the average duration of mitosis in Mg
e i L Aarear than that in normoblasts.
- reiey of the

criments carmed out ws = -oblasts
proved that the basophil megaloblast in a two-day-old embryo
shows a very ntense proliferation. In fact, its stathmokineﬁc
sndex is $10 per thousand, i.e. even higher than that in the
megaloblast from perniciotss anaemia (400 per thousand). It is
interesting to note that, when passing from the bnsophil to the
polychromatop stage, prohferation decreases much mOre in
the megaloblast from the embryo than m that from pernicious
anaemia. In other words, as regards relationstup with the matura=
tion stage, We note that the behaviour of the embryonic megalo-
blast’s proliferation is more simular t© the normoblast’s than to
that of the megaloblast from pernicious anacmid. Tlus behaviout
apparendy confirms the concept that no brologcal jdenticy
between the embryonic megaloblast and the permcious anaemi3
megaloblast exists.
With regard t© the embryomc erythroblast from the second
erythropotetic senes—the normoblastic—1t Was obscrved that its
roliferative actwvity 18 much lower than that in the first series—
the mcgaloblasnc. Moreover, 1t Was observed that prohfcmwn
decreases when passing from ‘he basoptul to the polychromato-
phal stage:

A number of experiments Were carried out to investigate the
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erythropoietin is present within the erythroblasts of the anaemic
animal, or closely attached to them, so that it exerts its mitotic
stimulating effect within the cells.

Investigations have also been conducted to test the influence of
X-raps on the proliferative activity of surviving erythroblasts
from human bone marrow, i.c. on both normoblasts from

PROLIFERATION OF ERYTHROBLASTS
AT DIFFERENT X-RAY_DOSES
"B razopmils i Polychromatophils
normoblasts ~—_megaloblasts

50 BOOF D00r O S0r 100r 300¢ $0G" 1000¢
X-RAY DOSES

Fic. 6. Influence of X-rays on prolferative activaty in both
normoblasts and megaloblasts,

normal subjects and megaloblasts from pernicious anzemia
patients 1 relapse. Durng these expetiments, bone marrow
cultures were subjected to X-ray doses ranging from 5o to
1,000 1. Fig. 6 illustrates the average stathmokinetic indices
obtained after 14 hours of culture both 1n the controls (or.)and
in the irradiated cultures. On the left are seen the results for both
the basophulic and the polychromatic normoblasts (see Astaldi
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more marked in the basophil than in the polychromatophil stage.
It is possible to note that the different sensitivity of megaloblasts
and normoblasts to the deficiency of O, is gradually reduced by
the effect of the specific treatment.

it appearcd that the greater sensitivity to hypoxia of the
megaloblasts as compared to the normoblasts is not simply the
consequence of the fact that the former has a higher proliferative
activity than the latter. Indeed the erythroblasts from thalassaemia
major, which proliferate nearly as actvely as the megaloblasts,
behave ltke the normoblasts with respect to hypoxia. We areled
to the conclusion that the more marked sensuivity to hypoxia
shown by the megaloblast is correlated with the metabolism
peculiar to thus cell.

Another agent which appears to be mhbiting proliferation is
vitamin Bls (Astaldi and Strosselly, 1950). In fact, the determina-
tion of the stathmoknetic index 1n the mgration area of fibro-
blast cultures showed the indices to be lower than in the controls
when vitatmin By, 15 present. In particular, indices just half those
of the controls appeared when the vitamun contents ranged from
1010 1pg /ml, and they gradually increased as the vitamun con~
centration was reduced, unnl a point was reached where, When
the dosage was about o oooz pg /ml., no significant dfference
existed as compared to the controls.

Matoth and Edna Ben-Porath (1959) carred on researches,
using the stathmokunenc test, m order to test the mfluence of
erpthropoietin on the erythroblst prohferaon. These experi-
ments showed an increase of erythroblast proliferanon when the
marrow was cultured i a medium containing serum from rabbits
made anaemic by bleedmg Morcover, 1t appeared that the ery-
throblasts from rabbits made by bleedmg prohferate at 3
tigher degree {400-500 stathmokmeses 1 1,000 cells) when

rowmg in both normal and anaemic serum. The authors con-
clude that these results provide evidence for a mitotic sumulation
by erythropoietn at the bone marrow cellulat level, and that the
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polychromatophil ones. It is possible that such a difference may
be connected with the different degree of proliferative activity
in these two phases of maturation (higher in the basophil than in
the polychromatophil stage), which in its turn is a consequence
of the biochemical differences between these two phases {ribo-
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FiG. 7. Stathmokmetic indices of white cells and plismocytoma cells in the
normal 2ad in leukaemias

and deoxyribonucleic aad, protemn, haemoglobin, enzyme, etc.,
contents).

Observations on the lencoblasts from normal subjects revealed
that in these cells also, prolife gradually d with the
progress of maturation (Fig. 7a). In fact, the stathmokinetic
mdices of leucoblasts determuned in normal bone marrow cul-
tures at the 18th hour are 128- 1 per thousand + 4- 29 for myelo~
blasts, 52+ 60 per thousand 2+ 29 for promyelocytes, and 26+ g0
per thousand + 1-43 for myelocytes (Salera and Tamburino,
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and Cardinali, 1959; Astaldi, 1958). On the right are the results
of the rdntgen irradiation on cultures of bone marrow from
pernicious anaemia in relapse (Astaldi, Strosselli and Karanovic,
unpublished data).

First of all, confirmation may be obtained that megaloblasts
proliferate at a higher degree than notmoblasts, the controls of
the former having a stathmokinetic index (after 14 houss of
culture) of 240 per thousand in the basophil stage and 110 per
thousand in the polychromatic one, while the corresponding
indices of normoblasts ate 140 per thousand and 65 per thousand,
respectively. Moreover, it may be observed that the proliferation
of both normeblasts and megaloblasts 15 very sensitive to X-ray
irradiation, already appearing markedly mhibited with 50 .
Finally, such findings show that the extent of proliferative
inhibition depends on the X-ray dose employed, but not pro-
portionally.

If the percentage decrease in proliferation excrted by the dif
ferent doses of X-rays on the normobast and the megaloblast (at
the basophil stage) is compared, it can be found that, with so .,
the reduction in prohferative activaty 1s about 50 per cent for
normoblasts and only 37 per cent for megaloblasts; with 500 1.,
it 1s about 8o per cent in the former and 70 per cent in the latter,
finally, it becomes nearly 100 per cent with 1,000 r. In conclusion,
it appears that proliferation in both normoblasts and megalo-
blasts is very sensitwve to the action of X~rays, but to a different
degree. Workers in this Jaboratory believe that this difference
between normoblasts and megalobl fepends o the pecubat
characteristics directly connected wath the different biology of
these two types of erythroblasts

With reference to the maturation stage, it appeared that the
basophil and the polyct phil normoblasts show a different
reactivity under the anti-mutotic action exerted by X-rays On
che whole, it would seem that the proliferatng activity of the
basophil erythroblasts is more radtcally mhibited than that of the
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much more marked in the leukaemic granuloblasts than in the
normal ones.

On the basis of the aforementioned data, the following con-
clusions may be reached: (1} leukaemic granuloblasts, considered
as 2 whole, do not proliferate more actively than the normal
granuloblasts, 1n cither the mycloblast or promyelocyte stages;
(2) the decrease of prohferation in the myelocyte stage is more
marked in leukaemic cells than i normal ones. This latter fact
would seem to indicate that, while in the early maturation stages
the proliferative activity of leukaemic cells is not especially
affected, 1n the more advanced stage such acuvity is more
seriowsly affected, probably on account of difficulties intimately
connected with the maturation process.

The observations of proliferative activity by use of the stath-
mokinetic test proved that the haemocytoblast from acute lesk-
aemsa 1s 2 cell that scarcely probferates; in fact, its stathmokinetic
index (Fig 7c) 1s roughly 7 8 per thousand at the 14th hour of
culture, accordng to Astaldi and Maunt (see Astaldi and
Cardinalt, 1959). Smmlar results were hikewse obtained by
Sacchett1 and Branchim (see Astald: and Cardinak, 1959) and by
Salera and Tamburino (1053). These data may be constdered as a
strong objection to the hyperplastic theory of the genesis of
this leukaenua.

The results ob d mn cases of plasmocy proved that in the
plasma cell sertes too, the behaviour of the proliferative activity 1n
relation to the maturative evolution 15 sumilar to that observed
both the erythroblast and granuloblast series. The stathmokinetic
mndex 1n the mature plasmocyte type 1s rather low, roughly 4
to s per thousand, thus proving that the mature plasma cell has
a low proliferauve actuwity. In forms of plasmocytoma with
immature cells of 3 matnly plasmoblastic type, the stathmokinetic
mndex (Fig 7D) 15 16 to 18 per thousand, 1.e. from three to four

and a half umes hgher than n mature cell forms (see Astaldi and
Cardinali, 1959).




120 GIOVANNI ASTALDI

1953). Therefore, the proliferative activity in myeloblasts appears
to be approximately five times more than that in myelocytes and
two and a half times more than that in promyelocytes, whichin
turn, prokiferate twice as much as myelocytes.

The ratio between the stathmokinetic indices of myeloblasts
and those of promyelocytes corresponds to the ratio between the
respective mitotic indices, which are apparently 31- 3 per thousand
and 13-7 per thousand in mycloblasts and promyelocytes res-
pectively. Thus fact would prove that no important diffesences in
the duration of mutosis exist between myeloblasts and promyelo-
cytes. However, the ratio between the stathmokinetic index of
myeloblasts and that of myelocytes is definitely higher than the
ratio between the respective mitotic indices, which are 313 per
thousand for myeloblasts and §+8 per thousand for myelocytes,
i.e. a3+ 6 ratio. This would indicate that the average duration of
mitosis is longer 1 myclocytes than 1n myeloblasts.

We may conclude, thercfore, that leucoblasts behave Iike
erythroblasts as regards the relationship between proliferaton
and maturation. Asa matter of fact, in granuloblasts we also note
that with the progress of maturation the proliferative actiity
decreases, i ¢ the average interkinctic time increases. Moreover,
in passing from the myeloblast to the myelocyte stage, the
average kanetic ime mcreases, mainly on account of the lengthen-
1ng of the metaphase.

The stathmokinetic ndices in chiromic lewkaemic myefosts at the
18th hour of culture (Fig. 78) ate 120- 5 per thousand for mryelo-
blasts, 49 per thousand for promyelocytes, and 11- 8 per thousand
for myelocytes (Salera and Tamburino, 1953). A comparison
between the stathmokinetic indices of Jenkaemic granu]oblas!s
with those of normal ones shows that the former are lower than

the latter. Whale the differences are not significant in the myelo-
Blast and promyclocyte stages, they are definitely so as regards
the myelocyre stage. It follows that 1n passing from the promye-
Jocyte to the myelocyte stage, the decrease in proliferation is
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Differentiation

Funally, some results regarding the differentiation process, as
examined by the tissue culture method, will be discussed. On
this subject, studies in this laboratory are less numerous and
still at a preliminary stage as compared with those researches
which deal with maturation and proliferation processes of the
haemoporetic cells. However, the results obtained with vitamin
B,; and with a bone marrow extract are submitted here for
criticism.

The first series of experiments was performed (Astaldi and
Strossellr, 1959) on fibroblasts isolated from myocardial frag-
ments of click embryos at the seventh day of development,
These cells were cultivated in vitro 1 a fluid medium (“199
mixture”, Microbology Association, Bethesda, Md.), both with
and without vitamin B;,. The plane supporting cell migration was
the surface of the slide on which the small fragments of embryonal
myocardum were applied. By this method the introduction of
any other biological factor mto the standard medim used (199
mixture) has been avorded, which would not have been possible
if the cell substratum had been providing the usual plasma clot.
In addition to this, the cells were compelled to migrate over 2
sngle-layer surface which favourably affects and makes uniform
the nutritional exchanges between the cells and the medium,
while also making a mucroscopcal examnation of the cells con-~
siderably easter.

Vitamin B;, (Farmitaha, Milano, Italy) was used in doses of
10, 1+0, 0-1, 0-01, 0 ool and orooor pg./ml of 199 mixture.
Cultures prepared from these media, as well as the control ones
without vitamin B,,, were kept m roller tubes at 37-5°. In the
cultures contaming the fargest doses of vitamin By, {10, 1-0, 0+ 1

ug/ml), the presence has been noticed of some cells with a
marked increase in their cytoplasmic basophilia, related to an
increase in the nbonucleotide thickemng patterns. In these cells,
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As regards the mitotic indices, they are lower both in the im-
mature and mature cell forms. They generally range from o1
to 2+7 per thousand. Out of ten cases, higher values have been
found in one case only, It follows that, if the stathmokinetic
indices are compared with the respective mitotic ones, in plasmo-
cytomas of the immature type the stathmokinetic index is 3 to
17 times higher, and in mature cell plasmocytomas it is only three
to four times higher. This means that when pasung from the
plasmoblast to the plasmoacyte not only does the average inter-
kinetic time increase {i.e. the proliferative activity decreases), but
the average kinetic time also increases.

On the basis of all the foregoing results, Astaldi and Catdin'ah
(1959} drew up the following principles of bone matrow physio-
pathology:

{x) The proliferative actity of blood-formng cells varies
with the modification of the cell type (erythroblast,
granuloblast, plasmocyte).

(2) A relationship exsts between probferative activity and
maturation stage that 1 normal condittons 15 constant for
each cell serzes.

(3) Independently of the cell seres, with the development of
maturation a gradnal decrease of proliferation occurs, i.e.
an merease in the average interkunetic time.

(4) With the development of maturation, it is possible also to
observe an increase in the average hinetic time, This merease
generally depends on the lengthening of the metaphase.

(s} The more immature cells, 1.e. the mote actively pmlzf?.:r?t-
ing ones, are more sensitive to the effects of factors mbibit-
ing prohferation. .

{6) The decrease in the probferative activity when passing
from the more immature to the more mature stages may
ikewise be observed in pathological conditions {
Jeukaema, plasmocytoma).
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moreover, the chromatin appeared much coarser than in the
unchanged fibroblasts. Finally, these cells appeared more regular
in their surroundings so that, at the end of all the modifications
mentioned, these cells showed the same findings a5 in the em-
bryonal promegaloblasts.

From the sccond series of culture experiments, those where
bone marrow extract had been added to the culture medwm,
plasma cells from primtive embryonic histoid cells scem to have
been obtamed.

To test this, myocardial fragments from chick embryo at the
cighth day of development have been explanted (Strossell and
Astaldi, 1960) m the following medium: Eagle Basal Medivm
(Microbiology Association, Bethesda, Md.) go ml, horse serum
10 ml, and (cxcept in the controls) the bone marrow extract
{prepared by Robapharm Labs., Basel, Switzerland).

In the untreated culturcs, the usual histoid-fibroblastic strais
have been obtained. In the cultures with the bone marrow
extract, from the tenth day, it 15 possible to observe that some
cells, probably dertving from the primutive endocardim, undergo
marked morphological modificanons duning development (Fig-
8). Their nuclear chromatin pattern becomes thicker, so that the
whole nucleus appears more coloured, while the cytoplasm
becomes much more basophilic. Meanwhale, in the cytop]asr.n
some vacuoles appear which are grouped in a paranuclear post-
ton, definitely like those which are conained n plasma cells.
In fact, the strong basophiba of the cytoplasm surrounding these
vacuoles leads one to beheve they are of an ergastoplasmic nature.
Finally, the nuclens assumes a posttion beside the centre, whle the
entire ccll becomes ovoidal These cells therefore show typical
plasmocyne findmgs.

"These tesults seem to confirm the theory of the rencular
genesis of the plasma cells. In addition, they show the existence
of connexions between the differentiation process and the develop~
ment of the cells from the primary syncytim. Further investiga~
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tions on this subject of cellular differentiation in vitro are included
in our programme.

Summary

Maturation of haemopoictic cclls is studied by maintaining
medullary cells in a liquid medium and every 6 to 12 hours
counting the number of cells at the different phases of maturation.
Since under these conditions haemopoiesis rapidly dimunishes
while maturation proceeds, the first cells to decrease in number or
disappear are the most immature ones, then those in an inter-
medate stage and, finally, those which are close to maturity.
The length of hife can be estimated from this behaviour of the
cells,

Erythroblasts have been studied m both normal and patho-
logical conditions, e.g. pernicious anzemua 1 relapse, primary
hypochromic anaemia, thalassaemia (mayor, minor and mmnima),
etc. Moreover, experimental work has been carried out on the
effects of vanous agents on maturation of erythroblasts, e.g.
temperature, colchicine, liver extract, vitanun By,, nicotinamide
and the effect of normal serum on pathological erythroblasts, etc.

Probiferation 15 mvestigated on fragments of bone marrow
explanted mto a solid medium contamning colchicine at optimal
concentration. Owmng to the stathmokimetic action of col-
chicine, all the cells entering the mutotic stage are arrested at the
premetaphasic stage, the result beng that the number of mitoses
m the culture (or stathmokmetic index) gradually mcreases
with time. The amount of proliferation can thus be deduced
from the increase m the number of stathmokaneses reached at a
given time

Studtes on the prohferative activity have been carried out with
both erythroblasts and leucoblasts under different physiopatho-
logical conditions, e.g. erythroblasts from normal bone marrow
and from primary hypochromic anaemua, hookworm, anaemia,
thalassaemia, permicious anaemua in relapse, on embryonic
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erythroblasts,and on leucoblasts from acute and chronic leukaenic
myelosis and, finally, on plasmocytoma cells. Moreover, the
effects of ionizing radiations, hypoxia and other agents on the
proliferative activity of haemopoietic cells have been investigated.

Research into differentiation is not yet far advanced. Using
vitamin B, it seemed possible to obtain differentistion fromt
primitive embryonic mesoblasts to promegaloblasts. Moreover,
using a bone marrow extract on primitive embryonic histoid
cells, plasma cells have been abtained. Further investigations of
this subject arc in progress.
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DISCUSSION

Rachmilewitz: How do you explin the difference resulting from the
addution to the serum medium of Bys and By, plus gastric juee?

Astaldi. T have answered this question in the prnted paper, Profl
Rachnulewitz. I mught add here that by companng both the in vitro
and in vivo observanons it 15 possible to deduce that in pemicious
anaemia there 1s a | ing of a pl factor, or stilization factor,
which is needed for the utilization of vitamin By, by blood cells. One
may suggest that such a plasmanc factor may be the plasmatic binding
factor (P.B.F), whose lessening may explan the lack of vitamin By,
action 1 vitro, where there 15 a very small quantity of serum. Such a
defect 15 obviated by adding proten substances contained mn embryo
extract, or in gastric juice. However, 1 vivo vitamun B,y may become
brologically active, because there is not an absolute deficiency of P.B.F.
owng to the great quannty of serum present i the entire body,
although the percentage of P.B.F. is less 1n this serum.

Rachml, Your expl is very ing, but exp
on the binding capacity of sera of permcious anaemta have not shown
any difference from the normal,

Lajtha: Binding and binding are two different things. F. L. Ternberg
and R. E. Eakin (1949. J. Amer. chem. Soc., 71, 3858) have found that
saliva will bind By, but it is known that this particular binding has no
intrmsic factor actvity, In 1954 we found we had to differentiate very
strongly between binding and mtnnsic factor activity. We returned
then to the original Castle hypothesss, that haemopoietic factor equals
extnnsic plus intansic factor, Intnsic factor then is not mercly an




128 DISCUSSION

absorption factor but a true addition to By, (the extrinsic factor). When
we add normal gastric juice to our cultures we are adding active intrin-
sic factor which can be destroyed by heating, without destroying
By-binding capacaty.

Astalde; On this question, Prof, Rachmilewitz, I should hike to draw
attention to the results obtained by Horrigan and Heinle (1952, loc. cit),
as well as those of Pitney, Beard and Van Loon {1934, lor. it). They
showed that vitamin B,, is contained in normal human serum in 2
bound form, and also that in normal conditions the bound form of
vitamin By, is chiefly contained in the a-globulin fraction of huntan
serum,

Gordon: Dr. Matothn Jesusalem has recently made the interesting
observation that when marrow from anaemic animals was incubated
with normal setum in hus colchicne-plasma clot system, high mitotic
rates among the erythroblasts were noted He suggested dhat ¢his is
indicative of the presence of erythropoicnn i the erythroid elements
1 bebieve 1t was you, Dr. Astalds, who demonstrated the presence of
PAS (penodic acd-Schiff}-pontve matersal m the cytoplasm ?f
erythroblasts from thalassaemia major subjects. In view of Matoth's
findings, and since erythropactin appears to be a mucopratein, do you
think there may be some connexion between these inclusions and the
active prnciple?

Astalds; My results agree completely with the resules you have men-
noned, Dr. Gordon. In fact, by 1952 (Astaldi and Tolentno, Joc. ¢it )3
we had observed that the bone marrow exythroblasts from thafassaemss
panents prohiferate at the same level when the marrow 15 cultured both
in the serum from the same thalassaemic donot of the marrow, and in
the seram from 3 normal subject. That ss, thalassaemua erythroblasts in
normal serum may prolferate twice as acnively, or even more, a5
normal bone marrow erythroblasts,

Regarding the penodic acid-Schiff-positrve abnormal substance
present in the erythroblasts from thalassaernsa major you have Jandly
mentioned, according to the sesults of our cytochemacal mvesnganons
(Astzlch, G., Rondanell, E G., B i, E, and ih, E. {ro54}.
Asta haemat. (Basel), 12, 145), 1t seems to be a gluco~ or 2 nucoprotein,
or possibly a neutral mucopolysacchands, but st seems dfficult to
admit the existence of correlinons berween erythropoietin and the




DISCUSSION 120

above-mentioned PAS-positive structures. In fact, until now we have
not been able to show the same stroctures in the erythroblasts from
patients affected with other jas, where the erythropoietin con-
tent is high, since PAS-positive granules have been observed in the
erythroblasts from a few other conditions, such as leukaemias treated
with antimitotic agents, benzene intoxication, etc. In fact, the histo-
chemical tests showed a very different structure between these latter
PAS-posttive granules and those in the thalasaemia erythroblasts.
Together with Dr. E. Strosselli, [ have observed structures shich pre-
viously seemed to be anal to those in thal. jc erythrobl
thys was in a patient met last summer in Chile that Prof. Wintrobe
descnibed s 2 case of pyridoxine-deficient anaemia. Perhaps we an
be more precise on this latter subject when all the cytochemical
investigations under way have been catried out.

Fuchtelus: The cells in your Fig, 8 scem more hike osteoblasts than
plasma cells to me, Dr. Astald. In plasma cells the light zone, the

honlasm is perinuclears i

11

sin the Light zonc is located peri-

S P
phmfly as in your cells.

Astalds: Those are the cells we have obtamed culturing a chick
embryo myocardal fragment in the presence of 2 bone marrow extract.
They scem very similar to the plasma cells of chickens, and many of
them, though not ail of them, show that the light zone is located
pennuclearly.

Jacobson- What ulumately happens to this culture with these cells
as they hive on?

Astalds. The cells which I have shown 2s the most mature plasma
cells are the final stage of the observed differentianon,

Laytha May 1 suggest that you test the uptake of ¥Sjsodum sul-
phate? If these are plasma cells they should not show any uptake, and
if they are ostcord m nature they may well show quite significant
uptake

Astaldi Thank you, Dr. Lajtha; I think that your suggestion is a
good one. Dr. M. Bessis said last May that he also beheved that these
cells are plasma cells from the morphological point of view, and
others agreed with s concept. But I would hike to consider also
the concept that Dr Fichtehs has mentioned, and leave open the
possibility that further morphological, biological or biochemical

HAEMO —§
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investigations may prove that those cells are osteoblasts, or other cells
In any case, it is important to stress that they are differentiated cells,
as compared to the histoid fibroblast strain from where they started.

Cronkite: I have no good idea what these cells are, but a simular
problem has arisen as to what types of cell are actually coming out of
the thoracic duct. By phase microscopy with lving cells, and staining,
we have not seen typical plasma cells or their precursors, monocytes,
ar phagocytic cells, as yet. In discussion of this with Dr. Bessis a yeat
ago it seemed a good idea to look at these in the electron microscope.
It was quite a jolt to me while working with him last week to see that
there are monocytes i canine tymph as well as plasma cell precucsors
that we had overlooked by phase microscopy and ordinary staming
procedures.

Yoffey: The plasma cell precursor has been known for some Tutle
time from the work of T. Wesslén (1952, Acta derm.~ventreol. (Stockh),
32, 265). He gave his ammals mjections of biving typhoid bacilli then
showed there was no antibody m the thoracac duct Iymph; but i€ he
cultivated it 1 roller tubes he got antbody formation. It has been
made clear from that type of observation, and also by inference from
the subsequent accumulanion of actual plasma cells in the fungs—~the
first place where they could be trapped 1n a capillary bed and be held
up~—that there are precarsors of antibody-formng cells in Iymph
But 1 did not realize that they were already showing the typicd
plasma cell strucrure which Dr, Braunstemer and his colleagues showed
some years ago (Braunsteiner, H , Fellinger, K. and Pakesch, F. fr9$3]~
Blood, 8, 916). .

Cronkite: They are very easy to find. We are perhaps having 2 dit
ficult enough time in understanding the normal cells However, I was

d in the low stathmok mndex 1n pl ytoma and acute
Jeukaemia, which does not scem to be consistens wath rapid cell rum-
over.

Astaldi: In a given cell population, 1t seems to me important t¢
consider separately the average probiferation activity of that population,
and the degree of proliferation of those cells which are prohferaung,
For instance, in h blasnc acute leuk all the y

blasts seem to be identical from the morphological point of view, but
obviously it is not so from the chronological poine of view. In fact,
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while haemocytoblasts in normal bone marrow develop into myclo-
cytes and pcrlups also into crythrobh!u ina few hours, haemocyto-

blasts in acute leuk their biological cyele in the haemo~
cytoblastic stage. 'I'hus while 1n normal bone marrow you deal only
with very young ¢ ytoblasts, in acute leukaemia you deal with

haemocytoblasts few of which are young and most of which are old
cells, Thus, in acute leukacmia the prohferative activity of these cells,
on an average, is low, and the stathmokinetic test shows only the
average proliferation.



CELL TRANSFUSION AND ITS SIGNIFICANCE IN
RELATION TO BLOOD CELL FORMATION

J. E. Loumr

M.R.C. Radiobiwological Research Unit,
Harwell, Berks.

Our bastc knowledge of haematopoiesis has been denved from
the usc of the light microscope. Today any good textbook of
histology will give in words and prctures the dnstilled essence ofa
century’s work of patient observation and logical deduction by
many of the greatest names in the history of biology. But ke
any single method of mvestigation conventional histology hasits
limitations, n this case the physical limutations of the light
microscope and the added lumtation of terpreting a dynamic
process from a somewhat random number of static events. We
may expect to overcome some of the deficiences by means of the
electron mucroscope (see Bessis, 1954) and some by the use of
techniques other than the purely histological. The compl
ary method of mvestigating haemopotetic tissue, through samp-
ling by needle-puncture and examimng stamed smears of the
cellular products, has been utihized for decades To this can now
be added the devices of labellng certam cells supravitally, e.g. by
fluorescent dyes or radsoactive tracers (see Everett et al,, 1960
Cronkite et al., 1960), to follow the distribution of the label and
its relanions to tme.

These exercises can be undertaken 1 the functionally normal
subject. However, it 15 a long and well-estabhshed prmaple !1}3(
lessons in physiology can also be learnt from study of the dis-
turbed function in pathological states. From such pathalogy we
deduce that the bone matrow, the normal site for production of

133
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red corpuscles, granulocytes and platelets, can be considered as a
tripotent tissue, “erythron”, “leucon” and “‘thrombon”. Each
element can be congenitally defective or missing and each can be
stimulated to hyperplasia, depressed to hypoplasia and even
aplasia, or disturbed (dysplasia). Depressants having been re-
moved or nutritional deficiencies made good, one can then
observe the processes of recovery from hypoplasiz or change from
dysplasia. This is especially helpful i the understanding of
normal haematopoiesis.

In the experimental laboratory one of the most powerful
dep of active ! poiests 15 exposure of the ammal to

tages of such radiattons are that, when they are given at suitably
high intensity, the result can be limuted to a very short period of
time, if need be to the almost Thus the q
phases of destruction and reparr can be related strctly to the time
of injury. Furthermore the dose can be graded to any desired
amount and can be accurately defined. One disadvantage 1s that
the secondary effects due to damage of other radwsensitive
tissues and the general interactions of the integrated organism do
pose comphications, but this type of dement applies to other
forms of damagmg agent also.

Two substantial contributions to our knowledge of the qual«
tauve effects of such mjury and 1ts repair have recently been
made At the Radiobrological Research Umt Hulse (1959) has
used the albmo rat, and in Bristol Harris (1960) has used the guinea
pig. Hulse, like Bloom (1948) earher, has confirmed the extreme
radiosensitwvaty of the erythron. The degenerative changes were
the carliest and most profound in this cell seres and its recovery
m the rat also preceded that of the other cell populations. The
most striking of Hulse’s findings was the apparently greater sensi-
tvity of the more mature than the carler normoblasts. This
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could be, according to his interpretation, an acceleration of normal
degenerative changes of the nucleus and its extrusion. The
granulocytic series, while less reactive to the radiation injury, was
much slower to recover than the erythron and this slow climb
towards the pre-irradiation values was interrupted. Thus Hulse
has seen what had previously impressed workers in Chicago leg
Jacobson et al., 1954) with other spectes—the early abortive rise.
Abortive rises were also noted by Hulse 1n the megakaryocytic
series. The Iymphocytes of the bone marrow as in the peripheral
blood responded rapidly with a fall in numbers. The total
lymphocyte count in marrow, however, was restoted to normmal
comparatively quickly, whereas the count in peripheral blood
remained much less than normal thronghout the period of study.
Harris on the other hand has confirmed (1960) s earlier pub-
Lished observattons (1956) that, in the guinea pig following a dos.e
of 150-170 r. of $°Co y-rays, recovery of the bone marrow is
preceded by the appearance in the marrow of cells which appear
to be small Iymphocytesand larger cells transitional between these
lymphocytes and blast cells. This led him to the suggestion,
following Yoffey and Courtice (1956), that small lymphocytes
could be considered as the precursors by a dedifferentiation
through transitional forms to blast cells, presumably multipotent
haemocytoblasts. An alternative hypothesis, that the lymphocytes
may have accumulated 25 donors of deoxyribonucleic acids
(Hanulton, 1956) or the hke, was also considered.

Had the transformation of the small lymphocyte to hacmo-
eytoblast been an essential step in normal mammalian haemo-
poiesis and repair of radiation-induced aplasta of the marrow,
one would expect to find Harns’s phenomenon of prehaemo-
poietic accumulation of lymphocytes 1 other species. However,
in his extenstve studies of rats irradiated wath the vanous doses—
100, 200 and 400 r.—of X-rays Hulse did not see 1t. Trowell and
the present author (unpublished) did examine at the recom-
mended time the bone marrow of several of the Radiobiological
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Research Unit's stock of guinea pigs irradiated with 150 1. of
X-rays: we confirmed the accumulation of small round cells and
were satisfied that they were small lymphocytes. Thus the
phenomenon is not unique to Harris's stock and environment. It
1s more likely to be a phenomenon peculiar to guinea pigs.

The 18le of the lymphocyte 1n bone marrow therefore still
requires elucidation. That they ate normally present in enormous
numbers, as noted by Yoffey (Yoffey and Courtice, 1956), is
without question. Are they merely sequestered there to providea
reserve pool for the peripheral blood? This seems unlikely, since
Hulse found a chronic lack of lymphocytes m the peripheral
blood for weeks after the numbers in marrow had been restored
to normal following irraduation. Ate they there to donate, either
alive or dead, their substance to other cells? This 15 compatible
with the data so far Since labelled lymphocytes seem to be lost
from the lymph tissue and circulation n a random exponential
fashion (Schooley, Bryant and Kelly, 1959), and since they
accumulate with time 1n marrow, the findings could be inter-
preted as showing that thus 1s their final resting place. Neverthe-
less their presence does not seem indispensable (see below).

The evidence from expermmental work with irraduation so far
presented has been confined to sublethal 1rradiation, Recovery
then takes place from primutive cells which by chance have not
suffered lethal damage, but which nevertheless must have ab-
sorbed energy in non-vatal parts. It 15 now possible by the arts of
the laboratory to study haemopotess after lethal doses of irradi-
aton. All priminive haemoponetic cells are then destroyed or so
severely damaged that they cannot compete with an mjected
suspension of haemoporetsc cells deawn from a normal animal.
Ths 15 given as restorative therapy. The normal haemopoienc
cells, admmistered ntravascularly, “home” to haemopoietic
tissue and recolomze 1t

The suspensions shown to be therapeutically effective in this
zespect are of bone marrow of the adult animal, of spleen 1n the
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case of young mice where the spenic pulp is haemopoietic, and of
foetal liver. Most of the experimental work has been done with
mice, but rats, rabbits, dogs, monkeys and man have also pro-
vided some data. It has been found profitable so far to concen-
trate on the mouse for immunological reasons. The acceptance of
a functioning graft, which fundamentally is the case in this situa-
tion, depends on the inactivation by the heavy dose of radiation
of the host's normal immunological responses to grafts of foreign
tissue (usually homografts). This inactivation may be only
temporary. In such a case it is desirable to work within inbred
strains which are virmally all isogenic. Only mice and rats
provide the necessary experimental animals, However, when
host and donor are genetically 1dentical, no genetically deter-
mined markers are ordinanly available for differentiating the pro-
ducts of host and donor. Working between strans of different
constitution does provide markers but involves the immunological
complications of possible reactions of host-versus-graft and graft-
versus-host. Since so much more is known about the genetic
constitution of mice than other mammals, once again it is ad~
vantageous to use the mouse as the experimental ammal.

Our own expenences (Ford et al, 1956; Ford, Ilbery and
Loutit, 1957) wath such foreign grafts of normal haemopoictic
tissue have mnvolved chromosomal markers. Our usual procedure
has been to give our inbred, pure stram CBA mice, which have
the normal munine chromosomal complement, 9so-1,000 rads
(~LDgs) of X-rays Ths s followed by an intravenous mjection
of a suspension of haemopoienc cells, eather from the rat, which
has chromosomes which differ morphologically and numerically
from those of the mouse, or from a non-inbred hne of mice
which we call T6 {Carter, Lyon and Phullips, 1055). Ths kine bas
. e - -+- - whom a chromosome trans-

. " ¢ of the translocated chromo-
: ¢ examnination of cells at the

metaphase of mitosis.
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The results of the experimental work showed that the CBA
mice, during recovery from the irradiation, had 100 per cent of
their mitotic cells in bone marrow and spleen of the donor’s
chromosomal type. Furthermore, the findings in the purely
lymphoid tissues of lymph node and thymus were the same. One
explanation of this would be that the injected suspension contained
multipotent cells which could differentiate into myeloid* tissuc
if they settled in bone marrow or splenic pulp and into lymphoid
cells when they colonized lymphatic tissuc. Alternatively the
injected material included both marrow-forming and Iymph
tissue-forming precursors. This latter could understandably be the
case when the recunsututing suspension was | made from juvenile
spleen, which is accepted as being composed of white lymphoid
follicles and red myeloid pulp. Bone marrow from the adult
mouse is usmally credited, however, with myeloid activity only.
‘While lymphocytes are present in the bone marrow 1n consider-
able numbers apparently distnbuted at random, it is usually
stated that there 15 no orgamized lymphod tissue 1 matrow and
hence no production of lymphocytes there. Dr. O. A. Trowell,
whose knowledge and experience of lymphatic cells and tissuc is
without equal, has convinced the present aushor 1n discussion that
such negative evidence 15 of lutle value and that there is no
fundamental objection to formation of lymphocytes m this
diffuse fashion.

For the time bemg let us assume that some of the blast cells in
marrow ate lymphoblasts. Do they anise from basic reticulo-
endothehum there, or do they come from small lymphocytes
carrted there by the blood stream and enterng the parenchyma
from the sinuses, to dedifferentiate through transitional forms to
blast cells as envisaged by Yoffey and Coumce (1956) and Harris
(1960)? We know of no convincing evidence for one or the

* In dus pape: the term “myeloid™ 15 used 1n the pnmary semse of “marrow-
hke”, puscles, platclets and 1t is not
used, as xt 1 by others, as a synonym for * gmuhpmcuc
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case of young mice where the spenic pulp is haemopoietic, and of
foctal liver. Most of the experimental work has been done with
mice, but rats, rabbits, dogs, monkeys and man have also pro-
vided some data. It has been found profitable so far to concen-
trate on the mouse for Jogical reasons. The acceptance of
4 functioning graft, which fundamentally is the case in this situa-
tion, depends on the inactivation by the heavy dose of radianon
of the host's normal immunological responses to grafts of forcign
tissue (usually homografts). This inacrivation may be only
temporary. In such a case it 15 desirable to work withn inbred
strains which are virtmally all isogenic. Only mice and rats
provide the necessary experimental animals. However, when
host and donor are genetically 1dentical, no genetically deter-
mined markers are ordnanly avalable for differentiatng the pro-
ducts of host and donor. Working between strams of different
constitution does provide markers but involves the immunological
complications of possible reactions of host-versus-geaft and grafi-
versus-host. Since so much more is known about the genetic
constitution of mice than other mammals, once agam it is ad-
vantageous to use the mouse as the experimental ammal.

Our own expericnces {Ford et al., 1956; Ford, Iibery and
Loutst, 1957) with such foreign grafts of normal haemapaietic
tissue have mvolved chromosomal matkers. Our usual procedure
has been to give our mbred, pure strain CBA nuce, which have
the normal munne chromosomal complement, 950~1,000 rads
(~ LDygy) of X~rays. This s followed by an mtravenous injection
of a suspension of haemoporetic cells, either from the rat, which
has chromosomes which differ morphologically and numerically
from those of the mouse, or from a non-inbred hne of mice
which we call T6 (Carter, Lyon and Phullips, 19ss). This ke has
been developed from an ancestor in whom a chromosorme trans-

Jocation was mduced by X-rays. One of the translocated chromo-
somes is identifiable by pi inatton of cells at the
metaphase of mutosss.
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When foreign haemopoietic tissue is given as therapy, the
regencration of myeloid tissue is just as satisfactory but the lym-
phoid ussuc may never satisfactorily recover. The chimerical
animal after surviving the period of the radiation syndrome may
manifest a **secondary disease” which is often lethal. It is associ-
ated with profound loss of condition and wasting, often with
diarthoea (depending on the variety of the host), and histologic-
ally is characterized by atrophy and hyaline changes m lymphatic
tisue (Congdon and Urso, 1957). We have aunbuted this
(Barnes et al., 1957) to a graft-versus-host reaction, the antigenic
material of the host being conveyed by the normal physiological
routes, the lymphatics, to the local lymph glands where it meets
graft-type activated lymphod cells to react m allergic fashion
involving mutnal destruction. Characteristically the marrow is
unaffected and histologically normal even 1n fatal cases of the
"secondary disease” (Bames et al., 1958). This 15 one of the
preces of evidence which makes us believe the precipitating factor
in the “secondary disease™ 15 a graft-versus-host rather than a
host-versus-graft reaction.

I we now consider the suggestion rassed above that the marrow
as well as lymphatic tissue is actively producing lymphod cells,
why is it not as severely damaged as the organized lymphatc
tissue in secondary discase? We have long recogmzed that the
marrow actively produces plasmatord cells (and sometimes 1s the
seat of plasmacytomas) and can produce humoral antibodies

(Bskonas and Whte, 1956). It can thus respond to the H antigens
of Medawar (1959) brought to 1t by the blood stream can 1,
h , react to transpl T antigens which presumably
would have to reach it by the same route? The Malpighian
bodies of the spleen and the thymus are mvolved m secondary
disease and presumably host’s antigen cannot reach them Ike
lymph glands by afferent lymphatics. Another look at the bone
marrow in secondary disease wath parttcular emphasis on ats lym-
phoid cells 15 called for, At present the predominant 1mpression
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other. Nevertheless the preliminary observation of Schooley,
Bryant and Kelly (1959), that following a single administration of
tritfated thymidine as many as o per cent of the marrow “Zym-
phocytes” were labelled after three days, and, following daily
injections, 100 per cent were labelled as against only 10 per cent
in the peripheral blood and lymph, is compatible with the marrow
being a factory for production of lymphocytes as well as of the
other cells of peripheral blood, Hitherto, with the impression,
perhaps wrong, that the absence of lymphoid aggregates in the
marrow ndicated absence of production, it was suggested
(Loutit, 1960), following Yoffey, that differentiation from sm:
to Jarge lymphocyte 1 the marrow might occur normally wi
haematogenous metastasis of the large lymphocyte to lymphatic
tissue. This would explain, as would “unorganized lym;'ho‘
poiesis” in marrow, why suspenstons of marrow will cause im-
mediate recolonization of the lymphatic as well as the myclod
tissues of the lethally irradiated mouse.

Itis worth noting at this stage that the organized lymph tissuc—
lymph nodes and thymus, for example—~takes much longer to be
restored histologseally than bone marrow and splenic pulp, when
the lethally irradiated mouse 15 treated with haemoposetic cells
This is best seen when fully compatible isogenic cells from the
same stram can be used and occurs even when known Iymphoid
as well as myeloid precursors are given as suspension of mfant
spleen (Bames and Loutit, 1956). The regencrated martow has
occupied the available space in litle more than a week and ap-
Pcarcd mature after two: the lymphoid ussue takes many weeks
to reach a state that Jooked even remotely like normal and it 18
probably permanently hypoplastic.  Funcuonal tests of the
fymphatic tissue, morcover, in our hands give simlar mdications:
the capacity of the ammal to reject homografts of tumour
{Barnes et al., 1957; Ilbery, Koller and Louut, 1958} and of skin
(Bridges, Loutit and Micklem, 1960} 15 lost for some two months

or mote.
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I O

ferent lymphocytes. The experimental data of Hamilton (1956)
and others on the rate of Joss of labelled lymphocytes are compar-
able with there being two populations with different half-lives.

The radiation chimeras formed of cell populations of two
genetically different origins may, like Bilingham and Brent's
hi the i Jogical disturbances initiated by
the graft-versus-host reaction. This 1s particularly the case when
host and graft cells though genetically different have identical
H-2 T antigens, The majority of our CBA/T6+ inter-strain
chimeras live for a substantial number of months up to nearly
two years. Thisis probably because, whilst the T6 is selected only
on the basis of its translocated chromosome, the + elemens 15
selected for He2¥, the same antigen carried in homozygous com-
bination by CBA. Our experience s that these ammals onginally
irradiated at about 100 days old with 950-1,000 rads retain the
marked donor cells as their haemopoictic populations 1 bone
marrow, spleen and Iymphoid ussuc {in so far as mutoses are
detected at all in the hypoplastic lymph tissue) for the rest of their
kves. It seems therefore that this dose of Xrays i this vanety of
mouse 15 sufficient permanently to activate the host’s im~
munologically finctioning tissue. The same may well be true of
the heterologous clumera, mouse/rat, of our laboratory, but so
few of them survive “secondary disease™ that 1t 1s dufficult to be
dogmanc (Bames et af., 19592). However, we observe that if’
rather smaller doses of X-rays are given before restoration with
rat’s bone marrow, although the mitral recolomzation is much the
same, the late results are often dufferent. After 850 rads, for jn-
stanice, which 1t about the LD, withun two to three months the
marrow and lymphatic nissues may have reverted partially or
wholly to murine tissue.

Our thewis 15 that the partial reversion is indicative of recovery
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the present writer has of the histology is of more than usually
active granulopoiesis with adequate erythropoiesis and thrombo-
poiesis. Examnation of further scecions plus smeats will be neces-
sary. The peripheral blood is certainly deficient in circulating
lymphocytes.

The grafe-versus-host reaction is not confined to the radiation
chimera. Billingham and Brent (1950) frave identificd it as the
cause of “runt discase” when foreign spleen cells arc injected
intravenously into newbormn mice. The hosts become immuno-
logically tolerant of the grafted cells, which being lymphoid in
pature are capable of immunological reaction agamst the host
The clintcal and histological picture of “runt discase” 18 tema.!k-
ably similar to that of “secondary disease of the radiation chl.m‘
era”. However, Billingham and Brent find that by substituting
bone matrow for spleen as the cells for induction of immunologi-
cal tolerance in the host they avoid runt disease or reduce it $0
matkedly that 1t 15 no longer a clinical obstacle in their experi-
mentation, From this angle therefore the lymphoid tissuc of bone
marrow, like that of thymus, seems less susceptible to activation
by T antigens than splenic lymph ussue.

Our further rather different expenience (Brdges, Loutit and
Micklem, 1960) is sumilar. Isologous CBA radiation chimcffls
will sustain a skin graft of homologous murme skin, e.g. of strain
Cs7BL, for some two months, but 1f the 1rradiated CBA mous¢
15 restored with bone matrow from another CBA mouse hyper-
ymmunized by myections of Cs7BL cells, the resultant ssologous
chimeras will retain Cs7BL skun for some sux weeks only or for
considerably less if the restoranon has been made with bone
marrow and spleen from a hypenmmune ammal. Our conclu-

a i ._..—-»—'nnu.

- fits

. . \ the

fympt yuc ¢l which are logically active, this

P it 4 (=4 ‘)
would make marrow comparable, as noted above, with thymus,
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been kalled or undergone their natural development, as for

ple by equal ion of both daughter cells at division.
Model 1 [} Stem cell
0/\0 Maturation stage 1
AN ]
0O 00 O Matunaton stage 2

The altemnative must be some tegenerative process, either by an
asymmetric division, e.g.

Model 2 0—0 Stem celt
é Maturation stage 3
N y
(o] Maryration stage 2
or by recycling with dedifferentiation, e.g.
Model 3 o O Stem cell
AN
[« 3R] Miaturanon stage
0/\0 [3s) Maturation stage 2
Another approach though radxanon chimeras has also led us to
regard Model 1 wath dusf . P ication of

this approach has already bcen made (B:nmcs, Ford and Louti,
1959). A CBA mouse was irradiated with 950 rads of X-rays i
February 1956 and restored by injection of some 10® nucleated
cells from spleen of an infant T6+ mouse. A year later 1t was
sacrificed and about 10® nucleated cells from its bone marrow
(now T6+ cells according to cytological evidence) were used to
testore a second 1rradiated CBA mouse.  The process has been
repeated at annual mtervals tll now, when the fifth generation of
passage 1s in tram. For each 10° cells of moculum there can on
chassical teachung be but a small proportion of stem cells. Never-
theless our procedure has resulted in each gmerauon 1n a number
of sutably long-lived and theref:
adequate chimeras,

P Y BIcaly
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of the host’s haemopoictic and lymphopoietic tissue arising from
damaged, but not irrevocably damaged, stem cells. ‘These cells n
spite of the damage received must be physiologically at least as
competent in their native environment as the normal donor cells
in, to them, a foreign environment. Swnce they do not entirely
climinate the donor population they must be immunologically
unreactive and perhaps specifically tolerant to them,

On the other hand when complete reversion occurs it is prob-
ably a manifestation not only of cellular recovery but also of
functional immunological recovery. The host then stages an
indolent reaction against the graft, eliminating it slowly enough
to permit survival of the animal in spite of the change of effective
haemopoietic papulations,

In some instances of such reversion the damage that the stem
cells have suffered from the radiation may be illustrated by the
new population of howt's cells which bave visible chromosome
translocations (Barnes ef al., 1950b). Bach of these translocanons
is specific and clones of cells all having the same lesion are to be
found. These clones must each have arisen from 2 clone-mother
cell which sustaned that pasticulat non-lethal lesion, It is notable
that mitotsc cells having the same signature are to be found in bone
matrow, spleen, lymph node and thymus. The clone-mother cell
must, therefore, have been sufficiently primitive to have multr-,
perhaps toti-, potentiality for haemopotesss. It would appear that
the reverted hacmopoietic tissues must have developed ultimately
from some two, three ot a few more stem cells.

This conclusion that wirtually all haemopoietic ussue, even
though in some categortes hypoplastic, could be attributed to the
products of a mere handful of stem cells would seem to rule out
any hypothesis that hacmopoietic stem cells in the freediving
animals are Junited m number, as, for instance, the number of ovz
are thought to be fimte. Senthty of the ovary is a faif accomplt
when all ova are discharged. It svas conceivable that haemopolesis
could similarly grind to a stop when all available stem cells had
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becn killed or undergone their natural development,
example by equal maturation of both daughter cells at di

Model 1 o] Stem cell
N\
o o Maturation stage 1
NN .
0 00 O Maturation stage 3

The alternative must be some regenerative process, either by an
asymmetric division, e.g.

Model 2 oO—0 Stem eell
]
[o] Maturation stage T
N
o 0 Maturation stage 2
or by recycling with dedifferentiation, e.g.
Model 3 o] o] Stem cell
N\ 3
0o O Maturation stage t
6\0 [ I} Maturation stage 2

Another approach rhwugh ndmmn chimeras has also led us to
regard Model 1 with d P ication of
this approach has already bcen made (Bam:s. Ford and Louttt,
1959). A CBA mouse was irradiated with 950 rads of X-rays m
February 1956 and restored by imjection of some 10* nucleated
cells from spleen of an infant T6+ mouse A year later 1t was
sacrificed and about 10% nucleated cells from its bone marrow
{now T6+4 cells according to cytological evidence) were used to
restore a second wrradiated CBA mouse. The process has been
repeated at aunual intervals till now, when the fifth generation of
passage 15 1n tramn, For each 10* cells of moculum there can on
classical teachung be but 2 small proportion of stem cells Never-
theless our proccdure has resulted n each generation na numbcr
of swtably long-hved and t
adequate chimeras.

P ly 4 4
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DISCUSSION

Lajtha: T should like to rasse a bastc principle: what happens at cell
dwision? Dr. Loutit’s model No 2 implies that there is a stem cell
which drvides, and that one of the daughter cells will differentiate and
the other remain a stem cell Thus is a mental picture which I find

Sttt

PRSI S AN PR . SR RN S

mto only one of the J:mghbcr cells. Unless there 1s very good expen-
mental evidence, I do not like the 1dea. I would like to offer a concept
which would have the same statistrcal result, wathout involving the
mother cell m this cunons resp of developing hing
asymmetrical. ‘This concept 15 that the stem cell is an mnnocent popula-
non nunding its own bustness—the only thing it does know is to divide
I3 . Coor e e - K}

1

formation 1n many other condiions  So from thus stem population
any one cell, whether before or after division, can be persuaded by a
speatfic sumulus (of “differentiation”} to produce a speafic enzyme
system and go 1n the erythroid, myelord o thrombocytic direction.

Yoffey. Must the stem cells be m the same situatron as the other
differentiating cells, or can they be elsewhere and mugrate through the
blood? Your 1dea 15 basically the same as that of Maximow, with the
exception that he made lus separate stem cell population mugrate
through the blood stream.

Lajtha, That can be tested experimentally, The fact that leukaemord
penipheral blood (or perhaps even normal penipheral blood) can
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apparently recolonize marrow means that probably it can go through
the peripheral blood. What this cell is in the periphera] blood is 2
different question.

Yoffey: Iris R. M. Merwin's paper (195p. Proz. Soc, exp. Biol. [N.Y),
101, 9) that you have in mind.

Cronkite: 1 think the experiments of M. N. Swift, S. T, Tabeta and
V. P. Bond (1954. Radiat. Res., 1, 241), in which the upper half of the
animal was 1rradiated whale the lower was shielded, and immediately
afterwards the lower was arradiated while the upper half was shiclded,

are conclusive proof that hing has circulated in a very short
=asind of ime and found refuge under the Jead shield. Enough of
ceo. - e £22 -
nust cit-

We had the opportunity to observe WE v sn the five

human beings who were sublethally irradiated, and so far as we could
ascertam there was na influx of cells which could be described as small
o + s seenn nF enravery,
thymus, lymph node, Peyers patcues, ane op-' oo
chamber of the eye m anrmials rradiated to a degree that will eradicate
secondary immune response. He has found that these ammals have
their ability to produce anttbodtes restored almost completely by these
tissues, though 1t is less well, or perhaps not at all, restored by the bone
marrow. On the other hand, 1t 15 only the bone marrow or the spleen
with myeloposesis that results i an increased survival rate following
irradiation.

Yoffey: R, D. Stoner and W. M. Hale (x953. J. Tnumunol., 75, 203)
concluded that the reason why the thymus did not normally produce

-+ cemnly that somehow antgens did not get to it, butif
. o el then

JIRL TV - 1Dz

Loutit was making )
Cronkite. Stoner has always worked with a soluble antigen that

to these transplants. These expennments have not been

ily gets 3
A th particulase antigens that are phagocynzed in the reticulo-

repeated wi
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endothelial system and do not have an equal opportunity of getting
to the intraocular transplant.

Everett: To my knowledge the only report of a successful transplant

f lymphopoietic tissue providing p ion following lethal irradia~
tion is that of Dr. E. Salvidia of Italy who administered calf thymus to
rats. In his opinton it is the reticulum cell that repopulates the bone
marrow.

Loutit: Lagree with you, Dr. Lajtha, that cclls can redsstrabute them-
selves and metastasize and so on, but would you support me in ruling
out model No. 17 We have four generations of mice, four mouse-
years of Life, all supported by an original inoculum of about onc mllion
cells, of which perhaps so per cent were small lymphocytes because the
original inoculum came from an infant spleen, and the rest were the
usual mixed bag of cells some of which you can name and some of
which you cannot. That means a total of about 2 mullion cells which
could be stem cells by one means or another-~differentianon, deduf~

s

opmmtinetan accamomlte ati VoY e o Moo LW Ll Lot

to . - . -

ably depleted when you irraduate. When you moculate a stem cell
population, whether it is a million or even, theoretically, one stem cell,
the cells will keep dividing 1n 2 purely geometnc fashion, remaining
stem cells, Eventually they will fill up the space. Of course there1s the
stimulus for diffe ion—erythrop yelopotetin, etc—
which will pick on the odd cell {depending on the concentranon of the
material in the plasma) and determne what proportion of the popula-
tion present will be affected The affected cells will be pulled out of
the stem compartment because they start differentiating—they may
tndergo two, three or four divisions while they differentiate, but they
cease to be stem cells. So you can delay the repopulation of the stem
compartment by fishing cells out from it for diffcrentiation, but this
ill not prevent 1t unless you repeatedly remove more than so per
cent, in which case of course, the stem population wll be depleted.
Leblond: Statistically, thus is actually the same as you are doing,
Lajtha: Yes.
Stohlman: But it is not the same physiologically. Also, if you give
doses of radiation within the lethal range the delay 1n recovery in the
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anaemic animal is such that it would suggest that maybe you have to
fill up this space before any differentiation occurs, even though ery-
thropoietin, or what have you, is there, then all of a sudden repopuls-
tion with myeloid and erythroid elements returns with a surge.

Lajtha: ‘That is quite possible. Furthermote if you keep repeating
the radiation before the stem compartment has filled up you can delay
the recovery, until in fact there is no recovery at all,

Lanserton: Thas, formally, is a nice theory. But what physical picture
have you of a stem cell compartment that has to be filled?

Yoffey: The stem ccll compartment is, for example, the fymphoid
tissue, according to Maximow. Under normal conditions, erythro-
poietic and granulopoietic sumult do not get to it. But now and
again they do, and then they start differenti in situ, undergol
erythroid or myeloid metaplasia, Identifying this mysterious stem cfﬂ
isa fascinating problem. We all talk about 1t and st is very hard to pin-
point. I combed the transfusion literature. I thoughe that if people
were giving marrow transfusions surely they must have publshed
analyses, 5o that one could look through them and see what were dtc
possible stem cells that mught be responsible. The only detailed analysis
of a marrow transfusion whch I could find wasin 2 fairly recent paper
by E. L. Alpen and | Baum (1958, Blood, 12, 1168). They transfused
autologous marrow mto lethally irradiated dogs. In the process of
transfusing the dog with its own matrow for protection they also made
dufferential and total counts. They commented that most of the cells
which they gave were post-mitotic and not much good from the
point of view of what they call regeneration potential. They had: 09
per cent myeloblasts, 7 per cent lymphocytes, 1+3 per cent erythro-
blasts, 13 per cent unclassfied, and 02 per cent reticuloendothelial
cells. The reticulum cell does not figure thete and they did not take
any account of damaged cells.

Ate there any other detailed analyses of marrow transfusates in the
literature?

Jacobson, We looked at the spleen, and 1 deaided that it was imposs-
ible to classify the cells. The same was true of the embryonic blood-
forming tissue, 50 1t seemed ndtculous to put down numbers when I
was ot sure what was what, and I simply left 1t as so many cells. ['\vas
under the impression that E. Lorenz did some work on the various
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constituents of the bone marrow, but I don’t remember having seen
the publication.

Yoffey: But in onc of youtr own papers (Jacobson, L. O., Marks,
E. K., and Gaston, E. O, [1955). In Radiobiology Symposium, 1954,
P- 122, ed. Bacq. Z. M. and Alexander, P. London: Butterworthj you
made an interesting comment, and gave a known number of cells. I
think you said the cells from younger animals—the transfisates—
were something bike three times as effective in giving protection as
those from older animals. I do not know the detals but the stuking
difference that one usually finds in the younger ammals is the increased
numbers of lymphoid cells. Iam merely vorang my own inabity to
et enough data en which to begin to know where to look for the
protecting cells. Having these figures of Alpen and Baum, we then,
using our quantitative data, tried to caleulate what degree of marrow
tepopulation we would get m the dog. It was ridicnlowsly low—

hing bke 1,000 lympl jmm.? of marrow, and about 100
myeloblasts/mm.3, but at least 1f the marrow lymphocytes could re-
populate the lymphoid tissues faily quickly, and fill up the stem cell
compartment, 1,000 lymphocytes might in fact be worth a good deal
more than they would otherwise be T advance this simply as evidence
of the sort of difficulty one has in trying to analyse the situaton,

Stohlman: There have been a couple of recent observations which
might bear on the “fillmg up” of a stem cell pool, N. T. Shalud and
L. K. Diamond (1959. A.M A. J. Dis, Child., 34, 203) have treated
aplastic anaenua, m children, with testosterone and corticosteroids
They have to give 1t for two or three months before they observe a
response and then all of 2 sudden there will be a surge of cells out, much
as with 1eradiation only the delay 15 longer  'With a hypertransfusion
on the other hand, 1f you give a sumulus, the cells come out within
two ot three days. It would seem that wth sterord therapy and 1rradi-
ation one must first fill up a vord and then differentiation occurs.

Yoffey: Did Diamond finally jdentify his stem celi?
Stohlman- Not to my knowledge. The lymphoid tissue was normal
in these chldeen

Cronkite: Dr. Fhedner now has some work 1n progress in which he s
using the of in vitro thyrmdine-labetled bone marrow cells
in rats. The types of cells labelled (myeloblasts, promyelocytes,




150 DISCUSSION

erythroblasts, etc) should divide once again. He has transfused this
labelled bone marrow (incubated i vitro for one hour and washed with
thymidine-free plasma) into otherwise fatally wradiated rats, and
kalled the recipients at regular intervals. The recipients’ marrow has
been studied for the presence of labelled cells. Thurty-three hours after
transfusion he has found labelled myelocytes and metamyelocytes with
2 grain count an the average about half that of the origmal labelled
cells, indicating that the transfused cells had divided once and undes-
gone fusther differentiation. To date he has not identfied the stem cell
However, by thus approach, applying guantitative cytological methods,
long advocated by Prof. Yoffey, I feel there is some chance of ‘identify-
ing the elusive stem cell.

I am seally confused at what Dr. Loutit and Dr. Lajtha have said.
We have talked about a possible primutive probferating pool of cells
which migrate through the body via blood and lymph, and which we
believe can respond to 2 penpheral signal and mature and multiply 1
almost any direction. We have absolutely no direct evidence for 16—
it is just an idea, comparable to the 1deas haematologists have }‘md for
.- e PP le aeh e camaladibacaliaddeolectem

[

Loutit: I am certainly postulatng that within the body there 15 3
totipotent haemopoienc cell, which given the right sumulus can
ultimately produce i the marrow cither red cells or granulocyses of
platelets, and, 1 Iymphoid tissue, lymphocytes. But what that cell
looks like, and how to recogmze at, 1 just do not know. We candentify
the Jater product by means of 1ts chromosomes; but what 1t originally
looked like as a hustological or cytological preparation I do not know.

Everett: With respect to Dr, Lajtha's comments and his concem over
the potential of this mother cell, 1t would appear to me that ther¢ arc
other areas outside the haemopoietic tissues m which this type of thing
does occur, 1n the germ cell ne for example. If one carned thus con~
cemn to the ultimate I fail to see that we could ever get any embryonic
differentiation without thus potential,

Lajtha: 1t rather depends which cell 1s hit by the respective mol:z\flé-

Everett: You were concerned about the ability of one ell to give
two different types, as in Dr, Loutt’s model No. 2.

rise to
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Lajtha: In the intestinal epithelium, for ple, you may have an
exponentially growing gronp of cells {erypt cells). Now, if by chance
any ceypt cell is pushed to a certain height in the villus, either away
from a capillary or within a certain distance in the Jumen, it may have a
higher chance of being hit by a particular molecule, or simply of
amving in a milicu in which it cannot divide any more. We have in
facr statistically the same event that model No. z would depict, without
tmplying that one cell has to divide asymmetrically—it just means you
push that cell into a surrounding where it can meet the necessary
sumulus ot milieu for differentiation. Once it meets it, it 13 a different
cell, but not because it divided inso one or the other,

The other point is that basophilic normoblasts in the marrow, which
are highly dividing cells with 6o, 70 ot 80 per cent DNA synthesis,
cannot be self-maintaining populations, unless Dr. Louti’s model No. 3
works, and after 2 certain number of diwisions they dedifferentiate.
This is because every single cell of this population synthesizes haemo-
globin. You can measure the iron uptake 2nd the haemoglobin
content increases. But if they keep on donding and synthesizing
haemoglobin, they canmot remam the same basophilic normoblasts
synthesizing uemoglobin—they are bound to become polychromatic
at one stage or another. ‘That is, unless something happens, and they
suddenly lose all their haem content and go back to haemocytoblast,
pronosmoblast or whatever cell you like to call at. ‘They could not
be a self-maintainmg popul without dedifferentiation—and, of
course, thete is no good evidence for dedifferenuation in vivo.
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Maxmow (1909) and a majority of authors consider the cells
of the thymus to be genuine lymphocytes. Indeed, the various
types of “lymphocytes” found in the thymus have the same
appearance s those found in lymph nodes and other tissues. In
these various locations, they can be classified into three types,
according to the classification introduced by Maximow (1909):
large lymphocytes or lymphoblasts, medum lymphocytes of
prolymphocytes, and small, so-called mature lymphocytes. It
seems that the large lymphocytes present 1n tissues seldom ap-
pear in the blood stream, but medium and small lymphocytes
are normally found m the circulation, where they are reforred
to as large and small Iymphocytes, respectively, by clinical
haematologsts.

Little is known of the mode of formation of lymphocytes n the
adult thymus. Current opimon 1s that the smaller the lymphocyte
the more mature 1t 15. Large lymphocytes would give mise to
medium ones, which in turn would give nse to small lympho-
cytes Dustin (1913) mvestigated the embryology of the ampht-
bian thymus and observed that the first lymphocytes to appear in
the coutse of development were large lymphocytes. With the
passing of tume, smaller and smaller lymphocytes were seen to
aise from mutosts. Dustin felt that a vaniable number of genera~
tions, pechaps five to eight, would be required for a large lympho-~
cyte to evolve mto small lymphocytes. On the other hand,

132
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Maximow believed that medium lymphocytes were the main
source of small lymphocytes, while large lymphocytes would
play a negligible réle in this regard (1932).

As for the reticular cells, their participation in lymphocyto-
poicsis is likely but requires confirmation. According to Dustin
(1913), the embryonic thymus contains reticular cells which are
imtally epithelal and eventually produce large lymphocytes.
Bailbf (1949) described the production of lymphocytes from
“epithelial” reticular cells during regeneration of involuted
thymuses Maximow (1932) as well as Downey (1948) and re-
cently Kindred {1955) and Trowell (x957) expressed the belief
that at least some reticular cells occasionally yield lymphocytes
in the adule,

Much of the classical work on lymphocytopoiesis conssted of
patient cytological observations dealing wath normal and patho-
logical lymphocytes. The slow progress in this field may indicate
aneed for new approaches. Indeed, quantitative results of And-
reasen and Ottesen (1945), Kindred (1955), and Osogoe, Monden
and Ito (1957) revealed the exustence of numerous mitoses of
thymic cells; and these authors concluded that the thymus is 2
more active producer of lymphocytes than lymph nodes or
spleen. Nevertheless, many hacmatologists sull beheve that
thymic lymphocytes are not released into the circulanion, perhaps
because 1t 15 not known how lymphocytes leave the thymus, if
they do so at all (Polcard, 1050). Hence the often-expressed
thought that the fate of thymic lymphocytes 1s to degenerate
locally, and, thus, to telease deoxynbonucleic acrd into the circu-
lation (Dustin, 1913, 1920), although the considerable amount of
work done 1n support of this hypothesis (Kelsall and Crabb,
1958) has only provided ial incing evidence.

In the present work the approach used has been to count resting
and dividing cells of the various types. Then a model describing
lymphocyte formation 1n terms fitting the results of the counts as
closely as possible was designed. In addition, observations were
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made which indicated how thymic fymphocytes may pass i |
the circulation,

Towards the end of the present article, brief mention wall be
made of the application of the same method to the plasma cells—
or plasmocytes—found in the thoracic lymph nodes of the rat
A model for the formation of these cells will also be presented

Technique

The thymuses of 28 normal, 10-week-old, male albino sts
were fixed 1n Bouin-Hollande; s p-thick sections were prepare
and stained with Dominici, Using these sections, the volumes
of the two main thymic regions, cortex and medulla, were
measured and found to account for 7§ per cent and 25 per cent ?[
the thymic parenchyma, respectively. The data obtainc!i in
cortex (Samtc-Marie and Leblond, 19584) and medulla (Sainte-
Marie and Leblond, 1958b) will be presented in turn. .

The same procedure was applied in a study of plasmocytes 1n
the medullary cords of thoracic lymph nodes. These nodes were
obtained from 32 normal, 10-week-old, male albino rats. They
were fixed and stained in the same manner as the thymuses.

Cortex of thymus

‘The cells seen in the cortex were classified into four main types:
reticular cells, and large (lymphoblasts), medium (prolympho-
cytes) and small lymphocytes (Fig. 1). The reticular cell had 2
large and pale nucleus with a usually colourless and not clearly
delimuted cytoplasm. The large Iymphocyte showed a less pale
nucleus, exceedng 5 9 1n diameter, which was surrounded by 2
relatively abundant, well-imited and basophilic cytoplasm. The
still darker nucleus of the medwm lymphocyte varied between
4sand s 91, and was str {ed by a well-deli d, but less
abundant and less basophihic cytoplasm than in large Iymphocytes
Finally, the very datk nucleus of the small lymphocyte reached




Fic 3 Cortex ot racthymus Note the nucler of tericular

<llis (R), which 1z¢ pale and show no distince eytoplasm,

lirge lymphouyts (L) with basoplubic cytoplasm,

mcdiam (M) and small lymphocytes (S) Small lympho~
cytes are plentiful
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up to 4+ s ¢, while its scanty cytoplasm was hardly scen. Resting
LR L L R e e (=

. B > the various regions of
the cortex {total cortex; 1avie iy showed that reticular cells were
tare and the number of large, medium and small lymphocytes
increased in this order,

Table 1

RELATIVE NUMBER OF CELLS, MITOTIC INDEX AND CALCULATED LIFESPAN
OF EACT! CFIL TYPE IN “TOTAL" CORTEX OF RAT THYMUS

Relative No. Mgotsc Lifespan®
of eells (per dex (%) (howrs)
reticular cell)
Reticular eell 1-0 s 66-7
Larpe lymphocyte 33 33 158
Medium lymphocyte 59 131 7:6
Small lymphocyte 81-3 15 667

* The hfespan is obtained from the mutonc index on the asumption of 2 one-hour
mitotic duration.

The mitotic index, that 15, the ratio of the number of dividing to
the number of resting and dividing cells, was calculated for each
cell type in the cortex (Table I). Each cell type proved to have a
relatvely high mitotic index (1- 5 to 13- per cent). Sucha high
mitotic index might be due to growth, as in the case of hair
follicles, but then growth is extremely rapid as shown by
elongation of the hair. No such increase in size takes place in

. PR RIS W R R LI

rate but mitoses produce new cells which balance the loss. On
the contrary, cell populations which are not being renewed, like
the parenchymal cells of the liver, show only rare mitoses Pprovid-
g for a slow growth of the organ. Thus, the mitotic index of
Ler parenchymal cells is of the order of 0+ 1 per cent. It was
therefore concluded from the high mitotic indices found in the
four cell types of the thymic cortex that each one of them is being
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renewed. This conclusion implied that the cells being formed by
mitosis in the cortex did not accumulate there, but were elimm-
ated in one way or another. Let us sce how this idea fits in with,
for instance, the data on the reticular cells.

Assuming that the reticular cells of the thymic cottex are 2
homogeneous population, their mitotic mdex (15 per cent)
indicates the frequency with which each cell divides. From this
figure, the chance for a reticular cell to be seen in mitosis may be
calculated to be 1 in 66+ 7. [f we were to assume further that one
hour is the time required for completion of a matosis, 66-7 bouts
would be the duration of the lifespan of the cell (the Lfespan ofa
renewing cell, also referred to as “generation nme”, is defined 25
the time elapsing between the end of the drvision of its mother
cell and the end of its own division). If each reticular cell were o
last 66- 7 hours, that 1s, nearly three days, then, on the average, the
stock of reticular cells would be dupheated every third day:
However approximate this figutc may be, it remained cleat that
reticular cells divided at a rapid rate. Obviously, if the new cells
were ta be retained i the tissue, they would soon fillup the organ.
Some of the cells must therefore be climinated. This may be done
in three ways, reticular cells could either degenerate, leave the
cortex, or transform 1nto another cell type. No sign of degenera-
tion or migration of these cells was seen mn the cortex, and these-
fore it was concluded that they must transform mto other cells.
The existence of transitional forms between reicular cells and
large lymphocytes led to the conclusion that the former transform
into the latter, (The reverse possiulity—large lymphocytes trans=
forming mto rencular cells—was unlikely, since the short-Trved
large Iymphocytes would then tend to be less rather than mor¢
numerous than reticular cells: Table 1}

Similar reasoning was applicd to the other thymuc cells. It was
thus concluded that large lymphocytes were rapidly tcﬂlcwfd
(ufespan estimated to be 15 87 hours for a one-hour fmumc
dnration) and gave rise to medium lymphocyses. These in turl
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must be renewed at an even faster rate (bfespan 7-63 hours fora
one-hour mitotic duration) and give rise to small lymphocytes.
But what happened to small lymphocytes? They neither trans-
formed into other cells, not did they degenerate in the healthy
thymus. The only alternative was that they found their way out
of the thymic cottex. This conclusion will be examined below.

The next step was to determine the number of generations through
which the cells of 2 given type have to go before transforming
mnto the next cell type. This was done by considering the number
of dividing cells of each type (Table II). Scveral assumptions

Table I
RELATIVE NUMBER OF MITOSES OF EACH CELL TYPE IN “TOTAL"
CORTEX OF RAY THYMUS

Reticular celt T
Large lymphocyte 14
Medium lymphocyte 53
Small lymphocyte 7t

were made, namely, that the lifespan was the same for all cells of
a given type, that mitotic duration was the same for all cell eypes,
and, finally, that only small lymphocytes left the thymic cortex in
substantial numbers (Samte-Marie and Leblond, 1958a). Under
these conditions, precise conclusions regarding the number of
generations may be reached. For mnstance, let us consider the
simplest possibility—a single generation of large (L;) followed by
a single generation of medium (M, ) lymphocytes, as represented
mn diagram I of Fig 2. Any large lymphocyte would then divide
to give nise to two medium lymphocytes, which would in tum
divide to produce four small lymphocytes. Under these condi-
tions sections should show on the average twice as many mitoses
of medum as of large lymphocytes. This is not in agreement
with the expenmental data which show 3-8 times as many
nmutoses 1 medum as 1n large lymphocytes. Many other possi-
bhties were considered. For mstance, for diagrams I1, 111, IV, V
and VI, the ratios of mutoses of medum over those of large
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lymphocytes were 6, 14, 4, 3-4 and 3-2. Only the last three
figures came close to the experimental data. Hence, there were

two generations of medium for two, three or four generations of
large lymphocytes.

Sumalar analyses of all the figures available made it possible to
narrow down the number of possibilities. Finally, it was con-
cluded that the relative numbers of generations of large, medium
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and small lymphocytes were four, two and two respectively,
while reticular cells behaved as indicated in the model presented
1 Fig. 3 (Sainte-Marie and Leblond, 19584).

STEW CELL RENEWAL THEORY OF LYMPHOCYTE
FORMATION IN TAYUUS CORTEX
OF KORMAL RATS .
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Frc. 4, Sunplfied of the lyrapt ion model of Fig: 3-

Each senes of generations ansg from the dwviston of a reicular cell ends wit
an atrow, which 1s taken to indicate the mean nme when small lymphocytes
leave the tissue

"The number of cells and the odds of eccurrence of mitosts were esamated 3t
four penods—~refersed to as stages  Thit was done by inspection of the corres
ponding portion of the diagram ~ The means abtaned for each coll rype wese used
to calculate the “expected™ ratios in Fug. 5.

According to this pattern, on the average each reticular cell
divides to produee a large lymphocyte and another reticular cell,
Before the new rencular cell enters, 1n its turn, into division, the



MODELS FORLYMPHOCYTE AND PLASMOCYTE FORMATION 161

LYMPHOCYTE FORMATION IN THYMUS

s woses
" »]
Aamios
o o
Lange
RETCAR ¢ Y
B o
. B
[RTYTVRN 2
Lance l I
) i
. o
AL
R N
2 B
Fic § C between thy ratios ob d

for the number of lymphocytes and their mutoses 1 thymi

costex (dark columnt) and those expeeted from the model 1n

Figs 3 and 4 (shaded columns)
g 3mpspe Ty .

model )

o —6



162 . C. P, LEBLOND AND G, SAINTE-MARIE

large lymphocyte undergoes a series of divisions yielding four
generations of large lymphocytes. Then, each large lymphocyte
of the fourth generation gives rise to medm lymphocytes of
which there are two shorter-lived generations which yield a first
generation of small lymphocytes. These divide once, to yield a
total of 128 mature non-dividable small lymphocytes, which
must eventually leave the cortex. This whole cycle is repested
indefinitely. The means of the numbers of cells and mitoses
which should be found if this pattern is correct are presented at
the lower right of Fig, 4 (which depicts the pattern in a simplified
form). The ratios of these means—referred to as “expected”
values—are compared to the “experimental” data in a scries of
diagrams (Fig. 5). Clearly, expected and experimental data arc 1
fair agreement, since the expected ratios were within the standard
errors of the experimental ones (except for the numbers of mitoses
of medium over large lymphocytes, which were on the bordet-
hne). ‘Therefore, the proposed model for lymphocyte formation
in the thymus cortex receives support from thus statistical aalysts

Medulla of thymus

The medulla showed the four cell types seen m the cortex, but
with a few mmnor differences in appearance. The nuclei of some
reticular cells contamed granules of chromatin-like matenal,
often present withinh vacuoles. Jolly (1923), who first described
such nuclei, interpreted them as undergomg degeneration. Indeed
other stages of degeneration up to complete lysis of the nuclei
were commonly seen, either i isolated cells, or 1n retcular cells
making up the structures known as Hassall's corpuscles.

The large and medium fymphocytes, except for a few rregu-
larly shaped nucle, were 1dentical to those seen 1n the cortex.
Irregularities of nuclear shape were pronounced m sall lympho-
cytes. Some nucler of small lymphocytes sent off several pro-
cesses and even appeared crenated (Fig. 6, A). Other nuclei
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showed a single, large, pseudopod-like process (Fig. 6, C). In
Eig 6, the nucleus of a small lymphocyte is scen to send offa long,
squirrel-tail-hke process (B). These irregular forms, which
mcxdcntally were rarely seen in the cortex, were mterprcted as

boid activity of the cells in the

medulla,”

It is generally claimed that the thymic parenchyma contams
only a few ot no lymph vessels (Jolly, 1923; Policard, 1950).
Indeed, typical lymph vessels were seldom scen, but numerous
lymphatic spaces were found to be associated with blood vessels
in the medulla and n the trabeculae. In cross-section, such
spaces were seen to surround blood vessels, which were thus
enclosed as 1n a coaxial tube (Fig. 7) Hence, they were called
“perivascular lymphatic channels”. These channels were en-
closed by thin, barely wisible, endothelium-hned walls, within
which rows of lymphocytes were scen. An interesting observa~
tion was that the walls of these channels often showed cells under~
going diapedesis, and so did the walls of the blood vessels. Most
diapedetic cells were small lymphocytes (Figs. 8 and g). Occasion-
ally larger lymphocytes were seen, but never reticular cells,

One of the dlustrations shows a small lymphocyte outside a
blood vessel, with a nuclear process across the vessel wall (Fig. 8)
and another one wathin a bload vessel, agam with a nuclear pro-
cess 1n the wall (Fag. 9). These figures are interpreted as stages in
the passage of small lymphocytes to the blood stream It should
be emphasized that such pictures of diapedesis were not seen in the
cortex. Therefore, 1t 15 possible that the medulla contains a factor,
possibly secreted by the dymg retlcular cells, that 15 responsible
for the p pedests observed in this
rcgmn

To find out the pattern for the mode of lymphocyte formanon
in the medulla (Samnte-Mane and Leblond, 19585), the ratios of
cells and mitotic counts were analysed by the same approach as
was used in the cortex. There were several important similarities
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between cortex and medulla. Thus, except for small lymphocytes,
the mitotic indices wete comparable in both regions (0-9, 5°3,
143 and 0'7 per cent respectively for reticular cells, Jarge,
medium and small lymphocytes in the medulla). This observa-
tion indicated that reticular cells, as well as large and medium
lymphocytes, had 2 comparable lifespan in cortex and medulla
and also that all these cells were continuously renewed in the
medulla asin the cortex. Therefore, it was felt likely that lympho-
cyte formation evolved in a similar way in both regions. To
examine this hypothesis, the number of cells of each type was
compared to that of its precursor m the medulla, Whenever the
relation differed from that found in the cortex, an explanation
was sought in the cytological and architectural features character-
istrc of the medulla,

Table Ul gives the comparison between the number of C.CDS
found in the medulla and those expected 1f lymphocyte formation

Table I

NUMBER OF CELLS IN THE MEDULLA OF THE RAT THYMUS, AS COMPARED WITH
THE NUMBERS EXPECTFD FROM THE POPULATION OF THE IMMEDIATE PRECURSOR

Cell counts Expected Dfference
Reticular cells © 790 0790 -
Large lymphocytes o 025 2 610 — 2560
Medum lymphocytes o114 0 04§ +0°a6g
Small lymphocytes 9 040 o 840 + 8200

were to proceed accordmg to the pattern devised for the cortex.
Thus, the large Iymphocytes were expected to be three times a5
numerous as the reticular cells, but were in fact much less abun~
dant, only I per cent of the expected number. It was therefore
concluded that the reticular cells which are continuously beng
produced by mitosts did not usually transform into large lympho-
cytes, Since they did not leave either, the only possibility was
that they degenerated and died; and indecd degencrating forms 9f
these cells were often found. Some died isolated, others in
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Hassall's corpuscles (these corpuscles may be considered to be
dynamic structures into which some of the reticular cells aggre-
gate and eventually degenerate).

The number of medium lymphocytes was about twice and the
number of small lymphocytes about ten times as large as expected
(Table IIT). It was concluded that half of the medium, and nine in
ten of the small lymphocytes found in the medulla came from
somewhere else. Where could they come from? Observations
of Regaud and Crémieu (1912) on the madiated thymus of the
cat led these authors to postulate that, under physiological condi-
tions, lymphocytes nugrate from cortex to medulla, _]olly (x923)
and Policard (1950) also shared this opinion. A strong argument
in favour of this theory was mentioned above, that is, the small
lymphocytes formed in cortex have to leave this zone. But,
since no diapedesis was seen to occur in the cortex, they must .
leave this zone in some other way; and the only possibility scems
to be for them to migrate to the medulla,

On reaching the medulla, lymphocytes would become en~
dowed with the capacity for active amoeboid motion and would
then leave by entening the numerous lymphatic channels and
blood vessels of this zone. From the figures quoted in the previous
paragraph, it was concluded that about go per cent of the small
and 0 per cent of the medium lymphocytes present in the medulla
came from the cortex. Thus, few lymphocytes would be formed
m the medulla, which appeared to be mamly a passage-way for
these cells to reach the circulation. This concept is consistent with

the observattons of amoeboid activity, and of diapedesis across
the walls of the pertvascular lymphatic channels and blood vessels
m the medulla.

Our conclusions regarding the respective r8les of the cortex and
medulla in lymphocyte formation 1n the rat thymus are illustrated
by the diagram 1n Fig. 10. The left part refers to the cortex, and
the right 1o the medulla. The base of the diagram is curved to the
nght to mdicate that mature small lymphocytes arising in the
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Fic 10 Pattern for the formation of lymphocytes 1 the rat thymus, and for
the migration of mature small lymphocytes wnto the medulla (lettermg as 1
Figs. 2 and 4)
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although some degree of mugratron of large, medium and small (S;) lympho-
cytes to the outside also occuss, but apparently to a lesser extent.
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cortex migrate towards and into the medulla, where they join
with those formed in this region. That the line zepresenting the
cell fillation in the cortex is much thicker than that for the medulla
indicates that many more thymuc lymphocytes are formed in the
cortex than in the medulla. The pattern for the medulla is
changed as far as reticular cells are concerned, since their mitoses
usually yield new reticular cells, which eventually divide again,
or degenerate. The various types of lymphocytes would repro-
duce in the same manner as in thecortex. The few small lympho-
cytes formed in the medulla join the numerous ones arising from
the cortex to enter the citculation by diapedesis through the walls
of blood vessels and lymph channels.

Conclusions for the thymus

Resting and divading cells were counted in the cortex and
medulla of thymus of ro-week-old male rats. The cells were of
the same four types in both regions. Moreover, except for the
small lymphocytes, each cell type had nearly the same mitotic
index, and therefore the same lifespan, in both regions. The
data indicated that, throughout the thymus, the small lymphocyte
J R L S S CP-2C I DU A

number of large lymphocytes present, 1t appeared that the
cvolution of the reticular cells into lymphocytes was the
exception, instead of being the tule, as in the cortex. The over-
production of reticular cells was found to be balanced by the
degeneration of single and Hassall-grouped rencular cells.

The presence, i the medulla, of many more small lymphocytes
than expected from the number of medium ones present, was
taken to mdicate that small lymphocytes migrate from the cortex
into this zone. Diapedesis of small lymphocytes was commonly
seen across the walls of * pervascular lymphatic channels” and of
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Fic 10. Pattern for the formation of lymphocytes m the rat thymus, and for
the nugration of mature small lymphocytes mto the medulla (lettenng s 1
Figs 2 and 4).

The basic pattern pictured 1n Fig 4 15 repeated for cortex and medulla, with
the thickness of the long vertical portion made proportional to the amount of
local lymphocyte production At the top of the diagram, reticular cells are
shown dnding  In the cortex each such dwvision yields, on the average, 2 large

blood and Iymphatic curculation The diageam assurmes that only S, cells migeate
although some degree of migration of large, medium and small (5,) lympho-
cytes to the outside also occurs, but apparently to a lesser extent
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cortex migrate towards and into the medulls, where they join
with those formed in this region. That the line representing the
celt filiation in the cortex is much thicker than that for the medutla
indicates that many more thymic lymphocytes ace formed in the
cortex than in the mednlla. The pattem for the medulla is
changed as far as reticular cells are concerned, since their mitoses
usually yicld new reticular cells, which eventually divide again,
or degenerate. The vanous types of lymphocytes would repro-
duce in the ssmemanner as in the cortex, The few small lympho-
cytes formed in the medullz jom the numerous ones arising from
the cortex to enter the circulation by diapedesis through the walls
of blood vessels and lymph channels,

Conclusions for the thymus

Resting and dividing cells were counted in the cortex and
medullz of thymus of 10-weck-old male rats. The cells were of
the same four types in both regons. Morcover, except for the
small lymphocytes, each cell type had nearly the same mitotic
mdex, and therefore the same bfespan, 1 both regions. The
data indicated that, throughout the thymus, the small lymphocyte
was the end-point of 2 series of eight successive generations, fiom
reticular eells and large lymphocytes through smaller and smaller
lymphocytes. In the medulla, however, in view of the small
number of large lymphocytes present, 1t appeared that the
evolution of the reticular cells into lymphocytes was the
exception, instead of being the rule, as in the cortex. The over-
production of reticular cells was found to be balanced by the
degeneration of single and Hassall-grouped reticular cells,

The presence, i the medullz, of many more small lymphocytes
than expected from the number of medmm ones present, was
taken to indicate that small lymphocytes migrate from the cortex
mto this zone. Dupedesis of small lymph was h

Y

seen across the walls of * pctivzsculzrllymyhau: channels” and of
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the blood vessels in the medulla, but not in the cortex. Cortex-
formed small lymphocytes would have to migrate to the medulla
before enteting the circulation. Thus, while a small degree of
lymphocyte formation occurs in the medulla, this zone is mainly
a passage-way allowing the lymphocytes arising in the cortex to
reach the circulation, Finally, since lymphocytes are released from
the thymus into the circulation, this organ appears to be composed
of true lymphopoietic tissue, which participates in the formation
of blood lymphocytes.

Plasmocyte formation in Iymph nodes

Plasma cells—or 1o use present-day nomenclature, plasmocytes
~fill the medullary cords of mediastinal Iymph nodes in labora-
tory rats. It was therefore decided to apply to this material the
same method as was used for thymic lymphocytes, in the hope of
obtaining data regarding plasmocyte formation (Sainte-Marie,
unpublished).

The nucles of plasmocytes appeared to be qurte similar to those
of lymphocytes and showed approximately the same range in
diameter variation. It was therefore decided to classify them into
three types: a cell with large~size nucleus, referred to as large
plasmocyte (plasmoblast); 2 cell with medmm-size nucleus,
referred to as medium plasmocyte {proplasmocyte); and a cell
with small size nucleus, referred to as small or mature plasmocyte
(Pig. 1x). The nuclear diameters used above to classify the three
types of plasmocytes were exactly the same ss those employed
above to clasufy the three types of lymphocytes. The cytoplasm
of all plasmocytes staned a more purple hue than that of lympho-
cytes and, at least n medium and small plasmocytes, was far more
abundant than 1n the corresponding lymphocyres,

It was soon found that each one of the three types of plsmo-
cytes is capable of dividing and indced mitoses were numerous.
When the numbers of resting and dividing plasmocytes of the
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three types were counted, the mitotic index was found to be

722, 7°26 and 1+ 37 per cent respectively for large, medium and
STEM CELL RENEWAL THEORY OF M

REMOCYTE
FORMATION I8 UECKKLAMY CORDS OF LTMPA KOOES
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small plasmocytes, These figures indicate raptd renewal of the
three types.

"The counts of cells and matoses of plasmocytes made it possible
10 Carry ont the same type of amalysss as was done for lympho-
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calculate *‘expected” ratios, which were compared to the experi-
mentally derived ones (Fig. 13). A fair agreement existed between
calculated and experimental data,

Interestingly enough, the pattern of plasmocyte formation
(Fig. 10) was quite similar to that obtained for Iymphocyres
{Fig. 3). On the average, there would be four generations of
large, two of medum and two of small plasmocytes. The last
generation would be formed of mature cells no longer capable of
duwvision, which presumably migrate outside the medullary cords.
The nature of the stem cell was not apparent and it was tentatively
suggested m the diagram that 1t may be a large plasmocyte, but
further work is required on the subject. Whatever the case may
be, large plasmocytes would undergo a series of successive
divisions yreldng plasmocytes with progressively smaller and
smaller nuclei

The results indicate that plasmocytes may be regarded as the
product of a lneage separate from the lymphocyte series. At
least the data provide an explanation for therr formation which
mmpkies that, contrary to a frequently expressed opinion (Maxi~
mow, 1932), medium and small plasmocytes are not denved from
small lymphocytes undergoing cytoplasmic hypertrophy.

General conclusions

Models are presented for lymphocyte formation (Fig. 4) and
plasmocyte formation (Fig. 12) These models were claborated
on the basis of (1) several assumptions, the mamn one bemg that
all eells of a given morphological type behave 1n the same manner
(same lifespan, same duration of mutosis, etc.); (2) experimental
data consisting mainly of counts of cells and mutoses. Therefore
the value of the models depends on the validity of the assumptions
as well as on the accuracy of the experimental results. The very
fact that 1t was possible to build coherent modeks, 1n good agree-
ment with the dara, 1s felt to be encouraging.
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cytes. As a result, a pattern for plasmocyte formation in the
medullary cords of mediastinal lymph nodes of normal rats was

PLASMOCYTE FORMATION IN LYMPH NODES

ceLs MITOSES
RATIOS " ®
. .
MEDIUM
LARGE . .
2 z
» as
. o
SMALL
MEDIUM “ os
2 0z
Frc. 13 Co between the ! rapos obtained for

the number of plasmocytes and theit matoses i the medullary cords
of thoracic Iymph nodes (datk columns) and those expected from
the model 1n Fig 12 (shaded columns)

The valucs of the expected ratios are wathn the standard etrors of
the expenmental ratios except in the casc of the mitatic cotnts of
medium over large plasmocytes, where the expected ratio 19 near the
borderline of the crror  (Finally, the ratio of cell counts of small
over medm plasmocytes 18 given for information only, since the
method of calculation precludes 1ts being used i support of the
vahdity of the model).

devised (Fig. 12). The means for the numbers of cells and mitoses
derived from ths scheme (Fig. 12, lower right) were used to
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that in the thymus cortex large numbers of small lymphocytes can be
found in division. There are several interesting differences between the
cortex and the medulla in the thymus. The small lymphocytes of the
medulla are not only more motile, they are also slightly larger than
those of the cortex. They also differ in their sensitivity to radution—
the small lymphocytes in the cortex are considerably more sensitive
than those in the medulla, Another interesting finding is that after
very high doses of radiation there is a clear-cut distnction in the
reticulum cells as well: with a dose of about 13,0001, you can kill every
renculum cell in the cortex without apparently affecting any of those
in the medulla. Ths 15 a quite remarkable difference between cells
which morphologrcally and potentially appear to be cxactly the
same.

Leblond: They do show several morphological differences. In the
cortex, the cytoplasm of rencular cells stams less intensely and its humits
are less distinct than m the medulla. Although reticular cells divide at
the same rate n both locations, they appear to give nise to large Iympho-
cytes m the cortex, but do not seem to do so in the medulla, Frnally,
signs of degeneration of these cells are not seen in the cortex, but they
are common m the medulla. In fact, the Hassall's corpuscles of the
medulla, a structure that always mtrigues histology students, seem to
consist of reticular cells that aggregate and degencrate together (Sainte-
Mane, G., and Leblond, C. P. [1958]. Proc. Soc. exp. Biol. (N.Y.), 98,

909).

Incidentally, as shown 1n our paper, the lymphocytes in the medulla,
but not those m the cortex, show signs of amoebord movement.
Nucles of lymphacytes may show long finger-like or squirrel-tarl-like
processes, as was first observed by Dr. V. E. Engelbert in Toronto
(1956. Canad. J. Zool, 34, 707). This was so strange that many inter-
preted her observations as fixation artifacts. However, Dr. Sante-
Mare and I convinced Ives that well-fixed preparations of rat
thymus showed nuclear processes. But we saw them in the medulla
only. We mterpreted them as ndicative of amocbordism and diapede-
s,

Fuchtelius What happens 1f you define your classes of lymphocytes
m another way? 1 think you could perhaps build another model,
quite as beautful as your present one.
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Comparison between the data dealing with the lymphocyte
and plasmocyte series revealed two surprising similsrines.
Farstly, nuclei of the same size appear to be cytologically identical
in the two cell species. Secondly, the models (Figs. 4 and 12)
show the same number of generations of large (4), medium ().
and small (2) cells of the two lines. The main difference was that
the hifespan of medium and dividable small Iymphocytes is
approximately half that of large lymphocytes, whereas all
dividable plasmocytes have the same lifespan.

Nevertheless, the two series—lymphocyte and plasmocyte—
appeared to be distinct and to evolve independently.
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DISCUSSION

Trowell; 1 have already been quoted as saying that in rat lymphoid
tissucs small Iymphocytes never divide. T would fike here and now 1o
correct that earher statement and to agree entircly with Prof. Leblond
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the proposed model, but the possibility of the existence of four genera-
wons of reticular cells may be kept in mind and eventually may lead to
the histological identification of several types of these cells.

Yoffey: To cheer you up, Mmmow (x927 In ' W. von Mgllen-
dorft’s Handbuch der Mikrosk ic des Menschen, 2,
Part 1, 232, Berhn: Sprmgcr) mamntzined very strongly that the retcu-
1um cell could go quite a long way in the direction of being phagocytic
and still remain plunpotential.

Trowell* We have also made a detarled cytological study of the rat
thymus, ltke that of Prof. Leblond. I believe there are two distinct
types of retxculum cell to be found on purely morphological grounds,
I think one type consusts of typical reaculoendothelial cells just hke
those in bone marrow and lymph nodes. But in addition there is a
totally different cype which ss epithelsal in natute and ongin and in fact
represents the remains of the ongmal thymus epithelium from which
the thymus develops I think these two types can be recognized mor-
phologcally, and I suspect that the cells which Prof, Leblond calls
“pink cells” are the ones I regard as epithelial. In confirmation of thrs,
if small fragments of rar thymus are cultured m hanging-drops of
plasma clot, besides the emigranon of lymphocytes, which of course
soon die off, there 15 an emg; of typical phages—these are
the retrculoendothelial elements, as you would expect. But in addution,
after two to three days s vitro there 15 2n outgrowth of charactenstic
sheets of epithelium, or a tissue which most cytologists would im-
medately say was epithehal ssmply from the way it grows i tissue
culture, not as 1solated cells but i greatsheets  You never get anything
of this nature from the culture of any other haemoporetic tissue.

Braunsteer. How can you distinguish the different cell types m

nutosts, Prof. Leblond? I presume you can distinguish medium and
small lymphocytes, but can you distnguwsh mutoses from medium and
from small lymphocytes?

Leblond- We think so, Small lymphocy:e mtoses are more compzct

and sohd than medum lymph mutoses  The ¢l

closely packed. In contrast, muroses of rencular cells show long dun

chmmosomcs m a large space. In mutoses of large lymphocytes the
b densed, while the cytoplasm is

more
basophilc. And 50 on.
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Leblond: 1 believe you would obeain dhe same model, even if the
cells were defined in another way. For instance, you might very well
define the small lymphocyte in such a way that, of their two genera-
tions, only the second {the one that does not divide) would be recog-
nized as small lymphocyte, The first one might then be known as
medium lymphocyte. The overall pattern of the model should not be
affected.

Fichtelis: M, A, Kelsall (1938. Univ. Colo. Studies, 4, b3) found thae
Iymph nodes regional to the thymus contained mote plasma cells than
any other lymph niodes of the body. Are the thoracic lymph nodes you
examined regional to the thymus?

Leblond: Yes, the lymph nodes which were investigated for plsma
cells were Iocated next to the thymus. .

Braunsteiner: Do you get any phagocytosis of the reticulum cells in
the thymus?

Leblond: We do. However, by keepmg the anumals m good health
under controlled conditions of food and temperature, it is possible 1o
minimize the number of pyknonc lymphocytes as well as the nomber
of reticulac cells showing phagocytoss As you know, any seress that
induces over-secretion of adrenal sterowds clicats extensive pykntosis of
thymic lymphocytes, and 2 large amount of debrs 15 taken up by
reticular cefls. These changes are only occanionally found if the rats
ate free of disease and grow at 2 normal rate.

Braunsteiner: Then I presume the reticular cells are phagocytizing cells

too?
Leblond" Yes. It is pasuble that the reticular cells ate not a homo=
geneous population and indeed there may be two kinds of them. One
type has 2 punker cytoplasm than die other, Maybe only one type can
phagocytize,

Incidentally, Dr. N. J. Nadler at McGall has carried out 2 mathe-
matcal analysis of the data recorded 1 the papers published with Dr.
Sainte-Marie on the thymus. His calculanons suggest thar these may
be four successive generations of reticular cells, The “ssttal” stem cell
would go through four generauions yielding 15 large lymphocytes
(Ly) and one new retrcular cell or “inin3l”” stem cefl, Thas has not been
publshed, since we feel that the data dealing with reticular cells are
not abundant entough to make it safe to introduce such compheation in
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lobl; :' 6’18' t "ands 20" myuly
mcuphase 7 xs and 23" 21", amplns: 5” 40° and 10” 22, l:lcpbzsc
17” 22" and 22” 15" (total time ofmxtosxs $6” 35"'and 61’ 18, » respee-
nvcly) icious anaemia ! 13° z! ink
and 15’ 30 mpolychromma mmph:uc 40 15" and 45" 19%, anzplmc
8’ 50 and 117 03°, telophase 9 26" and 14’ 36" (total time of mitosis
71’ 52" and 86" 28" rcspccnvcly) (d) human lnme marrow normablm:'
s l' 16° 34 in basophil. md 17’ 06" mym,
47" 117 and §4” 29 ,mzplmc 11’ 49" and 13" 10", tclophzsc 16’ 28" and
18 55 {total time of mutosis 92” 02" and 103” 40", respectively).

Leblond: Can you tell us what the difference in duration of mitosis is
Iike in the myeloid senes ?

Astaldi: It is not very great. For the proliferative activity in the
myeloid series the evaluation by the stathmokineric test showed ratios
from § to 2 and to 1, when passng from myeloblasts to promyelocytes
and myelocytes. Regarding the mitotic time, for the granuloblasts
considered all together Dr. L. Bussi reported 75 minutes, while Dr.
Rondanelfi for human bone matrow granuloblasts obtained 2 mitotic

fume of 112” 49°, prophase bemng 21” 30%, phase 65 167, anaph
14" 4 and relophase 1 zx- M , for lymphoblass Rondanel
gives the foll hase 12° 25" for lymphoblasts from

chick embryo splcm and :5 o2 for lymphcblzm from human lymph
gland, metaphase 337 11° and 39 43", anaphase 7” 48° and 10’ 18”,
telophase 18 08” and 22” 20" (total ime of mitoses, 717 327 and 87” 237,
respectively).

Finally, let me mention the 1mp f the bubbl );
at the time of cytodieresis. The cytoplasmatic bubbl:s, “which during
cytodierests are continuously emitted and retracted, facilitate the

cellular diviston mn such away that thc tume of dxvmon is shoxtcx whcn
1t

©ener an

Yoffey. If 1 remember anght, Dr. Astalds, a generation time of about
19 houss has been found for chick megaloblasts (Salera, U., Tamburino,
G., and Magnanell, P. {1956). Progr. med. (Napoli), 12, 677) and about
30 houn for myelocytes (Widner, W. R,, Storer, J. B., and Lushbaugh,
C. C.11951). Cancer Res,, 1X, 877).
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Astaldi; Do you think the duration of mitosis is the same in lage,
medium and small lymphocytes, and in the histocytes two, or
7ot 2
Leblond: That was one of the assumptions, but it remnains to be
pmvcd.

Astaldiz ¥ the duration of mitosis 1 not the same jn the differeat
lymphocyue stages, you cannot compare the mitotic index of small
lymphocytes w th that of large lymphocytes, and so on. The mitotic
index derives from the duration of the resting stage, a3 wellas from the
duration of the matone stage. Thus, the nutotic index may vaty not
only because of the variation of the intetkinstic tume, but also because
of the variation of the nutotic dme.

Leblond: The best way to show whether or not the model is correet
would be to follow the behavious of a large Iymphocyte under fving
conditions, 50 as ta see whethec it yrelds the lirge progeny mdicated by
the model. Ideally, 1t would be hice to culture a single large lymphio-
cyte. Could it be done?

Astalds: Pethaps you can overcome your difficuluss by experiment
mg with the stathmolknetic test, geting the stathmokinetic indices
separately for large, medmim and small lymphocytes.

Leblond Yes, 1know, but that is difficule in the thymus because of the
destructive effect of colchuane on the lymphocytes {presumably 33
tesult of the refeate of adrenocornical secretions harmfil to the Lympho-
eytes, followmng colchuane snjection)

Astaldi: § mean the stathmokanetic test i mire.  Mareover, yoR &8
measnre the tine of mitosts direcily on the cells surviving i viio. 1
you explant 2 fragment of embryonsc lymph gland or spleen, yon o%
observe direedy the sngle Iysaphatic cells 1 thew migration area. You
might also obtam help for a direct observanon of the developmental
mitosss by using the cells from a tryptie treatment of the assue, after
their sedimentation on the culture shde,

Results zegarding the brne for the development of mutoss have ben
obtamed by my co-workers, Dr. E. G. Rondanelh, Dr. E Serossells,
Dr. P. Gorimy, and others. In followmng by ane-camera developmental
mitoses of cells s:u-vivmg in' wre they :uvc abslcrvcd these nmt‘i {a)

ick embryo fasts® 187 04", metaphase 49” 55, anapha
;}‘.“:;:. gt?;ph;sc 4" fmél tme of mitoses 81" 37°); (b) chick embryo
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phery of the cortex inwards untl they reach the medulla, where
apparently they become endowed with active boid moti
property which allows them to enter lymphatic channels and blood
vessels.,

Stohlman: Is the increase in percentage label and intensity label of
thymidine of the small lymphocyte on days 1, 2, 3, 4, compatible with
the generative scheme you presented?

Leblond: On the whole yes, but there are complications due to the
difference in the extent of labelling of the various types of thymuc cells,
a3 pomnted out 1n the discussion of Dr. Everctt’s paper. The data pub-
Iished by Dr. L. S, Kelly, who examined lymphocytes in thymus and
blood after labellng with [*CJadenine or [*H]thymdine, are not in-
consistent with the model.

Yoffy: We have all been talking about feedback mechanisms. To
what extent mught there be a cellular feedback from bone marrow to
thymus? This possihility arises out of the work of Weymouth and
co-workers (Weymouth, P. P., Delfel, N, E., Docl], R. J., Steinbock,
H. L., and Kaplan, H. S. {1955). J. nat. Cancer Inst., 15, 981). They

RE . 1t T

regeneration quickly returned to normal. This type of observation
suggests the migration of small lymphocytes from martow to thymus,
where they cither enlarge and prolferate, or else stumulate the larger
thymic cells to proliferanon  There is other evidence that the thymus
can take up cells from the blood, either marrow transfusates containing
a considerable number of small lymphocytes (Urso, P., and Congdon,
C C. [1957]. Blood, 12, 251) or lymphocyte suspensions (Ambrus,
C M, and Ambrus, J. L. [xgsa]. Amn. N.Y. Acad. Sdi., 77, 443). ¥
o CAI T TE L A ATy, ~ .

o e e

leave the thymus.
Leblond When large and medium lymphocytes migrate out of the
thymus, parneutarly to the penvascular lymphatic spaces, they are



178 DISCUSSION

Leblond: Dr. Astaldi, your comments are most pertinent. Indeed,
two main factors influence our results—the time between two succes-
sive mitoses in a given cell type, and mitotic duration. The reasoning
used in elaborating the model takes these two factors into account.

Astalds: It is a general problem and not a particular one for your
observations. That is why, to overcome the precariousness of the
mitotic index in judging the proliferative activity of a given tissue or
cell strain, I tried to use the stathmokinetic test and to evaluate the
mitotic time.

Leblond: To give you an example of the rdle of mutotic duration, the
scheme as presented implies that the lifespan or generation time of the
medium lymphocytes 1s half that of the large lymphocytes. This con-
clusion arises from the fact that the mutotic index of the medium lym-
phocytes happened to be exactly twice that of large lymphocytes.
However, the inference can be drawn only if 1t is assumed that mi-
totic duration was the same for both cell types. If further work wercto
show that the mitotic duration of medium lymphocytes is twice that
of large lymphocytes, the scheme would have to be adapted to the new
dat2, Perhaps we may then come to the conclusion that the life of
medium lymphocytes is longer than postulated 1 the first model
Such refinements will help in giving precision to the model. Hence, I
hope that your collab vall soon compl of the
mitotrc d of lymphocytes. The queston amses, h T,
whether estimates of mutotic duration on cultured cells yield the sime
results as in vivo.

Construction of our model was done blndly at first. We started
assuming that we knew nothing, except for the assumptions I men-
tioned, and by tnal and error with simple calculations, we came to suc-
cessive conclusions, dealing first wath the thymuc cortex and Jater with
the medulla. One of the conclustons was that small lymphocytes
spend 2 longer ttme 1n both Iocations than other cells,

Everett: Could you define what yon mean by *long nme"?

Leblond: Not very well In our articles, ths was defined relanvely.
For instance, in the peripheral cortex small Iymphocytes (S,) spend a
time equal to twice the generation ume of medium lymphocytes. In
the deep cortex this was about three times as long, and so on. Tl}c
story imphies that small lymphocytes move gradually from the peri-
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you can sometimes get even the very next cell, the large lymphoblase,
on occasion. ‘The significance of that worries us from two points of
view. The first is the one you raised: at whatever point a cell leaves the
reduction pathway is 1ts further development, wherever it goes, pre-
determined? If it 15, then one of those large lymphoblasts, wherever it
goes, is simply at the beginning of a cellular chain reaction, and 1f it
finally has to go through all its divisions, it represents potentially 128
small lymphocytes somewhere else in the body. Or: are the cells, when
they leave ac different stages of the reduction pathway, in a more
genetically plasuc state? Are they more easily influenced and able to
branch off mto other lnes of development? Are they capable of func-
tionmg as our hypothetical stem cell if they leave earlier on in the path-
way? I do not know as yet of any evidence bearing on it. This is a
vital and fundamental pomnt, From what few references I can get from
the Brookhaven work mn the few allusions to labelled lymphocytes in
bone marrow, it has been medium and larger cells in small numbers
which they have seen. Dr. Everett, who has presented our own evi-
dence on bone matrow work, found a cell which I think wasa mediom
to large lymphocyre.

Everett- 1 would say medium or perhaps large-medum. With
respect to diviston of these cells 1 blood, 1t would appear to me that n
relation to the number of cells present m blood versus lymph, divistons
ate as frequent i blood m the rat as they are m thoracic duct lymph.

Lgtha: Dr Cronkate, you said that when you labelled 12-hourly
for 22 days with thymidime you only got about 30 per cent of the small
lymphocytes labefled. Ths 1s very important and very relevant to the

-

wrahlam e damnn shaca an Aasre ana seeed L B IURSORL AN TR

vecome labelled. Lhs may mean that a large proportton ot the
mediam and large lymphocytes never tum mto small Iymphocytes;
it may mean that small lymphocytes come mysteriously from an un-
labelled precursor; or 1t may mean that some small Iymphocytes have
a very long lifespan mdeed.

AT A

a —~ e e e .
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frequently scen to divide. Hence our suggestion that any lymphocyte
which leaves the thymus before reaching the final stage of the model
{S;) will continue dividing untd it becomes an S, cell.

Fichtelius: One of your other basic assumptions was that only small
lymphocytes left the thynus, but now you are assuming that medium-
sized lymphocytes also leave the thymus.

Leblond: The assumption that only small lymphocytes leave the
cortex was made when performing the caleulation necessary to bull
the model. After the model was finushed, it was found that the number
of medium Iymphocytes in the medulla was such as to requre that
some of these cells also come from the cortex. It was then possible to
estunate to what extent the departure of medium lymphocytesfromthe
cortex would affect the calculations previously made using the cortex
data. The change in the number of medrum lymphocytes thus intro-
duced turned out to be within the range of the standard error. Hence,
migration of medium lymphocytes 15 not such that the model had to
be modified (see footnote on page 913 in the article by G. Sainte-
Mane and C. P. Leblond [1958). Proc. Soc. exp. Biol, (N.Y.), 98, 909).

Craddock: Osgood has seen a few lymphocytes dividmg int che blood
T have never seen them personally.

Cronkite: 1 have never seen them n the blood.

Leblond: § have seen only one case of division i the blood. Theee
might be a mitotic mbibitor there. In the various organs and tissucs,
however, there may also be a connnuous senes of eight divasions, 33

d in the model g for the thymus data.

Yoeffy: 1 am very glad I raised that point, because you have touched
on what is possibly, 1n view of the thynudine work, becomng onc 0
the key things that has been worrymg our own group about tymphoid
tissue. The actual number of mitoses does not matter but 1f we take
your eight mitoses one of your catly cells represents 128 final small
lymphocytes. You have this orderly senes of cells moving along what
+we have come to deseribe as the reduction pathway—we could not
think of 2 better name for it, and there 1s undoubtedly 2 gradual rcdl}c-
ton in cell size. When we give thymudine we can label at any point
along this reduction pathway. Also cells can leave at almost any pount,
except pess:hly the primary reticulum cell, which ¥ cannot xceﬂ ever
having seen in lymph; but apart from that I ger the impression that
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you can sometimes get even the very next cell, the large lymphoblast,
on occasion. The significance of that worrics us from two points of
view. The first is the one you raised: at whatever point a ccll leaves the
reduction pathway is 1ts further development, wherever 1t goes, pre-
determined? Ifit1s, then one of those large lymphoblasts, wherever it
goes, is smply at the beginning of a cellular chain reaction, and if it

ly has to go throngh all its divisions, 1t represents potentially 128
small lymphocytes somewhere else in the body. Or: are the cells, when
they leave at different stages of the reduction pathway, in a more
genetically plastic state? Are they more easily mfluenced and able to
branch off mto other lines of development? Are they capable of func-
tionng as our hypothetical stem cellsf they leave earlier on in the path-
way? I do not know as yet of any evidence bearing on it. This is a
vital and fundamental pomt. From what few references I can get from
the Brookhaven work m the few allusions to labelled lymphocytes in
bone marrow, 1t has been medium and larger cells 1n small numbers
which they have seen. Dr, Everett, who has presented our own ev1-
dence on bone marrow work, found a cell which I think wasa medium
to large lymphocyte.

Everett 1 would say medmm or perhaps large-medium. With
respect to diviston of these cells in blood, 1t would appear to me that in
relation to the number of cells present in blood versus lymph, divistons
are a5 frequent i blood 1 the rat as they are i thoracic duct lymph.

Lgtha. Dr. Cronkite, you said that when you labelled r2-hourly
for 22 days with thyrmdine you only got about 30 per cent of the small
Iymphocytes labelled. Thus 15 very important and very relevant to the

i . . . R . . e

become labelled. This may mean that a large propor}zon of the
medium and large lymphocytes never tun mto small lymphocytes;
1t may mean that small lymphocytes come mystenously from an un-
labelled precursor; or it may mean that some small lymphocytes have
2 very long bifespan indeed

Cronkite T am inclined to agree with you, Dr. Lajthe, but T wonld
also like to brng up the problem that what I call 2 small lymphocyte
may be different from what other people call a small lymphocyte. It
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isa difficult problem. AllThave to do isjuggle the diameter a lictle and
I obtain a different percentage of labelling. Or one can look at 2
lymphocyte and say it is a small one on appearance alone, forgetting
about diameter. The percentage labelling is again different. There
is a real problem of semantics and consistency and I find it difficule
to be 100 per cent consistent myself in repentive study of the sime
preparation. .

Everett: We cannot ignore the fact that labelled small lymphocytes
do not live for many days in lymph and blood unless we admit that the
heavily Iabelled oncs are different from the lightly labelled ones. I
agree, too, that the small percentages with which we are concerned
remain to be explained. I think if we employ Prof, Leblond’s schemet
is easy to see how we have this dummnution of label in cells from the
precusors to definitive forms. Iam not arguing for a short or long
lifespan, I am just reporting the data.

Yoffey- I thunk we have reached the stage where we have become so
timid abour making any kind of defimte statement that we call eells
“mononuclears” rather than “lymphocytes”, and are prepared to
restrict ourselves entirely to Jears” in radi graphs even
when we can get a parallel dned smear and make the conventional

lassifi luding clearly recogmzable lymphocytes whose
identity has never been questioned unul now, As for the origin of the
small lymphocyte, three hours after giving thymidine you can get
some quite heavily labelled small lymphocytes in blood and lymph,
and the only possible precucsor for those first heavily lobelled small
lymphocytes 1s a medum lymphocyte, because m the lymph gland
itself we see very few small lymphocytes drviding, if any. Unless,
hercfore, one 15 prepared to in that the small lymphocytes ate
a self-perpetuating population one must denive them from medim
Iymphocytes. In the thymus there may be more mitoses of small
lymphocytes than elsewhere, but in the lymph gland there are far 100
few mitoses of these cells to account for the heawly labelled small
lymphocytes which appear three to four hours after thyrmdine, and [
can see no possible ongn for these other than dividing mediom Iym-
phocytes. In view of these facts, I feel that 1f anyone maintams that the
origin of small Jymphocytes 1s from any cells other than medum
Iymphocytes, the onus rests upon them to demonstrate this alternative.
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Stohlman: It scems to me that if you give thymidine every 12 hours
over a period of 20 days and still have a number of unlabelled lympho-
cytes circulating, these must have been born before the thymidine was
started, provided that the label is sufficiently heavy so that you do not
miss labelled cells. This would speak for a long-lived lymphocyte such
as is suggested by Hamilon’s data (1959. In The Kinetics of Cellular
Proliferation, p. 151, ed. Stohlman, F., Jr., New York: Grune &
Stratton) and Ottesen’s data (1954. Acta physiol. scand., 32, 75). Per-
haps there is some death of lymphocytes m the thymus and in the
lymph nodes with a high mntranodal tumover, so that one gets 2 high
proportion of labelled lymphocytes in the node but only a few eventu-
ate m a small lymphocyte. This posstbility has been suggested by
Brecher (1959 In Physiologic und Pathologie der Leukozyten, ed.
Braunstemer, H. Stuttgart: Thieme).

Yoffey: You need not go so far as kiling them all off. We do know
that 1n regions of actively growing tissue you get a fair amount of
cither cell death, or possibly a certam amount of cell impairment. If
you have some Jymphocytes which are not quite as active as others,
the acavely moving ones will get out quickly, either nto the lymph
or by direct entry. The others just fall by the wayside and stay there,
posstbly for quite a long ime. There 15 one very clear line of evidence
from several workers that you have at least two dufferent lymphocyte
populations, one longer-lived, one shorter-ived. It does not follow
that if a certain part of a population of lymphocytes 15 long-hved, the
whole population 15 long-hved.

Cronkite- Many years ago Dr. Trowell performed some very nice
studies on the radation sensinvity of small lymphocytes. They de-
generate rather raprdly—the maximum amount of pyknosis 15 about
five hours after mjury. If the cntical target of the small lymphocyte
has a small volume it may be quite sensiive to tntium and be des-
troyed by a single hut or so, whereas 1f other cells have a much larger
entical volume they might be expected to be more resustant to trrium,
In addition the raptd removal of mjured lymphocytes may be masking
an injury that 15 beng produced on a larger scale than we have ob-
served. In this event we may be grossly underestimating the mjury by”
[H]thymtdine to small lymphocytes This is a distinct possibality
although rather distasteful.
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Yoffey: You think you would get lymphocytes as rapidly removed
as that without secing any evidence of it in sections?

Cronkite: There is a little increase in pyknosis of the lymphocytes in
the lymph nodes in animals receiving continued injections—a hrde
more than seen in the control rats, However, if the cvidence of injury
were being removed before one looked for it one could give repeated
injections of [*H]thymudine and never detect its harmful effects in this
sensitive cellular system unless the injection and sacnfice intervals were
proper.



QUANTITATIVE INVESTIGATIONS ON THE
LYMPHOMYELOID SYSTEM IN
THYMECTOMIZED RATS*
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Tre lymphocytopoietic actwity of the lymphoid organs in
rats has been studied by Kindred (1940, 1942) by determining the
number of mitoses 1n the lymphoid organs per unit of tistue
volume, by Andreasen and Chnstensen (1949) using mitotic
counts 1n suspensions of cell nuclei, and by Andreasen and Ottesen
(1944, 1945) using radioactive 1sotope labelling of deoxyrbo-
nucleieacid (DNA). The absolute numerical data from Kindred’s
investigations and the relative numenical data from the other
mnvestigations mentioned all agree 1n pomting to the thymus as
the most effective lymphocyte-producing organ in the rat.
Similar observations have been made 1n other rodents 1 more
recent DNA tumnover studies (Schooley, Bryant and Kelly, 1959).

In interpreting these data on lymphocyte production 1t must,
however, be remembered that the mitotic actvity cannot be
directly taken as an expression of the relative efficiency of the
lymphoid organs regardmng the output of lymphocytes. In the
first place 1t 15 not known with certainty how many newly
formed cells perssh wathout ever leaving the organs, although
Kindred's mvestigations (1942) have already suggested thatitisa
minor part, though different in the thymus and m the lymph
nodes. Next, the data n young animals must be evaluated taking
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the growth rate of the organs into consideration; and, finally, in
the DNA-synthesis investigations the possibility of lymphocyte
migrations from parts of the lymphomyeloid system to other
parts must be borne in mind.

Thus, for the reasons given, a high DNA tumover and a high
frequency of mitoses in the thymus do not necessarily mean that
many cells are bemg released from the organ. The question has
even been raised whether newly formed thymus lymphocytes
leave the organ to any appreciable extent at all. The present
work is an attempt to answer this question by means of extirpa-
tion experiments. The influence of thymectomy on the output of
lymphocytes from the thoracic duct and on the blood lymphocyte
content has been used as an expression of the extent to which the
thymus contributes to the total output of lymphocytes from the
lymphoid organs. At the same time a quantitative evaluation 0
the possible effects of thymectomy on the other parts of the
lymphord system has been done, knowledge of this being 2
necessary basis for a correct evaluanon of changes in the lympho-
cyte content of lymph and blood.

The much discussed problem of the exstence of ﬂmctionf1
relations between the lymphoid and the myelord systems makes it
reasonable also to examine the effect of thymectomy on the lym-
phocyte population of the bone marrow. Additional knowledge
of the fate of the thymus lymphocytes may be obtamed in this
way.

Material and methods

Young female albino rats of an average weight of about 70 8
at the time of thymectomy were used 1n the mvestigatons:
Thymectomy was performed through a mid-lme masion in the
upper part of the sternum m ten rats, and for cach thymectomize
animal an animal from the same Litter and of approxamately the
same waght was subjected to a sham control operation. The
average amount of thymic tissue removed was about 140 Mg
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In no case were remnants of thymus found at autopsy. One of the
thymectomized animals did not gain weight satisfactorily after
the operation; it was therefore excluded from the investigation.

About 65 days after the first operation—after preliminary blood
sampling for red and white cell counts and differential white cell
counts—cannulation of the thoracic duct in the neck was per-
formed under ether anaesthesia. On account of the possible
diurnal varations in the thoracic duct lymph flow and in the
blood lymphocyte content, these interventions were made at the
same time of the day. Lymph was collected for one hour and the
hourly lymphocyte output was calculated from the collected
lymph volume in mm3—measured by weighing and specific
gravity determination—and the lymphocyte content per mm.® of
lymph. Immeduately after termination of the lymph collection
the animals were killed by blecdmg through incision of the
abdominal aorta; the blood collected was centrifuged and the
serum pipetted off.

Femoral bone marrow has been used for the bone marrow
investigations. In order to obtain sufficient quantties it was
necessary to use marrow from both femurs, The femurs were
removed as soon as possible after the bleeding, the epiphyses
cut off, and the diaphyss carefully spht lengthwise by means of a
pair of fine bone scissors. Following this the bone marrow
cylinder could be eastly removed. With only minor modifica-
nons, the further procedure follows the techmque described by
Yoffey (1955) for quantitative examimation of the bone marrow in
giunea pigs, so only the mamn ponts of the method employed need
be mentioned. The removed bone marrow 15 placed m a pre-
viously weighed amount of autogenous serum, sufficient to give
a dilution of the bone marrow in serum of approximately 1/1s.
The serum plus bone marrow 1s then weighed. The bone marrow
cells are suspended 1n seram by vigorous shaking for three minutes,
which gives a sansfactory suspension with a mini of cell
destruction. The speaific gravity of suspension and serum is
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measured by means of the copper sulphate method. The volumes
of bone marrow and of serum can then be calculated, and from
this again the volume dilution of bone marrow in serum. The
absolute number of nucleated cells per mm3 of suspension is
determined by counting in a haemocytometer affer dilution with
a solution of methyl violet and acetic acid in the proportion of
1:40. The number of nucleated cells per mm? of suspension is
converted into the number per mm? of bone marrow by means
of the volume dilution. The number of red blood corpuscles in
the bone marrow is determined according to the same principle;
Hayem's fluid is used here as a diluent.

The serum-film technique of Harris (1956) has been used for
the production of smears 1 order to keep the number of damaged
cells as low as possible. The smears have been stamed by the May-
Grinwald-Giemsa method. The differential counts were made
on 2,000 cells from cach bone marrow.

Finally, the following sections of the lymphoid system were
dissected out and the amount of tissue in the following groups
determined by weighing. cervical Iymph nodes (including all
lymph nodes in the neck), mesenteric, thoracic, brachial, an
epigastric lymph nodes, Peyer's patches, and the spleen. Smears
were made according to the technique described by Trowell
(1952), by teasing out 1 a drop of autogenous serum glands
representing the two biggest groups of lymph nodes as well 35
Peyer’s patches, and the thymus from the sham-operated animals.
The smears were stained with Mayer's haemalum, and the number
of mitoses cotmted n 2,000 cells from each group.

Results

Table I shows the thoracic duct lymphoeyte output and the
number of lymphocytes in the blood m thymectomized and in
control animals.

The hourly output of lymphocytes shows a decrease in the
thymcc!omizcd animals. This decrease 15 due to a drop in the
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lymphocyte content of the lymph, the hourly lymph volume
showing no significant changes. The lymphocyte output in the
thymectomized animals amounts to abont 6o per cent of the
lymphocyte output in the control animals. The blood Tympho-
cyte content shows a similar drop to about 60 per cent of the
values in the controf animals.

The weight of the other sections of organized lymphoid tissue
65 days after thymectomy will be seen from Table IT, which alfu
shows the weight of the corresponding sections of lymphoid
tissue in the control anmmals. The mean weights stated are cak
culated on the basis of weight in mg. of the groups of lymphoid
tissue dissected out, per 100 g. of animal weight. .

A comparison of the mean weights of the lymphoid tissue in
the two groups of animals seems to indicate that the removal of
the thymus has caused a minor decrease of ‘weight in the remaining
groups of lymphoid tissue, except in the Peyer's patches. The
decrease in average wesght is apparently greatest in the spleen.
However, none of the changes 15 significant—not even the
decrease in weight of the spleen. Further, before removal of the
spleens for weighing, a more or less effective exsanguination o
the amumals has been performed. This mvolves a considerable
factor of uncertainty, making alteranions in weight of the spleen
an incorrect expression of proportionate alterations m the content
of lymphoid tissue. In the following, therefore, the spleen has
been left out of account

The lymphocytopotetic activity of the remamng lymphod
organsin the thymectonuzed anmals has been evaluated by deter-
mining the frequency of mitotic figures in representative groups
of these tissues. The determiination has been made on smears of
teased cervicatand mesenteric lymph nodes and of Peyer’s patches

On comparison with the frequency of mitoses 1n the cotre-
sponding groups of lymphoid tissue 1n the control animals (Table
111}, it appears that the mutotic activity 1n the lymphoid organs of
the thymectomized animals 1s unchanged.
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Thus, thymectomy has caused neither significant changes in the
amount of other organized lymphoid tissue 1n the organism, not
changes in the rate of cell renewal in these tissues—and therefore
has hardly caused appreciable changes in the output of lympho-
cytes from these ussues. Nor, as shown below, did thymectomy
cause changes in the lymphocyte content of the bone marrow.
It can be concluded therefore that the deficit of lymphocytes
found in the central lymph and in the blood of the thymectomized
animals can be taken as a fair expression of the loss of Iymphocyte
output from the thymus.

For comparison, the frequency of mitoses in the thymus of the
control animals is also stated in Table HI; it amounts to about ten
times the frequency of mitoses 1 the other lymphoid organs
examined, .

The results of the bone marrow mvestigations are presented in
Table IV,

The morphological critenia used 1 the identification of lym=
phocytes will be mentioned later. The myeloid cell group corm=
prises mature granulocytes and their precursors, the erythroi
cell group all precursors of the red blood corpuscles. The groups
“other cells”, mcludes plasma cells, reticulum cells, and mega-
karyocytes; the last-mentioned cell type was rarely found.
Transitional cell forms between Iymphocytes and blast cells are
included in the blast cells

The total number of nucleated cells per mm 3 of bone matrow
is 2+ 4% 10° cells in both groups of anumals, There 13 also a close
correspondence between the two groups of ammals regardmg the
absolute number of cells 1n the maimn cell groups. In all groups Pf
cells the individual varation in the number of cells 15 biggest in
the thymectormzed animals. The differences between the mean
values 1n the two groups of animals are, however, not significant.

As a result of the previous exsanguination, the blood content
of the bone marrow is shght. The content of mature red cells in
the bone marrow averaged 1x 10° red cells per mm.3 of bone
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marrow., With 8x 10® red cells per mm.® of blood this means
that the maximum contamination of the bone marrow with
blood is o+ 125 mm.3 of blood per mm.? of bone marrow. Con-
sequently, only an insignificant portion of the approximately
300,000 lymphocytes per mm? of bone marrow owe therr
presence to the blood content.

Thus, the present investigation did not reveal quantitative
changes 1 the cell population of the bone marrow following
thymectomy.

Discussion

As previously mentioned, Kindred’s (1942) histological studies
suggest that under normal conditions the rate of cell degeneration
and cell destruction in rat thymus is slight, only amounting to
about 15 per cent of the total production of cells. Nor do
Sainte-Marte and Leblond (1958) mention a greater rate of ccll
destructton m their mvestigations on the cell production in rat
thymus. When the question of the extent of cell release from the
thymus has, nevertheless, anisen, this 15 because—m addition to
theoretical considerations of the kind mentioned in the intro-
duction—the results of various previous experimental mnvestiga-
uons do not accord with the concept of the thymus as an im-
portant source of lymphocytes. Among these mvestigations
reference may be briefly made to earlier extirpation experiments
m rats, Sanders and Florey (1940) found a mnor drop 1 the
blood lymphocyte content after extensive exturpation of lym-

Vo . . . A .

short d but a blish of normal values after
three to six weeks Ths 15 surpnsng considenng that mn the
present mvestigation thymectomy alone cansed a lymphopenta
nine weeks after the thymectomy.

In recent investigations, however, Schooley and Kelly (1g58)
HARMO 7
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studied the r8le of the thymus in lymphocyte production in rats
by means of extirpation experiments, and found results which on
certain points are in fair agreement with those presented here.
The decrease in the thoracic duct lymphocyte output, however,
was far more pronounced in their investigations, falling to 27 per
cent of the values in the control animals, the decrease in the blood
lymphocyte content bemng less pronounced. In addstion they
found that the thymectomy had resulted in a significant decreast
in the weight of the cervical and the mesenteric lymph nodes, 0
approximately the same order of magnitude as the decrease
found by Reinhardt (1945) in thymectomized rats. They con-
clude that part of the decrease i the Iymphocyte output M2y
result from the decrease in the amount of remaning lymphoid
tissue. This undoubtedly partly explains the rather considcrabl.t
difference 1 the decrease n lymphocyte output between theif
investigations and the present ones, where no changes were foun
1n the amount of remaining lymphoid tissue. In reality, therefore,
the essential difference between the two senes of investigations 15
the difference m the effect of the thymectomy on the other
lymphord tissues. The most tempting explanation of thus dif-
ference may be sought in the fact that the thymectomies 10 the
experments of Schooley and Kelly were performed on newborn
rats six days after birth, and m the present experiments On 13t
aged from 50 to 60 days. Thus again may mean ¢hat the difference
observed in the state of the remaming lymphord tissue 1 the two
series of experiments 1s 1n reality an expenmental confirmation of
Kindred’s (1940) lustological observations that in very young
but not in older rats, the thymus provides lymphocytes necessary
for the growth of the lymph nodes. Or—in other words—that
the lymph nodes n very young rats at Jeast are important desti
nations for the thymus lymphocytes

The dirmnution found 1n the thoracic duct lymphocyte output
and in the number of lymphocytes mn the blood followmng
thymectomy suggests that the thymus to an appr:cx:blc degree
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contributes to the total release of lymphocytes from the lymphoid
organs. It must be emphasized, however, that there are too many
unknown factors in the life history of the lymphocyte to allow of
further conclusions to be drawn from extirpation experiments
regarding the exact extent of the thymic contribution.

The number of nucleated cells in the bone marrow in adult
rats was found by Burke and Harris (1950) to be 2-32x 10° cells
per mg.; Riman, Veself and Seifert (1950) found 2-05x 108 cells
per mg. in rats weighing 170 g.; Mantz (1957) found 1-79x 10°
cells per mm23; and Osogoe and Awaya (1958) found 1-81x 108
cells per mm.3 of bone marrow. Considering the varying tech-
mques employed in the mnvestigations, these figares are in good
agreement and are in agreement with the 2 4x 10® cells per mm.?
found here. As regards the lymphocyte content of the bone
marrow, however, the agreement comes to an end. The per-
centage content of lymphocytes m the three & igations last
cited amounts to 31-1, 24 and approximately 12, and other in-
vestigations give still other values. The mean percentage content
of lymphocytes in the bone marrow of the control animals in the
present mvestigation was 12-7. The discrepancies are not sur-
poising; as 1s often emphasized they represent the difficulties en-
countered m the rdentification of the lymphocytes. The best
account of the morphology of the bone marrow cells in the rat
has been given by Harnis and Burke m their 1957 paper. The
critera by which cells n the present investigation were classified
as lymphocytes agree fairly well with their description of *“lym-
phocyte-like” cells: round cells measuring 8 to 12 microns with a
narrow rim of pale, blue, clear cytoplasm, and a reddish-umber,
smooth nucleus with only shight clumping of the chromatin.
Cytoplasm was often mvisible or apparently located at one pole
of the cell.

The problem of the 1dentity, ongin, and fate of the bone
marrow lymphocytes has been extensively reviewed by Yoffey
(1950, 1954, 1955), Yoffey and Courtice (1956), and Yoffey,
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Hanks and Kelly (1958). Impressive experimental and clinical

evidence has been collected in favour of the view that the bone

marrow lymphocytes are extramedullary-formed cells being

catried by the blood to the bone marrow, there to act as stent
cells for myeloid and erythroid cells.

Comsa (1957) made differential counts on bone marrow frofn

' . .- Al U U rl‘anges mn

> present

investigations no changes were observed 1 the tympuocyte con=
tent of the bone marrow. Ths suggests that the thymus is not an
important source of bone marrow Iymphocytes. Granting the
assumption that the bone marrow lymphocytes really are
haematogenous, this means that the bone marrow lymphocytes
must be mainly detived from the lymph nodes and that the
thymus lymphocytes have other destinations. The existence of
such a difference m destination of the thymus lymphocytes and
the lymph node lymphocytes—a difference which possbly
expresses a difference 1n function—has been shown to be ighly
probable by the transfusion experiments of Fichtchws (19584, b)-
Fichtels found that syngenesio-transfusion of sadsoactively
labelled thymus lymphocytes 1n rats caused highest activity in the
spleen, while transfusion of labelled lymph node lymphocytes
caused highest actvity in the bone marrow. This supports the
conclusion which can be drawn from the results of the extirpation
experiments, that the thymus does not supply lymphocytes to the
bone marrow to any considerable extent. It must be added, how-
ever, that Harrss (1958) 1n hus studies on gumea pigs recovering
from whole body y-irradiation obtamed results which may '?C
mterpreted in another direction. He found that for a certaitt
number of days after the rrradiation a close relationship exusted
between the lymphocyte levels in the bone marrowand the lym-
phocyte content of the thymus. The pattern of recovery was
siemilar in the bone marrow and in the thymus, but differed from
that in the lymph nodes. One of the interpretations advanced to
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exphain this relation is that the thymus plays an important rle in
the repopulation of the bone marrow with lymphocytes after
srradiation. He also pomts out a close morphological identity
between the bone marrow lymphocytes and the thymus lympho-
cytes; a similar observation has been made by Yoffey (1955). The

. observations of Harris (1958) apply to animals recovering from
irradiation, and are therefore no serious objection to the conclu-
sion drawn above, that the thymus lymphocytes do not make an
essential contribution to the lymphocyte content of the bone
marrow.

Summary

The rate of lymphocyte release from the thymus was investi-
gated by means of extirpation experiments in young adult rats
The houtly thoracic duct lymphocyte output 65 days after
thymectomy showed a decrease to approximately 60 per cent of
control values. A similar decrease was found mn the number of
blood lymphocytes. Thymectomy did not cause changes m the
amount of remaming lymphoid tissue, or m the rate of cell
renewal 1n these tissues. Therefore, the deficit of lymphocytes in
the central lymph and 1n the blood can be taken as an expression
of the loss of lymphocyte release from the thymus, The lym-
phocyte content of the bone marrow did not change following
thymectomy. This suggests that the bone marrow 1s not an
mmportant destmatton for the thymaus lymphocytes
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DISCUSSION

Roylance> Did you say that you found difficulty in differentiaton on
motphological grounds between the erythroblasts and the lympho-
cytes?

Bierrng: Yes. 1 think it may sometimes be difficult to distinguish
between a lymphocyte and an erythroblast whach has reached a degree
of maturanion where its size 1s equal to that of the lymphocyte.

Roplance: 1 would have thought this was a straightforward business.
T may be biased, having seen mainly gumea pig marrow and only 3 few
rat marrows, all stamned with MacNeal’s tctrachrome, but there seems

to be lictle comparison between the lymphocyte with its small knuekle
of cytoplsm and pachyct nucleus, and the erythroblast,
whether wath basophilie, polych or orthoch: 1

yep
a8 in the erythroblast there 15 far more cytoplasm and the nuclear
chromatin 1s more densely clumped.
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Bierring: The appearance of the chromatin is the main point in the
differentiation between the two cell types, but 1n my expenence it
sometimes 1s still defficult to disunguish with certamty between these
two cell types.

Yoffey: We have recently turmed our attention to rat marrow because
of the very grear differences between rat and gunea pig which have
been descnbed. 'We are now adding the Lepehne test to our Giemsa-
stamed smears and we get much clearer differentiation.

Reinharde: Tam interested in this matter of the response of the animal
depending on the age at which the thymectomy was carried out. It
appears that there may be 2 difference in the reaction of the lymphoid
tissues to thy: , depending on the age at operation. Expen-
ments by Schooley and myself, in which thymectomy was cammed out
at a very early age, appear to demonstrate a more appreciable effect on
lymph node ussues than when thymectomy was performed at 2 later
age. ‘There 15 also the interesung point that the location of the thymus
1 the species that have been studred (cervical thymus m the guinea pig,
thoracic thymus 1 the rat) does not appear to be a factor m the expen-
ments which have shown a fall 1 thoracic duct lymphocyte output
after thymectomy. Have you any fecling as to what occurs, regardmg
the contribution of the thymus to other lymphoid tissues at varying
ages, to account for these differences in data?

Bierring No. My only expenence 15 with ammals of this age, 1
which T did not find significant changes 1n the weight of the remammg
lymphoid nssues. I think the thymus probably 1s more active at an
earlier age.

Yoffey L. Gyllensten (1953. Acta anat. (Basel), suppl. 18, 1) in hus
experiments pmpointed the same thing, and got a transient hyperplasia
of lymphoid tissue in newborn guinea pigs, but 1t passed off.

Jacobson, Lest we get to the end of lymphocytes and no one men-
tions the problem of what controls their production, I would Iike to
hear the opmions of anyone in this field

Yoffey* You are refernng to the lymphocytosts-samulating factor?

Jacobson T am not referrng to anything! Tam only asking whether
there is any feeling that lymphocyte production as a whole 1s under
some sort of control, and if there are any 1deas in this direction.

Gordon. There 1 no doub that the endocrine system is implicated in
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the regulation of Iymphocyte production. The stadies of Dougherty
and White and others have demonstrated important relations between
stress, the adrenocortical steroids and the status of the Iymphoid
apparatus - More specifically, stress or 11-oxysteroids cause widespread
destruction and dimunution in the numbers of mitoses 1 the lymphoid
tissues which are probably responsible for the panying profound
lymphopenia. Contrarrwise, adrcnalectomy may result in a rise in the
absolute weighe of the lymph nodes and an increase m the numbers of
circulating Iymphocytes. More recently, Dougherty (19s59. In The
Kinetics of Cellular Proliferati p- 264, ed. Stohl E, Jr. New
York: Grune & Stratton) has called attention to the increase i the
mitotic rate and mass of the lymphatic organs of stressed adrenalectom-
1zed animals, Here the removal of the infubitory action of the adrenal
cortex permits stress to evoke hypertrophy of the lymphoid system.
Thus 1t would appear that the adrenal cortex 15 one of the prime
regulators of the lymphoid apparatus both under normal and zbnormal
conditons. ‘There 15 also recent evidence by Gyllensten {1959, Acta
path. microbiol. scand., 47, 243) that the thyroid hormone may be an
mportant stimulator of the lymphod tissue.

As mentioned by Prof. Yoffey, evidence s also accumulating pomt-
g to the exustence of Iymphocyte-regulatory mechamsms outside the
confines of the orthodox endocrine system. In my paper here I will
report the exastence of a lencocytosis-mducing factor evoked i the
plasma of rats by repeated Jeucocytapheresis Both absolute lym-
phocytosis and neatrophilia are produced by this prnciple i intact
rats.

Yoffey- D Metcalf (1956, Brit. J. Cancer, 10, 431, 442) clams to have
b PN LA ] -~ - - -

is lowered quite apprecibly, nevertheless it does contmue even though
at a lower level. If you accept the lymphocytosts-stimulating factor I
think you have to accept also that even in the absence of the thymus
there 15 some other lymphocytosisstimulating factor. So by implca-
tion there would be at least two factors In this room, only a weck ago,
Abraham White came out very heavily and decrsively i favour of the
thyroid as the speafic lymphoid tissue stimulant,
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Loutit: Harping on the theme that perhaps we could learn something
from pathology, I wonderif the recent observations, all ratherscattered
but now being collected, are of some importance; namely that adule
human tumours of the thymus are assoctated not only with myasthenia
gravis, but also in a certam number of cases with erythron-aplasia. This
looks like another myelord-lymphoid relationship. Has anybody gota
synthesis for thymic function which will take care of the lympho-
poietic-stimulating factor in the newborn on the one hand and of the
pathological manifestations of thymic tumours of older persons on the
other hand?

Bierning: A few cases have been reported where tumours of the
thymus were accompamed by conditions of marrow arrest.

Cronlkute. The opposite situation also exists in vatous tumours, per-
haps of the kidney, ovary and cerebellum, which are correlated with
polycythaerma vera, 1have never seen it myself, but I understand that
m some the polycythaemia will subside after the removal of the
tumour.

Yoffey: The question of the age relationship is important In the
growng ammal you need to provide stem cells not only to allow for
the normal wear and tear of the arculation, but also because the blood
volume is growmg the whole time. At that period you need more
stem cells, and 1t may or may not be comcidental but that 1s the period
when the thymus 15 at 1ts most active. Morphologically, the small
thymocytes are the cells which are most like the small lymphocytes in
the marrow. However, after thymectomy there does not seem to be
any obwvious fall in the marrow lymphocytes. These findings could be
mterpreted—if the stem cell is a lymphocyte—on the assumption that
the marrow has got to have 1ts lymphocytic stem cells at all costs.
While the thymus is functiomng 1t gets them from the thymus, and
when the thymus 1s removed 1¢ still mamtamns its lymphocyte popula-
tions by getting them from elsewhere.

Hulse: Two cases have been reported (de Vaal, O, M., and Seynhaeve,
V. [1959] Lancet, 2, 1323) of chldren who had complete absence of
whte cells, having neither granulocytes not lymphocytes, with absence
of lymphocytes in the thymus as well, and yet they were producing
red cells The chuldren eventually succumbed of course, but they did
not seem to need lymphocytes to produce their red cells.
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Yoffey: They did not live for very long after birth.

Hulse: But they managed to produce red cells—1t was the absence
of white cells which killed them.

Yoffey: The prenatal pictute was not known. It may be that the
cntical thing there was to decide when the white cells disappeared
Tt is clear that if one could establish cases where you get a complete
absence of lymphoid tissue and yet erythroporesis proceeds normally,
in those cases you could not have lymphocytic stem cells

Hulse: Whilst on with this subject it 15 perhaps relevant to mention
the differences between my work and that of P. F. Harns (1956. Brit
med. J., 2, 1032), following irradiation. Harris gave guinea pigsa dose
of just under 200 r. and followed the return of cells to the bone marrow.
In his experience the lymphocytes returned first, showing 2 large
temporary peak, and this was followed by a resurgence of red cell and
granuloeyte precursors. I exammned rats after three doses of 1rradia-
tion, 100 1., 200 1., and 400 r., and in each case the erythroid cells re-
appeared well before the lymphoid cells The myclocytes defintely
reappeared before the lymphocytes after 200 1., and rcappcared atabout
the same time as the lymphocytes after 400 r. Thts may of course be
due to a spectes difference such as you mentioned n your paper, Prof.
Yoffey.

Yoffey* I am prepared to accept species differences as an explanation
of manty drscrepancies, but I must confess that I find 1t hard to believe
that there could be such a fundamental difference as that

Cronlute Various pathological peculianitres often do give 2 key to
fundamental processes. There 1s the very mterestng disorder of .cychc
neutropenia in children, with the granulocytes disappearing and simul-
tancously bemg replaced almost quantitatively by what appears to be
a typical monocyte (Page, A. R,, and Good, R A. [1957]. AMA J.
Dis. Child , 94, 623). 1 have not had an opportunity to follow these
chuldren, but we are following another child who since birth has never
had more than about 10 or 20 granulocytes. No granulocytop
can be found in the marrow There 1s a persistent 60 to 70 per cent
monocytosis which appears to compensate m part for the defiait of the
neutrophils. These reciprocal relanionships may provideakey to under-
standing interrelations between cell types.

Another observation n fatally irradiated dogs that were kept alive
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by antbi and blood fisions unnl the marrow regenerated
spontaneously may beimportant. There is no evidence for lymphocyte
regeneration preceding the marrow regeneration. Admittedly the
studies are not complete but it appears that the dog and man regenerate
marrow without a preceding influx of lymphocytes.

Yoffey: In the pathological domain the thing you find is that during
the agranulocytic period, unless it is a very heavily toxic condition, the
matrow piles up with lymphocytes and when granulopoiesis is resumed
the marrow lymphocytes fall. You get a lot of these interrelated facts;
perhaps the lymphocyte is not mvolved at all in any of the cellular
relationships. Then you have to start on the whole problem of why
the marrow needs its enormous lymphocyte population.

Cronkite. In the aplastic anaemias that I have observed, prior to re-

generation, 1t is not a lymphocyte that one sees. The cells that are
1 LI A I | 1 11 PR |

organ the remainder of the organ regenerates and replaces the deficient
part. If you studied these animals for a longer period—many weeks or
months after thymectomy—did this deficient production stll exist,
Dr. Bierring? Does the same phenomenon occur after partral thym-
ectomy?

Bierring I studied these animals rune weeks after thymectomy and
the production 1s stilt low. Partial thymectomes have been performed
mn gumea pigs by L. Gyllensten (1953. Acta anat. (Basel), suppl. 18, 1),
who found that m newbom guinea pigs 1t caused a hyperplasta of the
Iymphatc tissues, but this was a transient hyperplasia, as after about
four weeks the tissues retumned to thewr normal size,
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The contribution of the thymus to the general pool
of lymphocytes

Taar large amounts of lymphacytes are formed in the thymus
of young animals has been shown with mitotic counts by Kindre
(1942), Andreasen and Christensen {1949), Osogoe, Monden and
Tto (1957), Osogoe and Awaya (1958), Samte-Marie {1959} and
Leblond (1959) and others  The intense lymphoposetic function
of the thymus has also been demonstrated with isotope techniques
of various kinds by Andreasen and Ottesen (1944, 1945), Fichtel-
ius (1953), Fichteltus, Gasslén and Hassler (1957), Fichtelius and
Hassler (1958), Lundin (1958), Cooper (1950), Schooley, Bryant
and Kelly (1959) and others, All agree thar large amounts of
lymphocytes are formed mn the thymus, and the observation that
e d —eemseel 1 o t e Dugtin,

is also

eming
the quantitative guestion as 1o what extent lymphocytes formed
in the thymus degenerate there and m what proportion they
actually reach the blood  Kindred (1942) calculated that about 9o
per cent of the thymus lymphocytes entered the blood stream,
but this figure 15 very uncertatn and the vanation in the morpho~
Jogieal picture 15 great (Andreasen and Chnstensen, 19493

Andreasen, 1959}

204
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The thymic contribution to the blood lymphocytes has been
studied by thymectomy (Reinhardt and Yoffey, 1956; Schooley
and Kelly, 1958), which was found to cause a clear diminution of
the output of lymphocytes from the thoracic duct. This effect
can be explained by the assumption that the thymus is an impor-
tant source of thoracic duct lymphocytes, but, as is stressed by
Yoffey, Everett and Reinhardt (1959), such an interpretation of
their experiments is rendered hazardous for dufferent reasons. It
can for instance be argued that the thymus supplies some horm-
onal factor, such as the lymphocytosis-stimulating factor of
Metealf (1958).

Schooley, Bryant and Kelly (1950) showed with tritiated
thymudine that the pattemn of labelling of Iymphocytes in th
blood bears a much closer blance to that in ic
lymph nodes than to that in the thymus. Preliminary results
where tntiated thymidine was injected mto a series of thymectom-
ized mice showed very little difference from the control anumals
m the temporal pattern of labelling (Schooley, 1959). These
experiments thus speak agamst the conception of the thymus as an
mmportant source of blood lymphocytes.

The route taken by thymus lymphocytes, supposing they
actually leave the thymus, has been a subject of discussion.
Kindred (1942) postulates that half of them must enter the blood
stream va the thoracic duct and the remainder through the nght
lymphatic duct. Sainte-Marte and Leblond (1058) suggest
another route m addition: by diapedess from penvascular
lymphatic channels within the thymus mto the enclosed blood
vessels. Schooley (1959), using rats, cannulated the right lymph
duct 1n the neck and the thoracic duct in the abdominal cavity
before it enters the pleural cavity. The results would indicate
that about 10 per cent or less of the total output into the blood
stream from the thoracic duct and nght lymph duct arise from
lymphatic tissue within the thorax. Although this is not conclu-
sive 1t suggests that very few of the thymus lymphocytes leave the
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thymus via these lymphatics. There may, of course, be other
Iymphatic routes.

From this introduction it is evident that more work is necessary
1o decide to what extent the lymphocytes of the thymus contsi-
bute to the general pool of lymphocytes and by which route
they Jeave the thymus—if they leave at all. In the rest of thus
paper these difficult problems will be avoided and it will simply
be assumed that some lymphocytes do reach the blood. It s the
fate of these “hypothetical” thymus lymphocytes that is the sub-
ject of the present discussion.

The fate of transfused thymus lymphocytes

The most direct method of studymg the problem is by trans-
fusing a suspension of thymus lymphocytes and subsequently
tracing the transfused cells (transfusion of lymphocytes as 2
method of studying their function has been duscussed by Fichtel-
ius, 19594). For the sake of surveyability these investgations ar¢
presented in tabular form (Tuble 1).

The survey makes it clear that the results are uniform, In all
homotransfusions carried out the transfused cells were traced to
the spleenn and hwer 24 hours after transfusion. In all hetero-
transfusions the cells were recovered m the liver but not in the
spleen* The difference in behaviour between homo- and hetero-
transfused cells was suggested to be due to different 1mmuno-
logical states of the donors (Fichtelus, 1053, 19576). The homo-
transfused cells denve from donors with an acquired immunity
1o the same infe as the recip whereas mn |
fusion the donors have been exposed to other antigens.

* In Keohane and Mercilf’s (19sB) expeniments the recipients were not
examined after 2 longer taterval than five hours  According to Osogoe {1950} 2

riod of 24 to 48 hours must elapse before a conuderable accumutation !
f;mpho(’ytcs oceurs m the fiver and pleen, even when suspensions are mjected
directly nto the portal aseulanon  Osogoc (1950) wrtes: “/Tius fact suggests
fhat the process 13 no Jonger mechanical, but cf of the Iymph
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This suggestion has received some support from the fact that
i ization of donors infl the behaviour of the trans-
fused lymphocytes i the recipient in heterotransfusion. Fewer
acuve lymphocytes find their way mto the liver of the recipient
when the donor is immunized than when the lymphocytes come
from non-immunized donors (Fichtehus, 1959b). Similar results
were obtained after homotransfusion from donors sensitized to
dimtrochlorobenzene (DNB), which gives rise to the delayed
type ofallergy (Fichtelius, 1959¢). Fewer of the thymus lympho-
cytes from sensitized donors were recovered in the spleen and
liver compared to lymphocytes from non-sensitized donors.

Another observation which speaks in favour of some immuno-
logical function of the transfused thymus cells is their localization
within the spleen of the reciprent i the red pulp, particularly peni-
follicularly {D1derholm and Fachtelius, 19594; Diderholm, 1960).
The plasma cell proliferation during antibody formation takes
place on this same spot (Huebschmann, 1913; Bjorneboe and
Gormsen, 1943; Fagraeus, 1948; and others). Many research
workers mamtan that lymphocytes can be transformed into
plasma cells (Roberts, Dixon and Wegle, 1957; Kelsall and
Crabb, 1958; Schooley, 1959; and others). In this connexion an
observation by Kelsall (1958) 1s very nteresting: the regional
Iymph nodes of the thymus contain more plasma cells than any
other lymph node. The present author’s working hypothesis
since 1953 has been that thymus lymphocytes normally settle in
the spleen, there giving rise to antibodies during their trans-
formation mnto plasma cells.

The old problem of the 1dentty of the thymus and lymph node
lymphocytes has been attacked with the aid of transfusion experi-
ments. Lymphocytes of both types, labelled wath 32P, wete trans-
fused from rat to rat. There was a distinct difference in behaviour
between the two types of cell, the thymus cells being chemucally
traced to the liver and spleen and the lymphnode cells to the liver
and bone marrow (Fichtehus, 10584, b). Similar results were
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Table]. A REVIEW OF EXPERMENTSIN

Author Recipient amimal Dortor animal Labet
%;i;gz ;x;;lo Rabbit, 2+ 5 kg. Rabbit, 145 kg. No label
Fucheelius, 1953 Rat, 3 months old Rat, 3 months old P in vivo
Fichrehus, 1953 Rat, 3 months old Rabbit, 0-6 kg. Bp in vivo
Karasawa and Rabbut, adult Rabbut, young No label

Osogor, 1954

Fichtchus 19574, b Rat, 3 months old, with  Rat, 3 months old P 41 vive
aseptic pentonitss

Fichtelus 19574, b Rat, 3 months old, wath  Rabbat, 06 kg. P 4 vive
ascphic pentonitis

Keohane and Rat, 150-200 g, Rat, 156-200 §. Actdine orange

Metcal, 1958 in vifra

Fichtelius, 19595 Rat, 3 months o} Rabbut, 12 kg, not P in o
immunized vmh S. typhs  mmunized with S typhi
H antigen Hanngen

Fichrelus, 19590 Rat, 3 months old, Rabbie, 1 2 kg, P ivo
immurnzed with S. fyphs  smmunized with S. fyphi
Hantgen H antigen

Fichtelius and Rat, 3 months old, Rat, 3 months old, not ~ ¥'P i vive

Diderholm, 19594 with S. iypht wath S typhs
H antigen H 2ntpen

us, 1959¢ Gunea pig, 1 month Guine pig, 1 month P in vive

Fuchtch, 195 old, sensinzed with old: not scasiuzed wath
ditrochiorobenzene NB
{DNB)}
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THICH THYMUS LYMPHOCYTES WERE TRANSFUSED

Method of rdentifying
the lymphocytes

xamination of hustologscal
ecions.

Determunation of [FPJDNA
Determnation of [PFJDNA

Exammmation of kustologacal
sections.

Determnaton of [*PIDNA

Deterounation of [MPIDNA

Fluorescence mucroscopy
Determination of [*PJDNA

Determmation of [*PJDNA
Determumation of [*PIDNA

Determunation of f*2JDNA

Method of control

Tnjection of kalled and
ngured cells

Injection of radiophosphate
Inyecuion of radwphosphate

Imecion of radiophosphate

Injection of radiophosphate

Injection of frec acndine
orange
Ingection of radiophosphate

Injection of radiophosphate
Tnjectron of radiophosphate

Inyecron of radsophosphate

209

Inteyval dfter transfusson, end organs
where Iymphocytes were recovered

72 hours i the red pulp of the
spleen, particulatly penfoliicu-
Tatly and 10 meerlobutar spaces
of the hver

24 hours. spleen and Liver
24 bowrs: haver

4872 hours n the red pulp of
the spleen, particularly penifole
Licularly and m interlobular
spaces of the hiver

24 hours* fewer active cells in
the Liver and more in the spleen
compared to normal ammals No
transfised cells recovered as
exudate &t

24 hours fewer actve cells
the hver compared to normal
apumals Trans re-

covered as exudate cells

5 hours. the cells were seques~
trated and soon died in the lungs,
Liver, kadneys and spleen

2¢ hours hver, eprdermus and
Bone mamow

24 hours: Liver, epiderms?
Fewer active 1n the Liver as
compared to the expenments
with non-immunized dosors

24 hours Liver and spleen
More active cells 1 the laver and
spleen a5 compared to pormal
reapents?

24 bours spleen and Tiver
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Table I A REVIEW OF EXPERIMENTS IN WEICH

Anthor Recipient animal Donor animal Ladt

Fuchtehus, 1959¢ Guinea pig, 1 month Guusiea pig, T month P in vive
old, sensitzed with old, sensinized wat
DNB DNB

Didetholmand  Guinea pig, rmonth  Guineapig, f month WP iawwe

Frchtelus, 19592 old old

Duderholm, 1960 Guinea prg 5 month The same as the recypient [¥S]mettuonn
old (autotransplintatson) s

Didetholm, 1960 Guinea pig, 5 month ~ The same as the [Hhymidne
old recipient (autotrans. n vty

plantanion)

obtained in guinea pigs with radioautographic techniques (Dider-
holm and Frchtelivs, 19598) In the latter expetiments, howevele
the lymph node lymphocytes were traced to the spleen as wcl?.
but to a relatively smaller extent than thymus lymphocytes, This
difference 1n behaviour between the two types of cell is wter-
preted as functional, and is 1 keeping wath the hypothesis of 2
relationship between thymus and spleen.

Attempts to trace thymus lymphocytes
avoiding transfusion

The transfuston of labelled thymus cells from one anmal to
another is not an 1deal method of ascertaining the fate of those
thymus lymphocytes that reach the blaod under physiolagical
conditions. It 15 not known whether the lymphocytes that are
normally released to the blood from the thymus are a special type
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- THYMUS LYMPHOCYTES WERE TRANSFUSED—(ont.

Method of identifying Interval after transfusion, and organs
the lymphocytes Method of control where lymphocyies were recovered

, Determunation of [*PIDNA  Injection of radiophosphate 24 hours® splecn and hiver. Fewer

actve cells 1n the spleen and

liver than in the expenment
with nop-sensitized donors
. Radioautography Injection of sadiophosphate 48 hours: in the red pulp of the
and of heated, labelled cells  splecn, partcalarly penfollicu~
Tarly, non-follicular segions of
the Bepatic ymph nodes
, Radioautography Injection of (*S|methionme 8 hourse pumerous cells n the
' and injection of labelled spleen penfolliularly Scattered
and heated cells cells 1n bone marrow, Liver,
Iungs and lymph nodes
. Radioautography Injection of labelled and 8§ hours* pumerous cells sn the
heated cells spleen penfollicularly. Seattered
cells 1n the Liver and lymgh
nodes Bone marrow and lungs

ot yet examined

of cell. Osogoe and Hitachi (1950) and Keohane and Metcalf
(1958) traced a mixture of all thymus cells, and Fichtelws (1953,
19574, b, 19584, b, 1959b, ¢) traced thymus cells which had
synthesized deoxyribonucleic acid (DNA) during the labelling
period of 24 hours prior to transfusion In the experiment with
[#58]methionne Drderholm (1960) labelled a mixture of all
thymus cells, and m s experiment with [*H]thymidine, cells
synthesizmg DNA at the time of transfer were labelled. The
transfuston experiments are unphysiological for other reasons,
prm docon e mrmtn € oelle L e oe T T " 'ﬂ rclaﬁv:ly

n labelling
the cells 1 vivo and observing them wathin the animal that has
formed them An attempt at *“ideal” labelling was made by
Diderholm and Fichtelus (1959¢)  Spleens of young rats were

ined by rad phy at diffe mtervals after a single
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injection of 529, pfier six hours the blackening was mainly
localized to the red pulp and small azeas at the centres of the
follicles. After four and eight days the apnearancn swac Aitarant,
The-ts  + T .

so th: .

135 femes e, 1ate vlackening over the red pulp after six hours is
due to thymus Iymphocytes, which wpidly incorporate %P
{Ortesen, 1954}, and wlach have reached the spleen before the

ius, 1959a,b). If thys nrerpreeaton is eorrect, thymectoray should
wfluence the appearance of radioantographs of the spleen after
admimistration, of 2P, the red pulp should be fess blackened in
thywcctomized anmals than 1 controks.

This was actually the case. Young gumnea pigs were subjected
to subtotal thymectomy or sham operation and were simuleane-
ously grven sadioacnive phosphorus {Frehtehus and Diderholn,
19596). At different miervals afterwards the animals were kdled
and radiosutographs made of the splecn, After four days the
contrast between the whire and red pulp was more striking m
thymectomzed anjmals. Th may be dne to absence 1 the red
pulp of immigrang thymus Iymphocytes. The results are not
conclustve, however, Thymectomy may affect the spleen m
other ways as yet unknown,

This mvestugation was, however, carned out with a quantita-
tvely imperfect method, the qQuanufications bemg made sub-
Jectively. The series was also cut down since we plnned sumhr
expenments with better methods from a quantitative pomnt of
view. The mfluence of subtotal !hymcczomy on the radiosctsvity
of deoxyribonucleic acd phosphorus (DNAoP) of the spleen was
also studicd 1 guinca pigs wath 5 quanntative chemical method
(Fschtebs, Diderholm and Sullstrom, 3960). The ammals were
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killed and examined four days after subtotal thymectomy or
sham operation and injection of **P. No statistically significant
differences were obtained. Thus the prehminary observations
concerning the influence of thymectomy on the spleen could not
be confirmed  Either the carlier observations were due to chance
(three thymectomized animals only were examined on the fourth
day and three on the eighth day, and the method was not satis-
factory from a quantitative point of view) or a real difference
exists between the spleens of thymectomized and sham-operated
guinea pigs. Further investigations with better methods are
needed to establish the truth

In this connexion the question anses of what histological
changes take place 1n the spleen following thymectomy, Sub-
total thymectomy in newbom guinea pigs caused hyperplasia of
all lymphatic organs wath the exception of the spleen (Gyllensten,
1953). Hammar (1938) found lowenng in splemic weight, re-
duction in red pulp, and reducton m size of the secondary
follcles 1n thymectomized rabbuts later immumzed by intraven~
ous mjection of paratyphoid B, compared with intact controls;
there was no sigmificant difference in weight of the white pulp
between the experimental animals and controls These findings
are of interest 1n relation to Fagraeus’s (1948) experiments i vitro,
mn which 1t was shown that cultures of red pulp always contained
a considerably larger amount of antibodies than did follicular
cultures. On immumzation thymectomized rabbits, compared
with intact controls, thus show a reduction 1n size of that part of
the spleen that 1s most actively concerned with antibody forma-
tion, and that, according to the present author’s hypothesss, is
functionally related to the thymus.

In one of the transfusion experiments m rats thymus lympho-~
cytes were chermcally traced to the eprdermis (Fichtelis, 1959b).
In other transfusion experiments there was a sumlar tendency
(Frchtelws, Damelsson and Hallander, 1960). The problem of the
1éle of the thymus as a source of the lymphocytes in the skin was
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also tackled with the aid of thymectomy (Fichtelus, Danielson
and Hallander, 1960). P was injected into guinea pigs simuls
taneously with thymectomy or sham operation. After 25 days
the animals were killed and the radioactivity of DNA-P of the
skin was determued. This was significantly lower in thymectom-
ized animals than in sham-operated controls. The result can be
cxplained m the following way. Thymus lymphocytes are
normally transported to the skin. By thymectomy the strongly
Iabelled cells whuch should have been formed during the first
days of the expenument are withdrawn from the skin. In shame
operated animals these heavily labelled cells are formed and
within 25 days transported to the skmn, thus giving a hugher
relative activity of skin DNA-P The meorporation of %P mnto
skin DNA may, however, be lowered by thymectomy. A way
of testing this s by miccung 2P at vanious fimes afeer the operation
and examuning the sctviry of DNA-P after shorter periods of %P
exposuze, during which no transport of labelled lymphocytes has
had time to take place. This was done in two experiments, whi
make it probable thar 22p mcorporation mnto skin DNA s not
affected by thymectomy Even of 1t can be shown, however, that
thymectomy does not mfluence the mcorporation of %P mto
skin DNA, the conclusion that thynus Iymphocytes are trans-
ported to the skin 1 not safe. The results obtamed can also be
explaned i another way. It may be that as a consequence of
thymectomy the lymphocytes formed m the lymph nodes or
clsewhere arc diverted to other organs and reach the skin to 2
lesses extent than normally.

The thymus and antibody production
It now remams to be scen to what extent the hypothesis put
forward on the relationship between thymus and spleen fits into
known facts on antibody formaton
The most dicet means of proving that an organ plays a past 1
formation or storage of anusbodzes 1s probably the d
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of a high antibody titre within the organ after injection ofantigen.
In the spleen this was shown long ago (Pfeiffer and Marx, 1898;
‘Wassermann, 1898). A higher antibody titre was demonstrated
in the lymph nodes than in the blood (McMaster and Hudack,
1935). As far as the wrnter js aware, no one has yet succeeded in
showing a rased antibody titre in thymus (Bjomneboe, Gormsen
and Lundquist, 1947; Harrss and Haros, 1954).

The spleen and lymph nodes have in common a profuse plasma
cell proliferation durmng the formation of antibodies (Hueb-
schmann, 1913; Bjoreboe and Gormsen, 1943; Fagraeus, 1948;
Ehrich, Drabkin and Forman, 1949; and others). The réle of the
plasma cells m antibody formation has further been elucidated in
vitro (Fagracus, 1948). The thymus contams strikingly few
plasma cells (Fagracus and Gormsen, 1953; Yoffey and Courtice,
1956), and no mcrease 1n these cells has been observed to corre-
spond with that taking place m lymph nodes and spleen under
conditions of heightened antibody formation. Thus there are no
grounds for assuming that significant antibody formation takes
place 1n the thymus

By extirpating a given organ 1t 1s possible indirectly to demon-
strate any rdle 1t may play mn antibody formation; the antibody
titre will then be lower than mn control animals subjected to sham
operation  Expeniments of this nature are hardly practical with
lymph nodes, but the method has been employed wath success for
the spleen and thymus  As long ago as 1892 Tizzom and Cattani
demonstrated a lowered titre n splenectomuzed ammals Rowley
(1950) found little or no antibody formation m splenectomized
rats when small amounts of antigen were njected 1nto the blood
stream  In contrast, when anugen was myected intraperitoneally,
mtradermally or mtraportally, antibody formation was quite as
marked as m normal rats. Antibody formation was not influenced
by thymectomy when the antigen was admimstered subcutane-
ously (Harris, Rhoads and Stokes, 1948), but 1t was reduced after
thymectomy when the antigen was introduced mtravenously
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(Hammar, 1938 ; Inzerillo and Chiti, 1953 ; Fichtehus, Lourcliand
Philipsson, 1960). In this respect, spleen and thymus show a
striking parallelism.

It is thus ughly improbable that antibody formaion of any
significance takes place i the thymus il Thymectomy
expenments have shown, however, that the organ plays 2 patan
this process. The effect must therefore be indsrect. There s much
to suggest that the factor promoting antibody formaton 15
linked to viable cells, primardy lymphocytes.

e a \_ymph Node
¢

Lymphocytes
from_Thymus

}Anubodles

Cells in the

Fi6 1. Thymosplenic mtegration in antibody formation.

Much work has been published concerning the passive transfer
of anubodies and hyp vity by means of suspensions of
viable cells from lymph nodes, thymus, and spleen (reviews o
literature: Wesslén, 19527 Chase, 1953; Skog, 1956). Passive
transfer of anttbodies or of hypersensitnvity fauls, however, 1f the
cells arc damaged Fagracus (1956) teansferred anubodics
passively wath suspensions of cclls from the spleen and ﬁ'om.!}“’
thymus. The spleen preparation contamned antibodies at the time
of transfer, but none could be demonstrated 1n she thymus sus-
pension at that tme. Suspensions of lymph node cells have been
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shown to contain antibodhes (Harris and Harris, 1954). Thymus
tissue produces tetanus antitoxin when transplanted into the
anterior chamber of the eyc of irradiated mice, and the trans-
plants exhibit 2 “recall antibody response” when recipient mice
are given an intravenous injection of the specific antigen (Stoner
and Hale, 1955).

These findings concermng the thymus and antibody formation
support the present a * oo " the
spleen may together "
a “haemolymph nodv , 1 you win wige 1je L0y pro-
duces lymphocytes, and the spleen forms antibodtes with their
aid. Perhaps 1t 15 more than a chance that both organs appear at
the same time in phylogenesis (Hartmann, 1930; Bargmann,
1943).

Summary

The formation of lymphocytes 1n the thymus is conspicuous,
but it 15 not known how many of these cells leave the organ and
how many die on the spot. Neither do we know whether the
lymphocytes leaving the thymus are specially selected cells.

In a number of mvestigations 32P-labelled thymus lymphocytes
have been transfused from one animal to another. By a chemucal
method the transfused cells were traced to the spleen and liver of
the p T}le 1 1 0{ [he t fi d 32P1 belled
lymphocytes within the spleen was studied radioautographucally.
The transfision experiments have been followed up on the
cellular level wath lymphocytes labelled wath [35S]methionme and
[*H]thymdne.

All the transfusion experiments have certam inevitable dis-
advantages 1n common We do not know 1f the cells that are
transfused are really representative of those leaving the thymus
under physiological condittons. In certam experiments, among
them comparisons between thymectormzed and sham-operated
guinea pigs, attempts have been made to trace lymphocytes wathin
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the animal in which they were formed. The interpretation of
these experiments s very uncertain, but they are more “‘physo-
logical” than the transfusion experiments. They give some sup-
port to the hypothesss that some of the thymus lysmuphocytes a1
normally destined to the spleen, where they develop mto phsms
eells, possibly gaving rise to antibodies i the process
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DISCUSSION

Yoffey Professors Everett, Remhardt and 1 found that with thymi-
dine labelling, after four hours there was quite acuve cell production,
1f one accepts the normal cateria, m the germunal centres as well asin
pentfollscular areas.

The thing that worries us, looking at all this very mteresting, aysert-
bly of facts, is that 1t 35 hard to square up mastve uptake by the
spleen of cells from samewhere clse, with the apparently very active
formaton of new cells 1n the spleen seself,

Fichtelus We have used the method you menuon, killmg the
ammals one hour after the myection of thynudine, The shdes from
thas expersment are now bewng exposed. We have also started an X~
persment where we give thynudine m a single dose and clamp the
spleen artery for the next 30 mnutes

Lajtha. Dr. Fichtclius, you mentioned that you were pot quite happy
wth the results with the transfused cells Twould heartly concus Wi
that, espeaally m view of P. L Mollison’s findings (sos8. Brit. J.
Haemat,, 4, 115} that ordary ved celly when ¢ransfused {and very
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much dependmg on the damage they reccived during pre-transfusion
time) will be removed either by the liver or by the spleen. To some
extent one could Jook upon transfused thymocytes as victims of a tramn
crash, where some victims wll be carried straight into the mortuary,
and others into hospital, where they will subsequently die—or survive.
Labelling experiments, with and without thymectomy, although
definitely a better approach to the problem are not necessanly con-
vinang, This is because a different pattern of uptake in the spleen of a
thymectomized anumal may mean a lack of cells transported from the
thymus, but also may mean a different behaviour of spleen 1n 2 thy-
D T RN

and then release the cross~circulation and see what happens m that
same animal both with and without thymus—the usual controls. In
other words, allow the thymus and other cells to take up the label
while the spleen is not tn the circulation m that same animal, and just
release the clamp of cross-circulation and see what happens.

Yoffey: The only trouble with a cross-circulation experiment ss that
it involves pre-operative stress and also the effect of the anacsthetic.

Laytha* That could be checked wath the controls.

Van Dyke: 1 have always been fond of parabiosis as a method for
this sort of cross-transfusion I don’t know whether 1t 1s applicable with
thymus cells, because I don’t know 1f there 1s any way of introducing
the label 1nto the thymus without Iabellng everything m the body.
However, rearculanon of lymphocytes conld be very meely studied
using parabiosis and labelled thymidine because of the fact that with
the very short biological half-life of the label in the arculation, there
would be essentially nothing labelled in the non-injected partner,
With such a system one could completely avoid all surgical proce-
dures, heparin or any handhing of the cells. The difficulty 1s in getung
sufficient labelling of the lymphocytes of the donor (thymidine-
injected) so that there are enough labelled cells to make accurate
counts after they have been dilated inthe recipient (uninjected member).
This could be done by mjecting labelled thyrmdune every 12 hours as
described by Dr. Cronkite. Ina few pairs which Dr. Schooley and Dr.
Kelly have done, they found too few labelled cells in the peripheral
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blood and thoracic duet lymph to make quantitative counts, bus there
were labelled cells in the thoracic duct of the non-labelled pasmer.
With a higher percentage of the cells labelled, accurate quantificstod
of the extent of recirculation could be made. Is there any way
mtroducing the label directly into the thymus by slow infusion duoug}
a cannula implanted in the thymus, using something like the stercotaxic
i used by doctinologists?

Leblond: Local sreatment has seldom been attempted. In onie &6
we noticed that hawr follicles were mtensely labelled at the site on
injection of [*Hjthymudine but were only faintly labelled clsewhere.
Hence, local mjections may be worth trymng.

Fichtelius: 1 have discussed {19509, Joc. ot the possibility of am
ical sequestratson of the thymus and lymph node cells as proposed by
Molhison for the red cells, but this mechanism cannot explain all my
results—for mstance the difference between the behaviour of lymphor
cytes from immumized and non-immunized donors, and from sensi
tized and non-sensitized donors.

Lajtha: That would depend on the change of the surface of the eell

Fichtehus* ¥ have akso found that hetero-transfused thymus Iympho-
cytes can be transformed mto perttoneal exudate cells m the retipiests
and this cannot be explamed as a mechancal process according 10
Mollison,

Gordon- Although marked atrophy of the thymus generally occuss
in the aged ammal, 1t is stdl capable of producng antthodies. There
must therefore be some add ! mech for supplying the spleen
wath anubody-produang cells. Have you taken this mnto account &
your hypothesss, or do you believe thar eventually the lymph sodes
assume this function?

Fuchtelins 1 thank Tymph node lymphocytes can abo sertle w the
spleen but 1 young animals the thymus lymphocytes settle there to2
farger extent than lymph node lymphocytes.

Gordon~ Then, 1 the aged ammal, 1t would be the Tymph nodes?

Fichtehus Yes. And probably also lymphocytes formed m the
spleen can be transformed mto plasma cells.

Stohlman. In man the thymus 5s nos as mpoOrAnE an organ as s 1
smaller amumals  Also m man splenccromy does not affect the produc-
ton of sed ccll antbodies to any extent. In conuidering some of these

echan-




DISCUSSION 223

things we should focus our attention on whether it is a general pheno-
menon throughout all species or relates more to one species than
another. The same sort of thing holds true for the pituitary gland. In

the rat hypophy y results in full-blown anaemia, whereas in man
there is only a very modest anzemia. So we really ought to focus on
which animal we are talking about.

Gordon: Tt should be bome in mind that hypophysectomized sub-
Jects are usually exposed to some form of replacement treatment.

Stoklman: ‘This 15 without maintenance. We followed patients for
about two or three weeks and red cell production was only very muldly
depressed.

Gordon* You wall recall that full-blown anaemia does not develop
in hypophysectomized rats unti] later. In fact, Jacobson and his group
have shown that the red cell mass does not decrease significantly duting
the first week or two following the operation.

Stohlman- You have to take mto account the destruction. Tam talk-
ing about producton. In other words if you chronically irradute 2
person and he does not develop thrombocytopena for a long time, so
that there 1s no supertmposed bleeding, then it takes several weeks for
anzemia to develop, but you can pick up changes in production long
before that, The hypophysectomized antmal used for erythropoietin
assay develops dep of prod in about eight to
ten days

Yoffey: As Dr. Stohlman has mentioned man, I feel that on behalf of
my fellow anatornists and myself I must emphasize that m man, both
before birth, and for several years afterwards, the thymus is a relatively
very large organ

Leblond: In adults dying m automobule acardents, the thymus may be
as large as or larger than m children. This fact 1s not well known,
because i indivaduals dymg of chrome illness m hosprtal the thymus is
atroph d this is what pathologusts see

Cronkite. I beheve George Crle, Sr., in World War I performed

autopstes on American soldiers and found that those who were killed
Amelly had laera dhamaseae and shnea b Tas an osha hantafl1 00 o

size,
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blood and thoracie duct Iymph to make quantitative counts, but there
were labelled cells in the thoracic duct of the non-abelled pataet
With a higher percentage of the cells labelled, accusate quantification
of the extent of recirculation could be made. Is rh'crc any Wiy y
introducing the label directly into the thymus by slow infusion throug!
2 cannula implanted in the thymus, using something ltke the stercom
instruments used by neuroendocrinologists?

Leblond: Local teeatment has seldom been attempted. In one &5
we noticed that hair follicles were intensely lbelled at the !‘lf; «®
mjection of ["H]thymidine but were only faintly Iabelled cliewbert
Heuce, local ingections may be worth trymg. N oo

Fuchtelius: 1 have discussed {19594, lor. cit.) the possibility of s mee b
1cal sequestration of the thymus and Iymph nade cells 25 P“’Pc:;] !
Mollison for the red cells, but this mechanism cannot explan :7
results—for nstance the diffe between the behavious of lymp! o:
cytes from i d and no: ized donors, and from 5o
tized and non-sensstized donors. 1

Lajtha; That would depend on the change of the surface of the ¢

Fuchtehsss: 1 have also found that hetero-transfused thymus lymp g'
cytes can be transformed into pentoneal exudate cells m the H‘C’P‘m“;
and this cannot he explamned as a mechanseal process according
Mollsson.

Gordon: Although marked atrophy of the thymus generally “C“r:
m the aged ammal, 1t 15 salf capable of producing antbodics. 1“
must therefore be some add 1 mech for supplying the spleet
with antbody-producing cells. Have you taken this mto accoust n
your hypothests, or do you believe that eventually the Tymph nod®
assume this function? N

Fichtelius ¥ think lymph node Iymphocytes can also sede I ‘h:
spleen but m young anumals the thymus Iymphocytes settle there 12
larger extent than lymph node lymphocytes, )

Gordon: Then, n the aged ansmal, 1t would be the lymph nodes

Fuchtebus: Yes. And probably alko lymphocytes formed 1 ¢
spleen can be transformed mto plasma cells .

Stohlnan- In man the thyrus is not as important an organ a3 it B %
smaller animals. Also in man splenectomy does not affect the prﬁd“'
tion of red cell antibodies 1o any extene, In considering some of these
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Lajtha Could an experiment be devised to check on whether there
are enough plasma cells in the medullary loa of the lymph nodes you
studxcd Prof. L:blond’ You could f.hymcctomlzc the animal, shield 2

aul. . E ICIURPIRIIIR S0 RSN Sy

veloped any accessory lymph node recovery. If 1t does occur in any
significant amount, it obviates the necessity for any migration before
plasma cell transformation.

Jacobson: Does anybody who has studied the transfusion of lympho-~
cytes in the irradiated animal have any 1de2 of the number that actually
grew?

Yoffey: T don't know about growth, but you are pmbably fanuliar
with the cross—cireul of J. W. Hollmgsworth, S. C.
Finch and C. H. Chang (1956 Blood, 11, 665), m. which they found
that the blood lymphocytes of an wrradiated recipient rose almost to
normal when 1t was connected with a normal donor, but disappeared
in about 9o munutes after the cross-circulation ceased. But as far as [
recall T don’t think they followed the cells m any given organ. If the
PR RN e g . -

Report No. 1193), workmg wnh Dr Furth at Oak Rxdge, transfused
thoracic duct I d ammals, ing a con-
stantmormal level of lymphocytcs and obtamed no radiation prot:cmm
or regencration 1 the macrow, ptesamably i antmals that were prob-
ably genetically compatible, i.e hughly inbred animals.

Jacobson  Doesn’t this seem stmnge’ Ccmmly the ‘expenence has

| PTRN EUDU I F SRR, | SR N

Cmdu'o:k In several mstances we have transfiused au:o!ogous in vitro
3H]th Tab Iymphocytes back into dogs in a manner
simalar to the expernments Dr. Cronkate has mentioned ' We have been
able to show just m perpheral blood studies the presence of labelled
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ZLebloud: Dr. Fichtehus, has anyone done 2 quantitative estimation,
perhaps by a radsoactivity county of the number of labelled Iymphe-
cytes present in various organs? You have repeatedly emphas?
their presence in liver and spleen and T would like to know whit the
quiantitative distaibution elsewhere 1 like.

Fichtelus: My methods did not allow such calealations as you uh
for—1 have not even a rough idea of the amount of labelled lymphe-
cytes i the hivez and spleen after transfusion.

Leblond- Tt makes oll the dfference m the warld to know whesher 2
few or most of the labelied mjected ymphocytes find their way %0
the spleen.

Fuchielins- 1 can add to the statement above hat if the wassfised
cells settle 1n other organs exammed the amount s t00 small to sllo¥
thems to be traced with my chermcal method.

Leblond Has anyone attempted to separate Iabelled smalt and large
tymphocytes by censrfugation of otherwise? This might e done by
wsing cells from the thymus or cells obtamed by cannulation of e
thoracic duct. Tracing mjected small or large lymphocytes might
give different vesults. X

Fichtehus We are trymg to scparate large and small lymphOCY““f‘
the thoracic duct and the tesults are encoursgmg. The scpareion
carried out m the counter-streamng centnfege constructed by bn
(Lindahl, P. E, and Nyberg, E. {ross}- IngenVetenskAcad Tidskea 26
300). In the best separation we got & per cont of what we call Jatg¢
Jymphocytes m one fraction and 3§ per cenf of these cells m the othet
Saction, We tried to separate thymus tymphocytes 0o but we didnot
obtain a5 good resulss as with thoraaic duct lymphocytes.

Leblond In our paper presented here, 1t was smenttoned that Pr”
duction of plasmocytes m thorace fymph nodes of the rat W3y
causfactonily accounted for by the probferation of the large phsm®
cytes (plasmoblasts) found locally Thus, st 1s not necessary tor AsSRIE
a lymphocyte retaplasia to explam plasmocyte production {not doss
st seem that the transformation into plasmocyres 8 2 method for 8¢
body to dispose of small lymphocytes). However, the possibihty must
be conmdered chat the “mstal”’ step 1n plasmocyte producuon fhﬂ
cransformation of a large Iymphocyte wso a large plasmocytes whic!
chen through successive “divisions would give nse 1o small plasmoq'!ﬁ-
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large number of different media, from 199, Hanks', Eagle mixture,
serum, lymph, etc., in all combinations, all pre-warmed at 37°. We
took out the thymus and made the suspensions in about 32 seconds
and irradiated immediately, followed by 10 minutes of mncubation with
the label. So far we have been unable to reproduce the in vivo sensi-
tivity; the in vitro pattern appears straight away. Whether such
damaged cells can recover eventually in the body if they are transfused,
P D PR TN DU A AN SO

But

Cronkite: Some experiments by L. J. Cole, V. P. Bond, and others,
rather crucially demonstrated this to me. As Dr. Lajtha has suggested,
some casualties do recover. 'When homogenates of bone marrow ot
mouse spleen are ined by the phase mi pe 1t can be seen that
the cells have most of the cytoplasm ground off, yet they will protect
agamst radration myury It 15 with dufficulty that one finds what looks
Iike a really good mtact cell. Therefore it looks as if these cells can
reconstruct their cytoplasm and do a good job if given a little rest and
2 proper environment. This problem has been discussed in detail
(Bond, V P, and Cronkite, E. P. {1957]. Ann. Rev. Physiol,, 19,
299).

Stohlman- 1 was gomg to bring up something along the same lines
but with regard to red cells. If you damage red cells by storage, or
freezing, etc., then on re-transfusion all the cells that are going to be
lost will be lost within the first 24 hours, and sutvival of the remamder
will be normal Apparently esther the latter escaped damage, or if
damage occurred 1t was repared  Dr. Fichtelis, have you any time
curves on these thymocytes, on the rate of appearance of phosphorus
1n the spleen and liver after transfusion?

Fichtelius No. I have only examined the animals 24 and 48 hours
after transfusion, As I said, it takes 2 certam time before these cells
accumulate.

Stohlman. Are you sure it is the cells that are accumulating and not
the phosphorus?

Fichtelus: When Osogoe and Hitachi (1950, loc. cit) myected un-
labelled thymus cells they found an accumulation of the cells perifolli-
cularly. My 32P-labelled cells gave blackening perifollicularly in the
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Iymphocytic cells for as long as four days after infusion. These are
very few, but they are there without question, so I am certsin that
some of these cells survive and apparently proliferate.

Yoffey: You also got the radwactivity in the marrow in one of your
experiments?

Craddock: That was not with ritiated thymidine but with DNAP-
labelied cells. The data there were no more striking for the marrow
than for & variety of other organs, but we are not certan about tht

Loti: ' We have not used the radsoactive label for the Iymphocy®
but oor usual chromosome label, so 1n order to ensure the sun—ivai‘o
the irradiated animal we put in unhabelled bone marrow together with
labelled lymphocytes. Then in the recovenng animal we ﬁnd‘mr
labelled regenerating bone marrow, and partilly unlabelfed, pawaﬂy
labelled, regeneranng lymphoid tissue. So some of these Iymphoid
celis—what proportion I have no sdea—can and do recolomze lym-
phoid tssue, Agam, we have no good time scheme on this, butat 1'0?16
as af thus label 15 prog ly lost from the popul of dmdag
lymphocytes. The later lymphop of unlabelled cells p y
comes from the stem cells provided by the myelowd tissues of bont
marrow and splense pulp.

Everett ¥ want to emphasize the poms Dr. Lagtha has made, Inouf
transfusion experaments we admunstered cells Iabelled m vitro from the
thymus, nodes and thoracic duct of littermate rats from a dlosely wbred
stemun, Fnvanably i our expenence the very least uz vitre mangpulationt
makes quite 2 difference in the picture. A more phys:o]ogxcﬂ expen-
‘ment, it seems to me, 15 the cross-circulation expenment where there 8

handling and the op 15 raprd. It 15 m those mstances
that we recover the fargest number of trtmam-labelled Iymphocytes
in thorzasc duct Eymph, bone marrow, spleen, Peyer’s patches—none
1 the lungs.

Lajtha I would just ike to cite an example of how these cells change
foncuonally within a very short time  We were wtrigucd with d‘f

cat diffe 0 the rad; y of DNA synthesss of thymus i
pivo versus thymacytes in vitro, With about 500 rads X-rays we get 2
50 per cent depression of DNA speafic acuwty, or of the mean grant
counts it vive, while m vitro we need somethung hke 2,000 We tried
very carefully to repeat the in ewa seanavity in vitro by choosg 2
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it was the larger cells which produced the antibody, and not the smaller
cells

Cronkite: ¥ want to amplify my earlier statement that when Cole,
Fishler, and Bond (1953. Proc. nat. Acad. Sci. (Wash.), 39, 759) did this
with the splenic homogenates it was the nuclear fraction that gave the
protection. Ihad the privilege of observing these preparations. There
were only fragments of cells that remained, yet they recolonized the
marrow quite satsfactorily. So there is in all probability a repair
potenttality for cells injured by homogenizaton.

Craddock. We have tried by a variety of techniques to study the cells
that people arc using for marrow transfuston after freezing, and these
cells Took very sorry by our cuteria. In addition to this there are the
expeniments by people Iike A. Komberg, using entirely synthetic
systems of DNA synthesis except for 2 small portion of pre-formed
DNA. In thus system the cells can go ahead and claborate an entire
DNA molecule, which would certainly scem to suggest that the
nuclens itself has some innate ability to develop itself wathout
cytoplasm.

TSIV I FRR T W L ESO AUVRE IO DU

tion, but we tried this too, and found that 1f we used 2 DBA lymphatic
Jeukaemia homogenate treated as he had treated the spleen cells we
got tumour producti Thus latter 2pproach has been caticised
for the s:imple reason that after all a tumour may be virus-induced
and therefore not good evidence that the injected homogenate had
living cells.

The other amazing thing 15 that these days some people routinely
use bone marrow which they take out, put in saline and use the next
day. Obwiously you can treat these cells, not with loving care, but
with everything else, and they still scem to do well.

Lajtha- This rasses the question: which is the cell which then re-
culomzes’ Thcr: are certain cells wlnch are tough, and which survive
in fact they thnve on them.
1 lnve found certain reticular elements which live m a serum-saline
mixture, with no change of medium for two or three weeks, where no
cell should survive, and yet these are happy. Normoblasts, small
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red pulp on the same spot. If you inject inorganic 32P the blackening i
over the white pulp, an entirely diffesent location, and if you inject
labelled but damaged cells you will have no blackening at all in the
spleen, That is why we assume that it is the transfused Jabelled cell
that give the blackening and in the tinated thymidine experiments
we also see the labelled cells intact withm the spleen.

Leblond  Are you sure the doses you used were such as not to cause
damage? Damage produced wath 32 15 ive, as the cells appear to
be very senunwve to the rays produced by that jsotope. Some yeirs
ago, Dr. C. Stevens Hooper and I examuned the location of ¥ ﬂdl?“
autographieally at varions ties after 2 single 92 injection. At siX
hours, the red pulp was intenscly rachoactve., Soon after, there 2p-
peared instead 2 moderate teaction over 1t, which we first interpreted
a5 bemg due to labelled cclls migratmg outward, but which tumed oot
to be due to cell damage and death. .

Fuchtelues: In all my transfuston experiments 1 labelled the ammJ.‘
withe 75 uc/g When I srarted the experiments I tned to find out if
the cells were damaged. I found that more than twice as much #%
not decrease the lymphopotests and that the labelled cells were des-
troyed srrespective of thew content of 3P (1953, foc, sit ).

Leblond~ In the expenments s which I saw extensive lesions, § 1
s p.cfg. had been myected mto the rats.

Fuchtelius* Roberts, Dixon and Weigle (1957. A M A Arch, Path,
64, 324) myected lymph node lymphocytes from tmumunized dosors
it larly and sof ly i irradrated ansmals, and they
found that the cells seemed to be transformed mto plasma cells.

Yoffey" They also very convincingly described what seemed to be
the formation of plasma cells m pentoneal exudates from somethof
Iike a macrophage precursor  But m general the earher work, wi
fluorescent antbodses, of people ke Leduc, Coons and Contolly
(1955, J exp. Med, 102, 61) docs show that antibody formanon stafts
off m the pnmstive reticular cell The current view 1 that by the time
you reach the mature plasma cell there & relatively hutle active new
formation of annbody occumng

F. J. Keuning and L. B. van der Shkke (1050. J. Lab, dlin. Med, 3'6.
167) tried to fractionate large and small lymphocytes, by differents
eedimentation, i the spleens of animals formng ansibodies, they found




DISCUSSION 231

445). They akso find transfused lymphocytes setthng down in large
numbers in the thymus and so on. There is also a continuous duft of
lymphocytes into the c tissues. Ifintestinal elimination is the
fate of the majority of the lymphocytes we must start thinking all
over again about lymphocyte function.

Astald. Have Dr. Bierring and Dr. Fichtehus any ideas about the
loss of lymphocytes through the intestinal tract in controls and thy-
mectomized animals®

Brernng: No. I have been attracted by the problem and noted, as
was also mentioned by Kindred, the large amounts of lymphocytes in
the i 1 epithel It has been sug d, for ipstance by
Andreasen, that they there act as some sort of generator for the renewal
of the intestmal epithelum! To this, however, 1t must be added that
R I U S PR PO R PR .

N i

Fuchtelius I all my experiments I examined the intestine but I could
never trace any lymphocytes to thus organ. Ihave previously suggested
that the mtestne forms its own lymphocytes and does not depend on
getting them from outside

Astalds. In mntestinal biopsies from humans, performed with Crosby's
capsule, wehave been ableto show many lymphocytes whichapparently
crossed the mucosa and grew out 1n the lumen.

Fuchtelws: T think the lympk crossing the intestinal mucosa are
formed in the lymphord ussue of the intestine,

Astaldi: Yes, but what happens m the thymectormzed animals as
compared with the controls? Did you see any differences?

Fchtelus No

Trowell Warren Andrew, who onginally descnibed the presence of
lymphocytes in the epithehum of the small intestine, said that most of
the lymphocytes were within epithehal cells, and he found them both
m the glandular epithehum and over the villi, The interesting thing
was that those 1 the glandular epithchum never showed mitosis,
whereas those in the villous epithelium showed very frequent mitosis.
Lwould confirm that findmg as far as my own observations go, at any
rate i the rat and the cat. Tt1s 2 very remarkable thing that one can
find many small lymphocytes in mutosis in the epithehnm of the villi,
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Iymphocytes or any other cells would be just blown to biss. So which
is the cell that recolonizes?

Stoklrman: "The stem cell!

Jacobson: ¥ am not going to setle that problem! But if we think of
the erythroblast precursors as being stem cells, whach we must at the
present time, and if we reduce the bone marrow population of recog-
nizable erythroblasts as far 25 we can determune 1o z¢t0 by hyperecans-
faston and keep 1t there for 2 long period of time, this bone marrow
can then be transfused into irradiated arumals and redcellsare produced
So that one has ta assume somehow that one 1s dealing with a stem cell,
and that 1t 15 tough and has a long life.

Astalds. The resuls that Dr. C. C. Congdon showed last sumimer at
the haematologscal meetings m Buenos Aifes agree with the concept
that stem cells carried m wath bone marrow mfistons are the cells
which give nise to the repopulation after total body radution mjury

Bierring: 1 should hike here to draw attennon 1o the recent paper of
J Bermanand H. § Kaplan (x959. Radiat. Res, 11, 24} which shows
that prelinunary treatment of transfused wsologous bane marrow, for
instance with urethane or itraduation, does not alter the abahity of the
transfused bone marrow to repopulate the bone marrow of the srradi-
ated anamals, but it makes the bone matrow meffective 1 promotng
recovery of the thymas  Those experiments therefore throw doubt on
the view that bone marrow brings about thyme regeneration merely
by repopulating the thymus of irradiated antmals

Jacokson* How do you nterpret these findings, Dr Biernng?

Brernnig. Berman and Kaplars wnterpreted them as throwang doubton
the view that the abibity to repapulate the bone marrow and the thymus
does not depend on 2 common stem cell.

Jacobson But what does 1t depend on—two different stem cells?

Yoffey Idon't know about lymphocyres rectreulating but cortanly
theonies about lymphocyte function recirculate and crop up periodic-
ally in cycles. One of the recent ones 55 this revaval of the theory of
mtestinal chmmation. Apparently the Iy mphocyte has quite random
movement; we do not know of any attractson of any kind, chemotac-
uc, biotactic or any othersort. C M and ] L Ambrus have secendy
been working with Thury-Vella fistulas, and have found lymphocytes
ins these mtcsunal loops w a short tune (3959, Ann. N, Y, Acad. 5ci\ 70
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the vast majority of cells will die, certainly after the doses of radiation
used, A small fraction will survive, Of that small fraction some may
survive with 2 morphologically mtact ch 1

others with a morp} Ily d d ch

¢4 8 P
x ~al ~ Ao

visible chromosome abnormalines which are still compatible with

defini ip are, of ity, very small. Therefore the
chance m any one ammal of finding the same morphological chromo-
some abnormality recolonizing spleen, lymph node, marrow, hver or

same chromosomal abnormality >

Lgtha That1s nght—five different stem cells 1f you hke. There will
be many dufferent types of abnormalities, but eventually you may be
Left with only one chromosome abnormahty which is visible and sull

compatible wath hfe.
Loutit-1 cannot understand thus thesis at all. Granted that most of the
dration-induced ch b lities scen with the ordimary
hght pe seem to be patible with Ife, nevertheless in
nature one finds forms of ck ! abnormality that

are compatible with bfe The chance that any two chromosomal ab-
normalities could be 1dentical in their morphological appearances seems
to me to be so remote that we ought to regard any chromosomal
abnormality as not quite unique but nearly umque.

Yoffey: We nced 2 mathematician to start to calculate the proba-

ties.

Lagtha- Chance m itself would not exclude 1, I quite agree that a
visible chromosome abnormality of a paruzcular type must be a unique
phenomenon. I suggest, however, that of two visible chromosome
abnormalities which are still compatible with exstence, 1f one has 2
very small advantage of recolomizing by gaining just one mutosis, it can
overgrow the other. 1 think Ford himself suggested that in hus marrow-
grafted 1rradiated muce the different clones can overgrow each other
simply by stealing one single division tme over the other.
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and, apart from the thymus which we deale with yesterday, 28 firas}
know this is the only sitwation in the body where small Tymphocytts
can regularly be found in mitosis.

" 4staldi: Tn human bemngs § have never seen mitosis 13 the lymphocytes
of the villous epithelium.

Leblond: Observauens with [H]thymidine in the monse {(Eeblond
C. P, and Messier, B. [1958]. Anat. Rec, 133 247) showed 2 &9
Tabelled Iymphocytes in the crypt epithelium and rare ones in B¢
villous epuihelium, In thus regard, 1t may e emphasized that it can be
readdly shown with thymidine that Tymphocytes do not ransform im0
epithehal cellsn checeypts as dmmed by W. Andrew (xg57. Andte Rers
127, 457)- .

Yoffey: W. and N. V. Andrew (1949, Awat. Rec., 104 217 wised

D45 ool epitsetm and the b

that point for two for the i e basd
Iayer of the skin, whete the lymphocytes could be the precursors of
epithelial cells

Lajtha: Dr. Jacobson asked & very basic question: are We dealing
wath one stem cell or two stem cells? Some expenments apparently
indicate that you can recolontze bone mrrow without recolonizng
the lymphatic system, and e versa. On the other hand, Dt Louwt
has mentioned the evidence fos the “recolonization of both fhe martow
and the lymphatic sysicm with the same Tabelled clonal populatos: 1
<hould like 1o suggest that the expenmental evadence 15 not contradic
tory, and in fact the concept that there ace gwo stem <ells would be
favoured by the separate recolonization of matrow and lymph. The
appearance of the ample Labelled clone, 2s De Lount descabeds could
pethaps be dus to the fact that after certam radiation damage only 2
very small propornon of the damaged populanon cant surnive—tic
vast magorty of cells wall die, Tts very likely that survval s huted ©
2 certam morphofogcal chromasome abnormality whach 15 stil] com*
patible with hife. Therefore the possible abnormal chromosome e
phologres which are stll compauble with Ife muse be very §
indeed; comscquentdy it 1 not necessanly surprisng that both the
smarrow and the tymphanc system, if they recover, show the same
chromoseme abnormality

Louit: T afrmd Tam 3 btxle confused.

Lagtha: The pomt 18 that when you rradiate 2 complex cell systet™
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the vast majority of cells will die, certainly after the doses of radiation
used. A small fraction will survive, Of that small fraction some may
survive with a morphologically intact chromosome complement,
others with a morphologically damaged ¢ pl

We do know that most of the types of morphological chromosome
damage are incompatible with hfe—the vast majonty of the damaged
cells will die after the first or second division. My thesis is that the
visible ¢hromosome abnormalities which are still compatible waith
indefinite mulnplication are, of necessity, very small. Therefore the
chancee in any one animal of finding the same morphological chromo-
some abnormality recolonizing spleen, lymph node, matrow, liver or
any other regenerating organ, may not be a small one, and it does not
necessanly suggest a common stem cell,

Yoffey* You mean that two different stem cells could undergo the
same chromosomal abnormality ?

Lajtha That is nght—five different stem cells if you like. There will
be many different types of abnormalities, but eventually you may be
Teft with only one chromosome abnormality which 1s vistble and sl
companble with hie

Loutit: ] cannot understand thus thesis at all. Granted that most of the

T

duation-induced chr hitres seen wath the ordinary
hight mucroscope seem to be incompatible wath bfe, nevertheless in
nature one finds forms of ch 1 ab Lty that

are compatble with life. The chance that any two chromosomal ab-
normabities could be identical in their morphological appearances seems
to me to be so remote that we ought to regard any chromosomal
abnormality as not quite unique but nearly unique.
menﬁy: We need a mathematician to start to calculate the proba-
tics

Lajtha> Chance 1n self would not exclude it. 1 quite agree that a
visible chromosome abnormality of a particular type must be a unique
phenomenon. T suggest, however, that of two visible chromosome
abnormalities whuch are still compatible with existence, if one has a
very small advantage of recolonizing by ganing just one mitosis, it can
overgrow the other. 1think Ford humsclf suggested thatin hus marrow-~
grafted rraduated muce the different clones can overgrow each other
simply by stealing one single division time over the other.
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Qstmond: Two experiments Dr. Cronkite mentioned yesterday seem
to give a good physiological approach to the problems of stem ¢el
teansfusion, The first was an experiment in which an animal could be
protected from lethal irradiations by jrraduting in two halves with 2
short time between. This would argue in favour of 2 quick migration
of stem cells by the blood stream.

Cronkite: Thus work has been published in Radiation Research (Swift
M, N., Tabeta, 5. T., and Bond, V. P. [1954]. Radiat. Res, I, 241 Tt
looks like a prece of very clear—cut radianion protection. The upper
half of the body was shielded and then as quickly as possible the shaeld
was put over the lower half and the upper half was irradiated. Signifi-
cant protection was obtuned. These studies imply that the ccll which
protects must be in the peripheral blood nugrating rapdly from one
area dto another m order to escape and be protected by moving the
shield.

Osmond: Yet 1 understand that 1f one labels the upper half of the
body, with the dirculanion to the hund hmb occluded, and then relesses
the areulanon, no fabellg 15 found 1 the marcow cells of the hind
bimb. Is chis only true in the normal case? Has the regeneration patterm
been studied m such 2 hand Jimb after it has been irradiared?

Cronkite When the labelling takes place in the upper half of the body
and the cicculation to the lower halfis occluded one can find lsbelled
cells 1n the lower half after the circulation 15 re-estabhished, but only in
small numbers. Tt1s caster to find the cells in the wradiated marrow but
in either case a ong search s needed. In the normal marrow large an
medmm-sized lymphocytes, a very rarc lablled plasma-like ccl,
Iabelled rencultm cells, and, even more rarely, labelled promyelocytes
are found. Ido not think the latter can be conmidered a el transforma-
non smce some get nto the peripheral blood on rare occasions after
stress, The number of these cells found mn the trradiated marrow
appears larger  ‘Whether it is the actual number that is larger, oF
whether they are not diluted by normal cells so that they are easier to
find, 15 a problem that cannot be answered. Dr. Bond has found the
same thung with parabiosis, cross-circulanon and transfusion of labelled
fymphocytes both 1 the normal and irradsated marrow

Yofey P. Usso and C. C Congdon (1957. Blocd, 12, 251) showed
that the depleted masrow picks up imany more cells than the norm:
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matrow, as one might expect. How long after your labelling did you
look for these cclls in the marrow?

Cronkite: We commenced looking five minutes after re-establish-
ment of the marrow circulation and continued for three days. Labelled
cells were found as described earlier, However thcs‘c n:hc Dot p‘:rf:ct

o

experiments. It is not possible to elimi pl
to the lower half of the body. Some blood leaks through the vertebral
arteries, Abdominal ion and aortic clampi

P ping do not prevent
this, However 1t is a very small fraction and probably does not label
cells significantly since cells when found have an intensity of label
similar to that in the upper half of the body.

Braunsteiner: If one tnes to give a quantitative estimation of the need
for stem cells there is a rather simple model, If you spleen-shicld a
motse and give 2 lethal dose of 9oo 1. irradiation, then remove the
spleen after about ten munutes, the animal 1s generally protected.

Jacobson: In our ongmal experiments with spleen-shiclding we
observed survival even though the shiclded spleen was removed 15
minutes after the itradiation-shuelding procedure,

Braunsteiner: The cardiac output of 2 mouse is about 2 ml.fmin,,
and since only about one-fifth to one-tenth of the circulaung bload
passes through the spleen the amount which goes through in 1§
munutes 15 probably not more than about 5 ml. In $ml. there might be
about 25,000,000 lear cells. Insologous transfer experi
50,000 cells might be sufficient for radation protection. Is this correct?

Jacobson: Our evidence mdicated that some survival oceurs in
lethally 1rradiared animals even though as few as 25,000 to 50,000
embryonic blood-formmg tssue cells are injected.

B Twenty-five th dis 0+ 1 per cent of 25,000,000, It
might be sufficient therefore, of just about o 1 per cent of the cir-
culating mononuclear cells are stem cells.

Jacobson® ¥ think that 1s about all 1t would require, and on the basis
of the repopulation evidence I think thus 15 the only explanation one
could have.

Cronkate: T will make a statement for which I take full responsibility
because D Bond and Dr Fliedner do not necessarily agree wath me
on this. The cells which arculate in the penpheral blood in normal
man and that synthesize DNA are very few in number, about 10/mm.3,
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and are divided into five general categories {see Bond f . [1o50}
Acta ligemas, (Basel), 21, 1}. I beheve that our type Lis the most ikely
choice for the circulating stem cell,

Yoffey: Cant you telf us what type Lis?

Cronkite: A full description of this call will be found in the paper.
We do not call it the stem cell because my associates do not concur.
There appear to be geod grounds for climinating the other four
categorics as stem cells, hence 1 prefer type L. A

Jacobson: There 1s another thing that has to be taken into considera-
tion in the spleen-shieldng splencctomy experiments and the repopu-
lation phenomenon, I 15 possible that 1n the manipulation procedure of
spleen-shiclding one actually squeczes out cells which ordimardy would
not be appearing m the arcularion large numbers.

Loutit: Congdon and a collaborator did an experiment in which they
pooled the buffy coar of the arculating blood of nosmal smuee, and
yected 1t inco lethally 1eraduated muce chese myce died, but they have
other mice 1 whach they induced a Jeukacmord reaction which was
precty polymorphuc. This leukaemord blood was used wath success 35
treatment for lethally seradiated mace. Presumably there was a con-
centration of this stem cell, of type I or whatever 1t might be, m thss
leukaemoid blood, but agan nobody has yet identified what it 1.

Fichtehs. 1 agree with Dr. Bond and Dr. Fliedner, when they dis-
agree with Dr. Cronkste, M Robbimns (1959, Aer, J. med. Technol,
25, 87) has descbed differeat types of atypical Iymphocytes, i you
make 2 very thin smear there are more atypreal Iymphocytes and
lymphocytes of different appearance than if you make 2 thick smear.
It must be very hazardows to divade these mononuclear cells mto
five classes, because thesr appearance depends on the mood of the
techmicaan,

Yoffey Temperamental Iymphocytes and stem cells are bad enough,
but temperamental technicrans !
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'THE present work represents an approach to the kinetics of
granulocytopoiests which 15 an outgrowth of previous studies in
this area. Much of the work 15 preliminary and is presented to
give an idea of the direction of our mvestigation and thinking
rather than established findings.

It is now well established that the normal myeloid marrow
contains a mass of maturing granulocytic cells which provide a
readily available supply of cells to be released to the periphery
upont demand. Thus reserve of cells, which has been denoted as
the marrow granulocyte reserve (MGR), 1 replaced about every
five days m the normal human and releases mature cells in an
orderly fashion and at a rate sufficient to replace the number cal-
culated to be crculating mn the peripheral blood on the basis of
blood volume every few hours (Craddock, Perry and Lawrence,
1959)-

* This work was supported 1n part by the U'S Public Health Service, under
contract No. H-1069, and by 2 grant from Patke, Davis & Co, and by 2 grant
from the American Cancer Soqiety.

% Thus work was performed m collaboration with Des. Seymovr Pecry, John
$ Lawrence, Leo Buxbaum and George R. Preper, wath the techmcal assistance of

Muss Mary H Baker, Mrs Glonia Buchbinder, Mrs. Netty Buras snd Mr Robert
Yelenosky.
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The grantlocytes m the peripheral blood include those freely
circulating (estimated from granulocyte count and blood volue)
and those cells margmated in capillary beds. The size of
smarginated group of cells 15 difficult to caleulate and is yrob:biy
constantly changng in different organs. Marginated cells are 0
a fixed separate pool, but are ina state of dynamic exchange with
crculating cells, Ifone infuses normal, viable isologous granwio
cytes in large numbers {equal to or exceeding the calculated 6
culating mass), one observes erthes no clevation in cell concentd
tion 1n the blood, or very transient evanon. If cell damage hf‘
occursed m the process of obtaning the granulocytes, Jencopenit
and an acute febule reaction will accompany the mfusion. Hthe
wells are labelled they can be detected in the blood stream, bt
rot mn the sumbers which would be expeated if they were et
ing a closed syster with limits defined by the curculating blo
volume. 1fblood counts and Jetermination of the copcentrationt
of Iabelled cells are carried out ar frequent intervals during 20
after the cells are given, one observes iregular spakes wtha fallng
concentration. of labelled cells for 30 to 40 HUARIS
fluctiations are not 5O marked 1f the cells are given slowly. I
wouldappear that dunng ths period of rapid changestn the Are
latmng numbes of mfissed cells an equiibration wath arginae
cells 15 occurring. In our experience the totak mtravaseular 1355
of granulocytes “would appear to be between fwo and fous tes
the circulating granulocyte nass 1 normal dogs. This compires
favourably with caleulations based on the data of Rosse 8K
Gurney (1959}, who employed morphological Jabelbing by e
cross-transfusion of normal subjects and patients wath the Pelger-
Huet anomaly. The actual number of cells margmated at any 08¢
ame is lughty varable and subject to changes m perfusion 1ate:
cell adhesiveness, and factors mftuencing mugration MO tissue
spaces (e g bacteral endotoxins, mflanimation, €i¢ 3

1f cells are removed, labelled with as httle trauma as yosslblev
and ranfused, as m the work of Mauer and his assoctates {x959h
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they disappear in an exponential manner with a half-time of
seven to eight hours. It must be remembered, however, that
much of the apparent disappearance soon after the infusion is due
to equilibration of circulating and marginated cells, and that some
of the labelled granulocytes can be detected for 48 hours and
longer. These data agree with the findings of Rosse and Gumey
(1959). In these latter observations no cell trauma incident to a
labelling procedure was imposed. A relatively rapid tumover of
blood granulocytes is also indicated by calculations of the rate of
release of granulocytes from the marrow based upon the size and
turnover time of the marrow granulocyte reserve (Craddock,
Perry and Lawrence, 1959). It 15 of more than philosophical
mterest that the rate of production of granulocytes based upon
these calculations of rapid blood tumover 1s still well below the
daily production rate for erythrocytes.

Peripheral erythrocyte mass (70 kg man, blood vol. 5,850
em?, RBC §-0x 10%/mm? or 5-0x 16*/cm.?x 5,850 cm.®)
=29 2§x 102 RBC

Erythrocyte survival= 120 days

Daly erythrocyte replacement rate, 29+ 25X 10 = 2- 44 x 101

120
RBC/day or 3 5% 1¢® RBC/kg./day

Penpheral granulocyte mass (70 kg man, blood vol. 5,850
cm?, gran count $,000/mm.? or 5-0x 10%cm3x §,850
cm3)=12-92x 10'9x 4 (margmated cells)=11-7x 10**

Granulocyte survival (average), 24 hours

Granulocyte replacement rate, 100 per cent/day

or 1+ 17% 10M granulocytes/day
or 1 67x 10° granulocytes kg./day

Tt 15 obvious that the range of error in calculattons of this type
1s very wide. However, the significance of the comparison of
erythrocyte and granulocyte production suggests that estimates
of a very rapid penipheral tumover of granulocytes are not
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inconsistent with the steady state productive capacity for haemic
cells

Ancther arca of contention with respect to the circulation of
the normal granulocyte is whether the cell re-enters the Blood
after migrating into the tissues. Evidence for this has ot bee
forthcoming and there 15 a considerable butk of data showing
that this does not occur in normal conditions. I is necessary 0
differentiate re-entry of cells from tissue spaces from recirculation
of cells margmated 1 the capillaries of lung or held within the
stnusords and pulp spaces of the spleen. It 15 alio impostant ©
sestrct this opmion of the lack of re-entry of cells to normal
granuloeytes and not to include immature eefls of the granulocync
senses, as 1 leukacma. There 15 good evidence that red cells an
lymphocytes may re-enter the blood via lymphatic channels.
Leukacrnic cells may be prohiferating m foct throughout the body
and discharging cclls into the blood. Furthermore, as wil be
di i subsequently, granulocytes arenlate o7
longer periods than normally mature granulocyres. After the
normal mature granulocyte feaves the vascular system, 3t performs
its functions 1 the tssues, 1f called upon to do so. How long the
granulocyte survives after leaving the blood would depend upon
muluple factors but, i so far as the blood 1 concesned, the cells
lost once 1t leaves the capillary. N

"The most evident funcuion of the granulocyte concerns its sole
in preventing bactenal mnvasion. The number normally awcufat-
ing and hatboured m vanous parts of the vascular bed and mn
tissue spaces 1s apparently more than adequate to mamtain the
defences agamst the host of bactersa normally i the gut, tracheo~
bronchial tree, etc. A decrease 1n granulocyte number or {hc
replacement of functionally adeq mature granulocytes with
ymmature abnormal varieties, as 1 the leukacrmas, permits an
overthrow of this mnportant homeostatic mechanism. Under
notmal condirons the mature granulocyte 15 probably consumed
qmcldy. When bactetsal mvaston threatens, the movement ©
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granulocytes into the inflamed area accelerates and this is com-
pensated by acceleration of release of cells from the marrow
granulocyte reserve. This arrangement permits a large number of
mature cells to be called forth. It is probable Ehat .the mature

" The experimental model of lencocytapheresis is appropriate for
the study of the kinetics of granulocyte release from the MGR and
the acceleration of granulopotesss that occurs with this release,
It has been shown that the release of cells m response to the
increased peripheral removal of granulocytes, as in pyogenic
infections, intravenous admimstration of bacterial endotoxin or
creation of pentoneal exudate, follows the same pattern (Crad-
dock, Perry and Lawrence, 1959). Schneiberg (1959) has recently
obtamed evidence for an almost immeduate acceleration of cell
production in response to the stimulus of bacterial pyrogen in
humans, He performed careful quantitative cell counts, mitotic
indices and coeffictents on normal marrow during such a response
and observed an mcrease m mitotic activaty, first at the myelocyte
level and later at the myeloblast and stem cell levels. We have
attempted unsuccessfully on numerous occasions to detect 2
humoral factor 1 the plasma of leucocytapheresed dogs which
would accelerate granulopoiesis. We have recently obtained
some evidence that the control mechanism may mvolve the
granulocyte 1tself.

Before describing these findings 1t is necessary to compare
granulopoiesis 1n the normal to that m situations where the circu-
lating granulocyte population does not consist of mature cells.
Mature granulocytes are destined for rapid utilization after
leaving the marrow. For this reason, the disappearance of
granulocytes whose deoxynbonucleic acd (DNA) was labelled
duning therr production and maturation in the marrow is rapid
and the gradually falling curve of specific actvity of the DNA
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Iabel in the blood granulocytes is a reflection of the diminihng
concentration of the DNA label in the cells being fed into the
blood as a result of mitosis of labelled precursors (Patt and
Maloney, 1959; Bondetal., 19594; Craddock, Perry and Lawrence,
1950). Persistence of DNA Iabelled cells in the cireulating blood,
with a slower disappearance than normal, could occur for the
following reasons:

(1) The granulocytes which are labelled in the marrow semain
s the circulation for a longer time than m the yiomial
steady state.

(2) The granulocytes are released prematurely or sesult from
the dwvision of precursor cells i the blood or tissues and
hence are niot held 1 2 marrow matusation pool before
appeanng in the blood. In thus siwation the maturanon o
cells would occur m the blood, and if the inmature cellis
not atthzed as rapidly as the fully mature cell the lcngt%l of
tume 1t remains m the crrculanon will be Prolongcd, since
1t will mclude the maturation time which normally ocews
m the marrow,

(3) The mitotsc cycle of the proliferating eclls is prolenged and
hence the rate of dilution of the DNA label by division
stower than normal

(4} A sigmificant percentage of the eells m the penpheral blood
are so immature that they are similar 1o stem cells which
will divide an infinste number of times and whose DNA,
once labelled, will remam labelled to some extent as long
as the cell remamns viable. In this siuation the amount of
Iabelled DNA will be reduced by one-half (sssuming they
divide hke normal stem cells) with each division, but after
a large number of dwvisions the total reducnon 1 fabel
with each subsequent diviston becomes so small as 10 be
undetectable

(5) Combmations of the above mechamsms.
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1fa dog is subjected to leucocytapheresis there is an accelerati
in the entry of cells from the marrow and the granulocyte con-
centration in the blood rises rapidly after the procedure is termin-
ated. As the blood granulocyte level flattens out the rate of
release slows below normal, as shown by the rate of appearance

£208~189
TOTAL CIRCULATING W8G 1,67 xi0'

13

2 0 henR Iehacyte DNAP

oo WBE count

cogpt 5100
§¥
% CHANGE LEVKOCYTE DMA~P™

e
@

TIME o DAYS

FI6 1. 'The rapid release of FIPJDNA labelfed granulocytes from
the matrow as pat of the tesponse to wtravenous dusintegrated

o o 2] yraph Note the
left shaft and the sustained plateau of DNA labelling

of DNA labelled cells. Nevertheless, the leucocytoss persists for
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than fully mature granulocytes. ‘This pomt 13 further supported
by the type of data shown m big. 1. Here a marked leuco-
cytosts was nduced with the rapid release of “new cells” from
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the labelled marrow. There was considerable “left shif”, The
fall in peripheral blood granulocyte [2PJDNA. specific activity
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is less rapid than normal, mdicating that these immature cells

circulate for a Jonger time, on the average,
opulation 1 the normal steady state. Addstional evdence

than the more mature
for

fhis is provided by the fact that mfections in humans or experi-
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mental situations which are known to remove cells rapidly
from the peripheral blood fail to cause a rapid fall in the curve of
disappearance of DNA labelled granulocytes (Perry, Craddock
and Lawrence, 1958).

Granulocytes which result from precursor division in blood or
tissues without being held in a maturation pool in the marrow
remain in the circulation for a longer total period than normal
mature granulocytes, as shown by the prolonged disappearance
of the DNA labelled cells i chronic granulocytic leukaemia in
relapse, or myeloid metaplasia of the spleen, and levkaemoid
reactions. Fig. 2 shows the appearance and disappearance of
DNA labelled cells 1n 2 pauent with myeloid metaplasia who
tequired 2 splenectomy soon after the isotope was given. The
peripheral blood showed considerable immaturity of the granu-
locytic cells, The spleen comprised a large portion of the total
myelod prohferative tissuc and represented the major area of
erythropotests, as shown by #Fe studies prior to splenectomy. In
spite of the removal of this mass of profiferating tissue the specific
actvity of the DNA label in the circulating blood did not £all, and
subsequently showed a slower fall than normal. This evidence

R R R SR (K X AP S |

-

mature granulocyte population  The data in Fig. 3 show simular
findings 1n a patient with a myelomonocytic type of leukaemia.
Disappearance of the labelled cells was very slow until an infec-
tion supervened.

Patients with acute blastic leukaemia may show a marked
prolongation 1 the disapp of DNA labelled cells. Fig. 4
shows the data in a patient with acute myeloblastic leukaemia in
the terminal blastic phase of the disease, resistant to the effect of
G-mercaptopurine and adrenal steroids. Prior to the in vivo DNA
fabel being given, in vtro studies of the circulating cell population
indicated a rapid and marked uptake of ¥P into DNA. From
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{H]thymidine radioautographic studies it appeared that 2 high
percentage of the cells in the blood were capable of proliferating
{rs per cont Labelled cells after three hours of incubation).
Although definitive data as to the actual rate of DNA synthesis
are lacking, it would appesr to be very rapid since the specific
activity of the {*P]DNA was as high after three hours of incuba-
tion 25 after esghteen hours. Profound fl fons in the con-
centration of levkaemic cells in the blood, associated with
hyperuricaemis, sestited from the inravenous administration of
normal granulocytes. The donors had reccived 02 ug. of 2
purified hpopolysaccharide endoroxin from Salmonells abortus
eqgn {Pyrexal, courtesy of Wander & Co.) 24 hours prior to
phlebotomy. This had been given to stimulate leucocytosis
snce, for the purposes of this experiment, it was desirable to
obtain a hugh yield of gramulocytes. These donor granulocytes
failed to circulate, as indicated by the lack of fall in [*PJDNA in
1he arcalating labelled population. The pyrogenic reaction prob-
ably resulted from imumedaate release of endogenous leucocyte-
endotoxin pyrogen. It will be noted that in spite of the marked
fluctuations in cell concentration wath destruction of cells, the
ume-course of the {PPJDNA specific activity was not one of
rapid fall. Tt seems likely that by the tme these perturbations
wese induced, 2 large pornon of the levkaemic population was
Labelled and the sudden loss of cells did not akter the concentration
of the DNA label in the remainng population.

Fag. 5 shows similar data in snother panent with acute blastic
feukaemia  Here the fall in total shire count was spontancous
though possibly related to blood transfusion. The time-course of
the P*PJDNA speafic activity appeared unaffected.

These data mdicate the hmatations of sotopse labelling of this
type n the determination of cell survival in an immature cell
populanion. It 15 clear that the same limitations prevail for any
type of labelling of drviding cells unless the concentranon of the
label for each cell s determuned.
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[H]thymidine radioautographic studies it appeared that a high
percentage of the cells in the blood were capable of proliferating
(15 per cent labelled cells after three hours of incubation).
Although definitive data as to the actual rate of DNA synthesis
are lacking, it would appear to be very rapid since the specific
activity of the [**P]DNA was as high after three hours of incuba~
tion as after eighteen hours. Profound fuctuations in the con~
centration of leukaemic cells in the blood, associated with
hyperuricaemia, resulted from the intravenous administration of
normal granulocytes. The donors had received o-2 pg. of a
purified lipopolysaccharide endotoxin from Salmonella abortus
equi (Pyrexal, countesy of Wander & Co.) 24 hours prior to
phlebotomy. This had been given to stimulate leucocytosis
suce, for the purposes of this experiment, it was desirable to
obtain 2 high yicld of granulocytes. These donor granulocytes
failed to circulate, as indicated by the lack of fall in [*P]DNA in
the circulating labelled population. The pyrogenic reaction prob-
ably resulted from i date release of endog leucocyte-
endotoxm pyrogen. It will be noted that 1n spite of the marked
fluctuations m cell concentration with destruction of cells, the
ame-course of the [**PJDNA specific activity was not one of
r2pid fall. It scems likely that by the tme these perturbations
were mduced, a farge pornon of the leukaemic population was
labelled and the sudden loss of cells did not alter the concentration
of the DNA label in the remaining population.

Fig. 5 shows sioular data 1 another patient with acute blastic
feukaemua, Here the fall i toral white count was spontaneous
though possibly related to blood transfusion. The time-course of
the [?*PJDNA speatfic activity appeared unaffected.

These data indicate the limutations of isotopic labelling of this
type in the determination of cell survival in an mmmature cell
population. It 15 clear that the same Lmutations prevail for any
type of labelling of dividing cells unless the concentration of the
label for each cell is determned.
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The data presented, in spite of theic limitations, support the
concept that the fundamental abnormality in leukaentias is 2
filure of cell maturation. The leukaemic cell, at least in the
blastic leukatmias, lives for the purposes of division, The normal
cell population comptises a small number of such cells which
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procreate the matutmg and mature cell population. All of the
nermal products of division are destined to die after a finite penod
of mature life. Leukaemic cells cather divide or die The ratio of
immature prohferatng cells to mature cells becomes steadily
larger untd it becomes the bulk of the cell mass. This imcrease m
the bulk of cells which will etther divide or die and which are
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functionally defective 15 the hallmark of leukaemia. We chnicians
are prone to think of the increasing mass of leukaemic tissue as
being the result of accelerated growth and mitotic rate in the
leukaemic tissue. However, as Lajtha (1959) has shown, the
mitotic cycle of leukaemc blast cells may be slower than for nor-
mal haemic cells. The increase m bulk of proliferative tissue will
acenr, regardless of the rate of the phenomena of cell division, if
maturation of cells and their utilization are impaired. It is clear
that much additional study correlating mutotic activity, mitotic
cycle time and cell turnover is necessary for elucidation of the
kanetics of cell proliferation.

In vitro DNA synthesis rate of leukaemic cells
as a function of cell growth

The leukaemic whose disease 15 progressing and not being held
m check by therapeutic measures may flood his vascular system
and tissues with immature leukaemic cells Some of these cells
are prolife--+ -~ <= sboes -2 dees e dees o il oo AT
indicated
cultures. "
subject of recent study (Bond et af , 1959b; Brecher, 1950). The
systems we have used have consisted of suspenstons of leucocytes
or whole blood mn buffered Hanks™ solutton-serum or lymph
muxtures, the leucocyte concentrations bemg adjusted to approxi-
mately 10,000/mm 3, and with the addition of [*H]thymidine,
©0°25-1'5 pc per ml, and 3P, 15 pc per 10° cells. Incubation
tsmes for both 1sotopes were 3 and 24 hours. Subsequently, 1t has
become clear that a more precise estimate of DNA synthests rate
can be obtamed by sampling at frequent mtervals (every half-
hour for three hours)

The results of three-hour mcubations of leukaenmuc cells of dif-
ferent morphological varieties with the two isotopes ate shown
m Fig 6. In these data the term per cent cells labelled with
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PHjthymidine includes only cclls with heavy Labellmg (gnit
counts in excess of 15) unless otherwise specified. It will be noted
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chat the results of the two methods of DNA labelling agree 3
gencral terms, and 1t has become our practice 0 employ oth
snethods as checks agamst each other.
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Several points are evadent from these preliminary data. First,
the extent of DNA labelling under these conditions does not
correlate with the degree of morphological immaturity of the cell

PROLIFERATIVE ACTIVITY OF BLOOD LEUKGCYTES
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population. Thus, 1 the myeloid prolferative disorders, the
Iughest degree of labellng was often observed in mstances with a
low percentage of blasts. Second, those conditions which were
clearly lymphocytic, whether chrome or acute, showed very low
uptake. Thus is of especial 1nterest in view of the high degree of
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Labelling observed in normal thoracic duct Iymphocytes and in
the atypical lymphocytes of infectious mononucleosis. Two
cases of plasma cell leukacmia with large numbers of blast cellsin
the blood showed very low DNA hbelling.

Ifit is true that DNA synthesis occurs in proliferating cells only,
and if it is assumed that this phenomenon correlates with the rate
of cell dvasion and wntermitonc mterval, it would appeat t‘hﬂt
blasnc leukaemas are not always associated with an aceeleration
n mitotic rate. Indeed, the matotic cycle of these feukaemic
blasts may be much longer than for the normal blood cell pre
cursors, as shown by Lajtha (1959). The total bulk of proliferat-
1ng tissue m rolationship to the bulk of matunng and dying <
is probably more smportant 1 the overall course of the dusease
More evidence is needed, however, before 1t can be stated with
assurance that the rate of meorporation of an isotope 10 DNA
15 a specific measure of exther DNA synthesss rate or muote
actvity. For one thing, the uptake of the label may be ob-
scured by the amount of unlabelled intracellular precutsor. For
another, cells which synthesize DNA rapidly may not davade
subsequently or may do so m a delayed manner. More G382
correlatmg nutotic indices with DNA synthesis are needed i
ths regard.

We have studied the effect of dsfferent types of sera and plastnas
in the sncubation mixtures of immature cells and 1t 15 clear thet
they differ 1 their mnfluence on DNA synthesis, but no consistettt
pattern has emerged. It has long been known that sers duffer in
their mnfluence on cell growth m tssue culture (Osgeod, 1959)
Tt has also been shown that sera differ m thesr mfluence on nucleic
acid synthesis {Thomas and Lochte, 1957, Thomas, 1959
Frenster, Best and Wanzler, 1958) and 1t has been pos:ulazcd that
this may be due o an mhubitor(s) whach 15 more apparent i
normal serum than in that of leukaerme patients {Frenster, Best
and Winzler, 1958). The posubility cxasts that this effect is due 0
differences i serum content of DNA precursors. The sensitivity
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of [*H}thymidine labelling of ccll DNA to the amount of esrrier
thymidine is shown in Fig, 7.

Dog thoracic duct fymphocytes provide a source of prohiferat-
ing cells of excellent purity and morphological quakity for this
type of study. There 1s no cell trauma incident to obtaining and
separating the cells for study, and s significant percentage of the
cells (4 to x5 per cent} ate actively synthesizing DNA. The
lymph also prowvdes an excellent culture medium for incubation
of the cells—a system which reproduces the m vive condit

%, BIGHLY LABELED DOS LYMPHOCYTES o THYMIDINE
3 z 3 A L

B W% conTrOL

LYMPH + THYMIDINE D ODf mMJ/ml,
LYMPH 4+ TRYMIDINE 0O mM/ml
LYMPH -+ THYMIOINE OF mdt/ed,

R LYMPR + THYMINE 0 0Ot mbi/mi
LYMPH + TRYMINE O Of mii/ml.
LYMPH # THYMINE Quf  mbt/mf
LYMBH + THYMINE 10 mhtsmi
Fic 7 The effert of addstton of carmer thymidne and thymine on

the upake of PH]thymdine by dog theratic dust ymaphocytes
{3-hour meubation 1 lyraph)

very closely for lymphocytes  As part of the study of DNA
synthesis in these cells we have observed a pecubar effect of
granulocytes. Mature camme granulocytes markedly mhubit the
uptake of {*Hjthyrudme and **F wto DNA by lymphocytes
when the two types of cells are present in the same incubation
system. This inhabstion 1s very marsked, as shown in Fig 8, and in
some mstances it totally abolished uptake of the label after three
hours of meubation. Duting and followmg such an incubation
both varienies of cells appeared normal morphologically both on
staned smears and on phase microscopy  Vatal staining character-
sstics and motihity were not altered.
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% HIGHLY LABELED CELLS, H THYMIDINE

[ 1 2 3 4
LYMPH. CONTROL
LYMPH, + DOG GRANULOCYTES I'l
LYMPH, + DOG GRANULOCYTES 1:0.5
LYMPH. + DOG GRANULOCYTES 1.0.28
Fic 8. The effect of different concentrations of intact vuble homo-

logons dog granulocytes on DNA synthess by dog thoracic duct
lymphocytes.
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2 3 4 5 6 7 8 9 oW 1213 4 B 16

CONTROL (LYMPH) ]

© INTACT NORMAL DO6 GRANULOCYTES
O HOMOGENIZED DOG GRANULOCYTES

0 HOMOGENIZED DOG GRANULOCYTES, DIALYZED

DIALYSATE, HOMOGENIZED DOG GRANULOCYTES |

]

SALINE + LYMPH (1.1}

SALINE ELUATE + LYMPH

SALINE, BOILED

1

CONTROL
___] NORMAL DOG GRANULOCYTES, FROZEN, STORED
00G LYMPROCYTES, FROZEN, STORED

CONTROL

J2HR INCUBATION WITH

CELL FREE_SALINE, AFTER

NORMAL GRANULOCYTES

Fic. 9 Dog thormc duct lymphocyzu
b

Intybivon of DNA
labelling wath [ Y g ytes (.

(3-hr
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“The pranulocytes in these experiments were obtained by dex-
tsan sedimentation of periphersl blood from the same dog whose
lymphocytes were being studied. Tn other instances granulocytes
obtained by leucocytapheresis were employed. The inhibition
was equally suriking with viable, actively motile granulocytes and

[SONTROL SIS he ancubstion)]
HUMAN  GRARULOCYTES {intoct, 3he Tncubation}
{3 hr incubotion}

HUMAN GRANULOCY TES (homoqen,3br fncubation)
{34 incubation}

[CONTRoL T3k incuRATION S
124 HR INCUBATION}

+ DOG GRANULDCYTES {3 HR INCUSATION}
{24 HR INCUE }

SR SEITR e ot
{24 HR INCUBATION}

fic 10 Gramdocyre whihition of thoracis duct Iynsphocyte

DNA Lpelimg with ¥P and PHjthymudine  Speafic actnty

P*PIDNA, Gfmixg DNAP [ % bighly labelled Fympho-
cytes PH]thyrudme Bt

cells d grated by homog son, ultrasomc vibraton or
freemng and thawmg (Fig. 0) Some mhubitory effect could be
shown 1 saline extracts of such cells, but not as much a5 in the
cell fragments. The infubitory effect was not removed by dialysis
overnight against water and did not appear in the dialysate, The
inhibuor effect was found in the superatant sahnee and Hanks'
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LYMPH, CONTROL
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LYMPH. + DOG GRANULOCYTES 1:0.5
LYMPH. 4 DOG GRANULOCYTES 1:0.25

Fic. 8. The effect of different concentrations of intact viable homo-
fogous dog granulocytes on DNA synthesss by dog thoracic duct
lymphocytes.
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CONTROL (LYMPH)
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3

©  HOMOGENIZED DOG GRANULOCYTES

© HOMOGENIZED DOG GRANULOCYTES, DIALYZED

DIALYSATE, HOMOGENIZED 00G GRANULOGYTES

SALINE ELUATE + LYMPH

SALINE, BOILED
CONTROL

NORMAL DOG GRANULOCYTES, FROZEN, STORED

DOG LYMPHGCYTES, FROZEN, STORED

[
[_conThoL ]

CELL FREE SALINE, AF'ETER 2HR INCUBATION WITH

NORMAL GRANULOCYTI
Fic 9. Dog thoracic duct lymphocytes Inlubstion of DNA
fabelling wath [*H]thymdine by granul (3-hr. meubation)
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obtained to permit any conclusion. It is not known at present
whether this inhibitory effect of granulocytes occurs with pro-
liferating populations of normal erythroid cells. Prelimmary
studies of marrow showmng granulocytic hyperplasia and im-
maturity indicate that this inhibitor effect of mature granulocytes
influences the rate of DNA synthesis of granulocytic tissue. The
chemical properties of the inhubitor effect are under study.

The presence of a potent intubitor of DNA synthesis in mature
normal granulocytes would be consistent with the suggested
“feedback™ control system of haemopoiesis as developed by
Osgood (1957, 1959). It would also help to explain many ob-
servations relative to the mfluence of various sera on cell growth
and the ional striking supp of the leukaemic process
by blood transfusion (Wetherley-Mem and Cottom, 1956;
Bessis and Bernard, 1947). The rapidity wath which the haemato-
logical changes may occur after the transfusion i such cases is not
i i with the leucop effect being one of suppression
of DNA synthesis and cell division, since the non-dividing
granulocytic population has a brief lifespan. The observations by
Bierman and co-workers (1957) concerming the therapeutic
effect of white cell products in acute lymphoblastic leukaemia are
pertinent to these data. Such a mechanism would also elucid
the results of leacocytapheresis.

It has been pointed out previously that the removal of cells
peripherally accelerates the release of granulocytes from the
martow reserve and promotes an increase in mutotic activity.
Conversely, the itravenous infusion of large numbers of mature
granulocytes in dogs inhibits the release of cells from the matrow,
as shown in Fig. 12. Here the normal unlabelled cells obtained
by leucocytapheresis were infused at a time when the cells with
Iabelled DNA would normally have entered the blood from the
marrow. It will be observed that the appearance of labelled cells
was delayed for about 24 hours, and that the slope of the sub-
sequent increment mn new cells was similar to that in the

RazMO —g
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solution following incubation of a high concentration of granalo-
cytes for two hours at 37°. The inhibitory effect may be 2
secretory product of the granulocyte. Thesc cells were as much
undamaged as Is possible after this type of handling and were
g0 per cent viable by the criteria of vital staining characteristics
and motility.

Normal human granulocytes, intact or disintegrated, als
infubit the uptake of label into the DNA of dog lymphocytes

% HIGHLY LABELED DOG LYMPHOCYTES, K® THYMIDINE
] 2 3 4 5 6

R Y Rtod CONTROL
intact NORMAL HUMAN GRANULOCYTES
homogenized
R intact ACUTE MYELOBLASTIC
i l\omoqanind} LEUKEMIC CELLS

infact
PR homogenized,

} cML CELLS

™ intact
> | hemaqanu.d} CLL CELLS

Fic 11. The effect of human blood cells on the uptake of PH]thym-
dine by dog thoraac duct Iymphocytes i vitro In each wstance the
antact or homogemzed cells were added to dog lymphocytesma 1to X
ratio Incubation ume wath the isotope, three hours at 37°
CML—Chronic myelogenous leukaemia
CLL—Chronic lymphocytic leukaema

(Fig. 10). Dog lymphocytes and erythrocytes do not show much
inhibition, whether mtact or dwsmtegrated. Cells from 07¢
pattent with acute myelocytic leukaemia and one patient €
with chronic granulocytic leukaemia and chronic Jymphocytie
leukaemia in relapse fal to mhibit DNA synthesis by dog thoract¢
duct lymphocytes as much as normal cells (Fig. 11). This
true with the wntact cells and with disintegrated cells. The
inhibitor effect of normal human granulocytes on leukaemic cells
s a subject of present study, although sufficient data have not beet
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fusion of granulocytes in a manner similar to the effect of red
cell transfusion on erythropoiesis It is hoped that correlation of
this type of data with alterations in mitotic activity will provide
information as to how this suppression of cell production comes
about.

If disntegrated granulocytes are administered intravenously, a
severe reaction ensues, as described by Weisberger, Heinle and
Hannah (1949). In dogs this is charactenized by fever, leucopenia
followed by leucocytosis, intravascular clotting and defibrination,
followed by a haemorrhagic state, convulsions and tachycardia.
Much of the reaction 15 related to the release of thromboplastic
and pyrogenic substances. The reaction is associated with a
massive release of granulocytes from the marrow as shown in
Fig. 1, and this occurs even though the cell fragments are ad-
mmustered via the splenic artery m an attempt to offset the
systemic toxicity. This severe reaction, which 1s probably non-
specific, prevents the demonstration of i vivo hibition of
granulocytopotesis by crude products of disintegrated granulo-
cytes. Nevertheless, the evidence for the control of granulocyte
release from the marrow being geared, n some way, to the mature
granulocyte 1s more than suggestive. It is attractive to constder
this control mechamsm as bemng related to the inhubitory effect of
some product of thc mature granulocyte on cell prohferanon, as
shown n the fc experiments with phocytes.

The preponderance of normal myeloid marrow consists of
matunng cells i the marrow granulocyte reserve. If these more
mature cells intubit the growth rate of precursors, then the
removal of mature cells at an accelerated rate, as in response to
leucocytapheresis or infection, wll increase the rate of prolifera-
tion sumply by reducing the nhibitory effect of the mature cells
m the environment of their precursors. This hypothesis has the
merit of ssmphicity, though much work must be done to establish
its vahdity. The impheations of this “built-in” control of granu-
locyte production are obvious, and the possible relationship of
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steady-state animal. ¥ new cells continued to enter at the same
rate as normal during and after the infusion, and the delay was
due entircly to persistence of the infused unlabelled cells in e
circulation (and hence a Jarger unlabelled pool to be replaced by
labelled cells), the slope would be ess steep than normal. Frwould

D10t~ 184
TOTAL CIRCULATING waC 7 510"
234210 nacmat WEE
LUTITEN A
st % ehonga fevtocyte VA"
s WHC comnt

% CHANGE LEUXOEYTE braep'®

HBE COUNT 1 10"
5%

Mad

TIKE e DAY

fi6 12 Delay 1 telease of PSPJDNA labelled granulocytes from the
marfow into the ?enpher:l blood 1 response to the intravenous anfuston
of mormal h Jabell ytes obtained by leucocyta-

B
pheresis

appear that the entry of labelled cells from the matrow reserve
was temporanly stopped by the mfusion, to be resumed at {hc
same rate aficr the excess cells in the penphery had been elimin-
ated. This interpretation 1 predicated on the assumption that the
infused cells function and survive normally—an assumption
which is difficult to establish Therefore, the data suggest but do
not prove that granulocytopoiests is supp d by hypertrans-
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this system to the leukaermic state should afford an area of interest-
ing study for the futute in view of the preliminary evidence that
leukaemic cells are deficient in the mhibitor cffect.

Summary

An attempt has been made to review some of the features of
granulocyte production, distribution and wtilization which seem
established. The comparison of the normal state to the leukaemic
situation is based on the marked alterations in these features of
granulocyte physiology that occur in leukaemia. It is pointed out
that whereas normal granulopoiesis is confined to the marrow
and the maturation of cells occurs largely in the marrow, pro-
Iiferation and maturation (if the latter occurs at all) also take place
in the blood of leukaerma patients. This not only invalidates the
determination of cell survival time from labelling experiments,
but greatly complicates the mterpretation of DNA labelling
experiments in terms of the rate of cell division. Evidence 13
presented that the immature cell, whether normal or abnormal,
remnains an the airculating blood for a longer time than the mature
granulocyte.

Data ate presented showang great differences in the degsee of
DNA synthesis in the blood cells from various conditions, 23
measured by P and [*H|thymdine labelling i vitro. These
results suggest that the degree of DNA synthests is not more, and
is often less, in those cell populations which appear more im-
mature morphologically.

The finding that normal human and canme granulocytes con-
tain a potent whibitor of DNA synthesis by dog immature
lymphocytes 15 described. The lack of infubitor effect by Jeuk-
semic cells in this system is shown. These findings are beleved
to be consistent with the concept, expressed by Osgood, that the
mature normal cell may contamn an inhibitor(s) which suppresses
precursor prohferation
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Short communiceation

RADIATION EFFECTS ON NEUTROPHIL
BALANCE*

Mary A, Maroney and Harvey M, Parr

Division of Biological and Medical Research,
Argoune National Laboratory, Lemont, Winois

Poruramion relationships of the neutrophil system have been
examined m recent studies with the result that a somewhat
clearer picture of the parameters of neutrophil halance has begun
to emerge. Perhaps the most conspicuous advance in our under-
standing concerns the temporal and spaval distnbution of neatro-
phils, which has profound implications for interpretati of
stabilizing mechanisms. The mvestigations by Craddock (1959),
as well as those in our laboratory (Patt, Maloney and Jackson,
1957), have established the importance of the marrow reservoir
in the response to a demand situation brought about, for example,
by leucocytapheresis, Jeucocyte antiserum, or sterile inflammation.
It would appear that transfer of neutrophils from extramedullary
tissue to blood 1s minimal under such condittons, and this secetves
support from theoretical considerations (Patt and Maloney, 1959)
based upon recent estimates of the une course of neutrophuls 1
blood (Mauer ef al., 1959; Patt and Maloney, x959).

Radioautography with selectively mcorporated radwactive pre-
cursors, e.g. trtiated thymudine, has provided an impostant

pproach to eval of cell popul dy We have
observed 1 studies wath dogs that neutrophil precursors divide
every 10 to 20 hours (Patt and Maloncy, 1959). After the capacity

* This work wat petformed under the suspices of the U'S Atomuc Enesgy
Commission
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for celt division is last, the matuning cells spend about three days
in the marrow before being released to the blood; their dis-
appearance from the cirealation is rapid and apparently rep
2 random process with 2 mean time of eight hours or Jess. Al-
though intimate details of the normal population kinetics, particu-
larly of the flow of cells from one proliferating class to another,
havenot yet been resolved, the approximations that have emerged
provide a framework for evaluation of departures from the steady
state, Tn this i we wish o ine mainly the
sequence of events m blood afier lethal X-wradution in the hght
of present understanding of nevtrophil balance.

It will be recalled that the k logical effects of
are generally attnbutable to abercanons m production  Blood
neatcophd changes are characterzed by 3 transient increase
dunng the first hours after exp followed by a pr ely
developing decrease wath levelling or shight mse during the second
week, and a further sharp decline or eventual recovery, Experi-
ments were performed i an attempt to answer the following
questions:

(1) Is there an accelerated release of mature cells during the
first hours after wradtation?

(2) 1s there an initsal alteration m the maturation process?

(3} What 1 the pattern of matrow activity as neutzopenis
develops?

Studies were made on beagles (one year old, 6-8 kg } witha
brtermate serving as a control m each mstance. Total bedy
K-radation was given 1n accordance with the followimng fictars;
250 kv, §~6 r/mmute, halfovalue layer (HVL) 218 mm. Cu.
The total dose {air) was 500 v with half of the dose delivered to
each hateral aspeet. Tritmted chymidine {specfic acuvity 366 e/
m-mole) was myected mtravenously in a dose of 300pcjkg. body
weight. Marrow samples were obtamed under Jocal hesi
by aspuation from the femur or e crest and blood samples
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Division of Biological and Medical Research,
Argonne National Laboratory, Lemont, Wlinots

Poruarion relationships of the neutrophil system have been
examined in recent studies with the result that a somewhat
clearer picture of the parameters of neutrophil balance has begun
to emerge. Perhaps the most conspicuous advance m our under-
standing concerns the temporal and spatial distribution of neutro-
phils, which has profound implications for interpretation of
stabilizing mechanisms, The mvestigations by Craddock (1959),
as wwell as those in our laboratory (Pare, Maloney and Jackson,
1957), have established the importance of the marrow reservoit
in the response to a demand situation brought about, for example,
by leucocytapheresis, leucocyte antiserum, or sterle inflammation.
It would appear that transfer of neutrophuls from extramedullary
tissuc o blood is minimal under such conditions, and this receives
support from theoretical considerations (Patt and Maloney, !95?)
based upon recent estimates of the time course of neutrophils in
blood (Mauer et al., 1959; Patt and Maloney, 1959).

Radioautography wath selectively mcorporated radioactive pre-
cursors, e.g. trtiated thymidine, has provided an important
approach to evaluation of cell population dynamics. We have
observed m studies with dogs that neutrophil precursors dwide
every 10 to 20 hours (Patt and Maloney, 1959). After the capacity

* This work was performed under the auspices of the U.S Atomic Energy

Commusston,
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marrow at this time, it should be possible to discern by frequent
blood sampling whether 2 brief accelerated release of cells from
marrow contnibutes to the early neutrophilia. 'The results, shown
in Fig. 1, reveal that there is no increasc in either the percentage
or number of labelled neutrophils in blood of the irradiated
relative to the non-irradiated dog. The curves for the irradiated
and non-irradiated dogs are nearly identical during the first ten
hours. The subsequent transient decrease in labelled cells in the
irradiated dog coincides with the maximum neutrophilia; the
ensuing pattern is similar in both dogs. The important point is
that labelled cells were not mncreased during the neutrophlic
period. It is infersed from this that the early neutrophilia is
dependent upon 2 peripheral redistribution rather than a release
of newly formed cells from marrow. It will be noted that this
effect is comparable to the adrenal p which is probabl,
tepr tive of the mobilization of neutrophils from readdly
available intravascular reservous.

Nentrophil maturation

In this study, one of a pair of httermates was X-rradiated with
500 1. six hours after mjection of tritiated thymidme. It was antici-
pated from our previous work (Patt and Maloney, 1959} that the
mayority of cells synthesizing deoxyribonuclesc acid (DNA) at
the time of thymidne administratton would have completed
mitosis prior to wrradiation. Thus, most of the labelled population
at the time of exposure would consist of proliferating cells
early interphase and of transitional myelocytes n early differenti-
ation to metamyelocytes. A radation effect on the pattern of
maturation and release from marrow would be reflected several
days later by the events in the blood

A~ R 1
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m arculation 15 reached at about the same time in both the
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were taken from the external jugular vein, The procedures for
radioautography and analysis were simihar to those described
previously (Maloney and Pats, 1958). Counts of labelled cdlls
in marraw and blood were generally based on ion of
1,000 myeloid cclls; in several instances of severe neutropenis,
however, blood analysis was confined to 200 neutrophils.

Easly neuteophilia in radiation injury
Two hittermates were injected with tritiated thymidine, and of
these one animal received 500 r. X-radiation three days later. At
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Fi6. 1. App of labelled s i penpheral
blood of a dog irradiated three days after mjection of
‘tntiated thymidme (HT).

the time of irradiation less than one per cent of labelled neutro-
phuls was detectable in the circulation. Since there is 2 large
population of labelled cells, including segmented forms, in the
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In an eather study (Patt and Maloney, 1960), whole-body
X-radiation (400 1.) was given 30 hours after injection of tri-
tiated thymidine when there was an appreciable number of
labelled metamyelocytes but no Jabelled band or segmented cells.
In this instance, there is reason to believe that the fabelled profi~
feraring cells would be more randomly distributed in the cell
cycle at the time of irradiation. Hence, the bias in the percentage
of labelled cifferentiating cells would be minimized. This was
borne out by the results, which indicated that the maturation of
metamyelocyte to segmented cell proceeded in a normal fashion.
From this and the foregoing, it would appear that differentiation
of the progeny of the last myelocyte division and their release
from marrow are not affected duting the fust few days after
irradiation. These findings amplify our previous observation
{Patt and Maloney, 3960) that the neutrophil blood level may be
buffered for several days after lethal exposure by cells in the
differentiating marrow pool.

Marrow activity during developing neutropenia
In this investigation, one of a pair of hittermates was X-itradi-
ated with 500 1.; three days after irradiation both dogs were given
tritiated thymidine. Although the attempt at recovery is almost
mvarmably abortive at this dose level, the chree-day interval was
chosen in order to study the sequence of events as the developing
marrow pool b greatly depleted; compl y studies
will be made at other intervals as well. Marrow analyses, particu-~
hldy m regard to the probferating elements, have not been com-
R . -
o
bi . . .
may be a consequence primantly of 2 decrease 1n the time spent
by the segmented forms in marrow rather than of an acceleration
of neutrophil maturation. Although tus requires further study,
ash d sojoutn of seg d cells in marrow represents 2
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irradiated and control animals, accelerated transit through marrow
is probably not a major contributing factor. This is supported by
the fact that labelled metamyelocytes and band cells appear and
reach a maximum value at the same time in both dogs. It is
noteworthy that the percentage of positive cells in subsequent
marrow samples is considerably greater in the irradiated animal
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Fic 2 App of labelled s 1n peripheral blood
of a dog 1rradiated six hours after mjectron of trtiated thy-
nudine (HT),

This may be an expression of preferential imjury to the unlabelled
cells capable of prolifcration owing to the chorce of the interval
beoween labelling and irradiation. Such a distribution of radio-
sensttrvities between the labelled and unlabelled proliferating
popuhtxons would be reflected m the percentage of tagge

neutrophuls in blood. That lsbelled proliferatng cells are also
1 from the d d number of labelled

15
neutrgphﬂs in blood relative to the control (Fig. 2).
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to depletion of a succeeding unlabelled population; in the latter
to preferential sterilization of 2 preceding unlabelled population.

The blood pattern is depicted in Fig. 3, where it will be seen
that labelled neutrophuls appear between the first and second days
after thymidme injection 1n the jrradiated animal and a day later
in the control With this exception, the curves describing the
percentage of labelled cells are remarkably similar, and we may
note, in particular, that there appears to be no difference m the
rate of disappearance of labelled cells from blood in the irradiated
and non-irradiated animals. The number of cells produced after
irraduation is, of course, considerably depressed, and this is re-
flected in the concentration of labelled neutrophils. That some
production of cells continues, albeit at a low level, 15 apparent
from the rate of disappearance of all neutrophils in relation to
that of the labelled population. It 1s significant that catlier release
of segmented cells from marrow comcides with depletion of
nentrophils in the marrow reservorr, and that there is no indica-
tion of an altered disappearance of neutrophils from blood as a

q of lethal 1rrad

Summary

‘When tnitiated thymidine 1s admunistered some time in advance
of rradiation, the fate of 2 cohort of labelled cells may be followed
under crcumstances where new cell formation 1s greatly curtailed.
The results of such experiments, performed mn dogs, suggest (1)
that the early transient neutrophiha 1s not due to an accelerated
release from marrow, but rather probably represents a mobiliza-
tion from vascular reservorrs, and (2) that the maturation of cells
dertved from myelocyte mutoses and their release from marrow
are essentially unaltered during the first few days after lethal
1rraduation.

In another study trtiated thymidme was injected three days
after irradiation. In this case labelled maturing neutrophuls were
advancing mto a depleted marrow population. The results are
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reasonable initial response to a progressively developing neutro-
penia; the relative increase in band cells in blood as neutropenia
becomes profound is a further manifestation of this response.
This provides another indication of the intimate relationship
between the marrow reservoir and the level of circulating

g
8

g
8

]
LABELED NEUTROPHILS por o mm,

PERCENT LABELED NEUTROPHILS

3

org

0
DAYS AFTER W3 -THYMIDINE
of labelled ds i heral blood

Hc.3 A P perip
of a dog iwraduated three days prior to myjection of tntiated
thymudine (HPT).

neutrophils (Craddock, 1959; Patt and Maloney, 1960; Patt,
Maloney and Jackson, 1957). It 1s of interest that the percentage
of labelled metamyelocytes and band cells is considerably greater
than 1 the control and this can be explamed by the severe deple-
tion of differentiating elements in macrow four to six days after
jeradiation. It wall be recalled that the percentage of Tabelled
maturing cells was also mcreased with rrradiation six hours after
thynudine mjection. In the former instance this can be ateributed
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marked acceleration in the normal rate of appearance of the 32P-labelled
granulocyte for a brief period of time. If we infuse normal homo-
logous granulocytes from an unlabelled antmal into an animal whose

subsequent fime-course 15 one of a delay of about 24 hours and then
o1, 1 RO KRR AR

but we think thus indrcates that, just as when you hypertransfuse with
ted cells you get an mhibation of erythroposests, so this is a hypertrans-
fusion with granulocytes which at least inhubits the release of granulo-
cytes from the marrow maturation pool Whether 1t mhibits mitotic
rate is something which we have to get more data on  But this 1s the
type of phenomenon which leads us to believe that a granulocyte may
well have an inhibitory effect on 1ts own precursors. We have not
shown this, but we believe that 1t may be tcue, and 1f it 15 1t makes a
very concise and stmple situation so far as controlling granulocyte pro-
Liferatron 15 concerned, because the normal marrow contams a majority
of 1ts granulocytic cells m the mature and matuning form. If these cells
contan an minbitor, and 1f they are called into the peniphery by any
vanety of stmulus, all one 1s domng 1s to remove a certain amount of
mhubitor cffect from the marrow and permut an accentuation or
acceleration of mutotic rate.

Dr. Schnetberg m Warsaw who works with Jaffa sent me a manu-
script about work 1n hus Jaboratory m which he followed the marrow
response before, during and after mjection of a bactenial endotoxin in
normal humans. He recorded an almost instantaneous merease m the
proliferative activity m the late myeloid granulocyte precursors This
153 possibility that we are very intrigued wath, but we cannot give any
defimtive data at the moment 1 any cell system exceptthe proliferating
lymphocyte 1n a population.

Lajtha “We tried to make some Ehrlich asctes cells grow and did not
succeed We played around with embryo extract and then realized
that 1 some systems you do not have to use embryo extract because
white cells work just as well, so we made a white cell extract and tered
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suggestive of a shortened time in marrow, due primarily to the
decreased sojourn of segmented cells. In the various experiments,
there was no difference between irradiated and normal dogs in
the rate of Joss of labelled neutrophils from blood. These findings
are germane to interpretation of the sequence of events in blood
consequent to irraduation.
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DISCUSSION

Gordon: Dr. Craddock, you have presented interesting evidence for
the abihty of viable granulocytes to mhsbit DNA synthesis in lympho-
cytes in the in vitro system. Would you suppose that this mechanism
could function normally as an wnhubror of lymphocyte production®
A more meaningful system would involve a neganve feedback of the
mature granulocyte to the locytic p cells rather than co the
lymphocyte progenstors.

Craddock: That 1s very true, and although I would hike to generalize,
25 1 implied from our matersal I cannot—we have not got those data.

Stohman: If the lymphocyte is the stem cell then 1t is feeding back!

Craddock; If we mduce leucocytapheresis, which in essence means
the removal of cells from the peoipheral blood, we get a transient
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long time 'We had been wondenng whether thete could be an associ-
ation between a prior expulsion of formed elements and the subseq

proliferation. The proliferation might be the result of taking the
mature forms from the bone marrow, and m that case one ought to sec
1t in Jeucocytapheresis generally. Is there any other evidence that
temoval of the mature cells from the blood-forming fissues sets off a
probferation of blood elements and, 1f so, which cell types proliferate?

Craddock: Our observations have not been detailed enough to
answer that, The evidence of Schneiberg 1s that after the injection of
an endotoxin {and endotoxin so far as we can tell, or any strmulus
which causes a rapid withdrawal of cells, is pretty much the same as in
leucocytap} ) there is an @ ncrease m proliferative
activity in the myeloid granulocytic precursors.

Lamerton- This relates to something Miss Maloney said, because it
could depend very much on whether the mobiltzation of cells 1s from
extramedullary sites or from the bone marrow. If 1t 1s not from the
bone marrow one would not expect the rapid probifesative sumulus.

Craddock* "That is correct.

Yoffey: Our own not very extensive evidence helps to support your
concept, Dr. Lamerton, possibly as regards the ealy stages of mechani-
cal filling of empty spaces m the marrow—I know they are not empty
1n the sense of a vacuum, but empty 1 terms of cellular depletron. We
had this situanion on two occastons. The first was that when we gave
leucocytosis-promoting factor we noted m the course of four hours a
discharge of granulocytes and what seemed to us to be an uptake of
Iymphocytes—1rrespective of the stem cell question that is a simple
quantitattve observation  The other experiment, which we performed
some years 2go and are repeating much more extensively, concerned
the changes following Staphylococcus aureus vaccine Again we got the
same two changes—we called 1t the L* G mversion, granulocytes gomng
out and lymphocytes gomg m—followed by a big mcrease later m
granuloposesis. We felt mclined on the whole, parwcularly as there
was 1o known ct ik which could mfl the lym-

phricyte, to attnbute 1t largely to mechanical factors Whether that is
Ll e e LA . Faa
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to see whether it worked. Not only did it not work, but it very pro-
foundly inhibited the thymidine incorporation into DNA of Ehrlich
ascites cells in vitro as well as the incorporation of [MCJformate into
these cells. Formate under the incubating condition goes into DNA,
RN, protein and a number of other compounds. It was therefore 2
fairly non-specific depression of all activities. I think this evidence,
combined with your observation that it inhibits thymidine incorpora-
tion anto lymphocytes and release of mature cells from the marrow,
may be an indication of a non-specific toxic effect rather than 2 speaific
feedback mechanism.

Craddock: This 15 entirely possible.

Lajtha: What 1s very interestmg in your data 1s that this effect s not
present in the same type of cells if they come from chronic granulo-
cytic leukaemua.

Stohlman: L. Schroeder and G. Brecher at our institution are work-
ing on the in vitro uptake of thymidine and the preliminary resuls art
of interest When human white cells were incubated with tridated
thymidine a certain percentage of the cells were labelled. With con-
tinued meubation the intensity of the label increased, but the per-
centage of labelled cells did not. At least tentatively these workers feel
that cells that are in DNA synthesis at the ume they are withdrawn
from the body will continue to synthesize DNA, but new cells
not go mnto DNA synthesis. Nor have they seen any evidence for
division of these cells.

Craddock, We have made similar observations, but it is not a umform
ph S certain Jeuk cells do and others do not
increase the intensity of labelling over a longer mcubation penod,
while the percentage of cells labelled remains the same.

Lamerton. We may have an example m some of our chronic irradt~
ation work of a local mhibitory effect by mature cells in the bone
marrow. We have been continuously arradmating rats at varous dost
rates, and at so rads/day there 1s a fall in platelets, mononuclears and
pnlymorphocyr:s for about 20 days, and then there 15 a r1se. This rise
occurs at the same tme in all those three elements and therefore Jooks
more like the expulsion of formed elements from vanous sites than 2
true regeneration. But thus is then followed by true proliferation and
regeneration, and maintenance of the normal blood level for quite a
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and Stodtmeister, R. [1955; 1056). Z. Zellforsch., 43, 195; 45, 328)
published some work on the closed circulation in the bone marrow.
When one depletes the bone marrow with irradiation there is a very
limited amount of distension that the sinusoidal walls will tolerate.
After all, the marrow space is relatively speaking of fixed volume, and
+f one destroys one population the only thing that can happen is dilata-
tion with blood, The sinusoids burst and frank haemorrhage into the
marrow ensues. 1 have often wondered if there is a simple mechanical
control mechanism and not a humoral control. When one forces cells
into the circulation there are tension stretch reflexes that are set up in
the sinusoidal walls that are so 1y ¢ d with the prolife

ing cells, Theit stimulus may be actually 2 mechanical one locally, and
we may be kidding ourselves when we talk about all these hypothetical
circulating intubitory ot sumulating factors. There may be an auto-
nomous process gomg on of division and 1t may be a matter of available
space.

Yoffey: We have some data not qute ready for publication on the
special features of the vasculature of the marrow. The recent studses of
the Living marrow erculation by P Brfnemark (1039 Scand. J. clin,
Lab. Tnvest., 11, Suppl. 38) show rather astconushingly that the living
simusords can dilate quite rapidly, stay dilated, and that you can have
groups of cells stationary on one side of the sinusoids while the mamn
flow of blood streams past them. All sorts of things can happen to
those sinusotds which we thought to be relatively mert structures. The
P A A A N WA AP SV
the:
go . -
gro .
cells themselves were non-motile

Linman; Muluple duly njections of the thermostable or ether-
soluble fractions of plasmas from patients with polycythaemia vera are
capable of nducmg granulocytoss i normal rats. The leucocytosis
persists as long as the i are d and is panied b
myeloid granulocytic hyperplasia. The white counts return. promptly
to normal after the injections are stopped I wonder if we maght not
be dealing with some form of an activator-inhubitor complex. Perhaps
‘we are approaching the same problem from different directions.
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was just the opp He had his feedback, but from the g ic
breakdown he got nucleic acid derivatives, which stimulated fresh
proliferation, even to the point of producing myeloid metaplasa 3
that was the basis of the sodium nucleinate therapy for agranulocy

Craddock: I may be muddying the waters here with a non-specific
phenomenon, but we will pursue it very actively.

Lamerton: An inhibitory action of mature cells which depended on
actual contact, or at least very close proximity of cells, would indicate
that the control of new production which is exercised by the mature
cells comes only from those which are within all blood-forming
tissues and not from those 1n the peripheral blood or elsewhere.

Gordon: Dr. Craddock, would you agree entirely with Dr. Lajtha's
suggestion that the infubitory action exerted by granulocytes on DNA
synthests in lymphocytes is a toxic one, especially since yous &%
indicate that normal or destroyed lymphocytes do not inhibit incor-
poration of the label in your in viro system?” I Dr. Lajtha is correct, &
would mean that the granulocytes have a toxic action not exerted by
tymphocytes.

Lajtha: Yes. Furthermore 1t is not possessed by leukaemic granulo-
cytes. The question is: is this toxic substance connected with the
alkaline phosphatase or stmular matenals present neither in lympho-
cytes nor n leukaemzc granulocytes?

Craddock. There could be a variety of matenals that are mussug from
leukaemuc cells.

Stohlman: What about cells from patients with myelord metaplasta®

Craddock We are not certamn about these cells. The only other mssue
that we ate certamn does not affect this phenomenon is the erythrot
cell. We are attempting to study the toxic effect of granulocytes o8
lymphocytes with the co-operation of someone at our institution who
is wnterested n tme-lapse phase microscopy of cells. We have not
been able to show any apparent damaging effect of this pt n
on motility and other morphological properues of the lymphocytes
exposed to thus mhabrtory effect from imntact or destroyed granulocytes:
ar apparently ffom the secretory products of ttact granulacytes: the
cells remain viable as far as we can tell, and there 15 no ewdence ©
destruction of the cells by dus pnnaple, whatever it 1s.

Cronkite+ Fhiedner and co-workers (Fliedner, T. M, Sandkuhler, S,

1
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myeloid leukaemia, can be shown to cause an increase of the osmotic
fragiliey. If this is a toxic action, possibly you can find an increase of
osmotie fragility.

Stohlman: Dr. Craddock, do you consider the evidence for a long
lymphocyte hfespan is inadequate? To me the only possible interpre-
tation for the data of Hamilton and Ottesen, as well as that presented
by Cronkate today, is that the lymphocyte is long-lived.

Craddock- 1 think their data are open to the same critticism as the type
of data I showed in the leukaemic mdividual, as regards telling any-
thing about the length of survival of the final product of proliferation.

Hulse: T would like to support Miss Maloney when she says that
there is no Jerated of the granulocyte semes after
irradiation.

Maloney: 1 cannot offer any mformation about the question of ab-
normal myelocytes in marrow after irradiation. For the moment, we
have focused our on the -proll duffe ing
myelocytic population. There 1s no evidence of an acceleration m

ion for this popul That 15 from yelocyte to seg~
mented neutrophul.

Hulse: One certainly does get a segmented myelocyte after irradia-
tion, and many people m the past have suggested this is due to an
accelerated maturation. You did not find any evidence of accelerated
maturation and I would like to support your findings by saying that I
do not think that the presence of hypersegmented neutrophils and

d myelocytes and promyelocytes mdicates an accelerated

€ seg; of myelocytes and p ytes 15, [

think, merely a change 1n the nucleus. The cytoplasm 1s not changed

at all, st stall has azurophilic granules, etc  One also gets a hyperseg-

mentation of the nucleus 1 adult neutrophuls. It looks as if there has

been some damage to the nucleus of these cells, but they can sull

mature normally, or at least their cytoplasm can, The nucleus of a

myelocyte becomes segmented after srradiation and eventually this
may become a hypersegmented neutrophil.

Yoffey: 1 have been wondermng when this business of the asynchro-
msm, which I think D1 Gughelmo first emphasized, would come up.
‘Wehave seen some good examples in our marrow radiation recovertes.
We were often perplexed whether to call 2 cell a large metamyelocyte
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Creddock: Tt scems quite reasonable that there would be both
activators and inhibitars, Ihesitate to stress my own data because of the
doubt I have as to whether it is a specific phenomenon. Whetheritis

2 enerif i gaenal -

< . ’ N

St 1 Veund BOL SULKLLILE LOMPILELY 1O UL, LECIKIRE'S sttt
ment that humoral factors are not operating in the release and produc-
tion of leucocytes. I will present evidence on Thursday that such
factors do indeed exist.

With respect to the endotoxm effects described by Dr. Craddods
Professor Komiya and his associatcs in Tokyo have demonstrated the

PP e of leucocytosis-inducing factors in the plasma of anmils
injected with vaccines. They have sent us a sample of their “nentro-
poietin”’ evoked mn the plasma of rabbits by typhoid vacemne. Wehave
found that a single injection of 250 g, of this material, administered
intravenously mnto rats, resulted 1 sig; penpheral phulsz,
in the course of four hours, which is a shorter time interval than that
necessary for the peripheral Ieucocytosss chat follows the mjection qf
typhoid vaccine itself More recently, 1 confirmation of Komiyas
results, we have found that Jeucocytosis-inducing acuvity also appears
in the plasma of 250 g. rats mjected with o+ ml of typhed-pas
typhoid vaccine (New York City Health Department). These exper-
ments support our growing feeling thar there are arcolating factors
which control the rate of rclease and possibly the production of
feucocytes.

Cronkite: 1 was not implymg that there was nothing which would
control the release, I was thuking more of the prolifecation at 2 moré
immature stage. In addition to the Japanese work a Jarge amount ©
work was done by R. S. Farr and colleagues on the problem of the
pyrogenic responst, the plasma factors that are produced and acavated
that influence fever and leucocytosts

Astaldh: Dr. Craddock, you say that with your granulacytic materia!
you have not been able to show morphologieal separations in Iym-
phocytes by phase microscopy or anything else. 1would ke to suggest
that you should also Iook at the osmotic fragility Some cytotoxic sub-
stances when tested in vutro with leucocytes or lymphocyres, and also
in vive duning treatment of pattents with lymphatic Jeukaemia or
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tion of the nucleus and the maturation of the cytoplasm. Similarly
there would be a discrepancy between the apparent maturity of the
nucleus and the glycogen content of the cytoplasm, such as Prof.
Astaldi found. It seems to me that a cell in the myeloid series normally
has a nucleus which is inclmed to undergo segmentation. It undergoes
segmentation as 1t gets older, so perhaps segmentation of the myeloid
cells is a form of nuclear degeneration. When we irradiate perhaps we
are causing nuclear degeneration to set in earlter, and therefore we see
carlier seg ion and Iy hyperseg) ionin this particular
group of cells.

Astalds: s this without maturation of the cytoplasm?

Halse: Only at the normal rate. The nuclear changes have been a
red hernng—they have led people astray. The changes are really a
form of nuclear degeneration.

Astaldi: Do the structures contained 1 the cytoplasm not mature so
well?

Hulse: They may mature, only they are out of ime with the apparent
maturation of the nucleus. When a promyelocyte with a segmented
nucleus matures its nucleus, having become segmented much earlier m
development than usual, will soon look like that of an adult neutrophil.
We may infer from Miss Maloney’s results that xts cytoplasm will
mature at a normal rate and wall therefore be at a much eatlier stage of
development Hence the discrepancy between nuclear and cytoplasmic
maturation, The eventual outcome of such changes may be seen 24 to
48 hours after a lngh dose of radiatton when neutropluls are present
with nucles so segmented that they look like a bunch of grapes.

Lajtha: You may certainly have cytoplasmic processes which are not
affected by irradianon, such as iron uptake in normoblasts, Normally 2

basophilic normablast would mcrease 1ts wwon content from X to X+
P e O N DR NN SN R I Y- S -

‘We have seen that with 5%Fe m cultures. Although the polychromatic
normoblasts would normally have 2 mean gram count of, say, 25,
after a certain dose of radiation we did get a numbser of polychromatic
normoblasts with hugher gram counts We also saw this in the
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when the nucleus was well past the myelocyte stage, and was mackedly
indented o even segmented, but no granules had as yet appeased, or
whether still to call it a myelocyte,

Hilse: In your deparement the dose was something bike x5or. butif
you go up to, say, several thousand rontgens then you get 2 much
Iatglcr number of myelocytes and promyelocytes with segmented
nuclei,

Astaldi; The maturation time of the cells after cheir irradiation prob-
ably is not prolonged. 1 should Iike to suggest that irradiation may ds-
turh the process of maturation in such a way that asynchronism may
tesult, as Prof. Yoffey pointed out. For instance duang maturation of
white cells, both lymphocytes and granulocytes, there is a progressive
increase in the glycogen content; that is to say, the cellular glycogez
increases when passing from lymphoblast to prolymphocyte and small
Iymphocyte, as well as when passing from myelablast ta promyelocyté,
myelocyte, metamyelocyte and granulocyte. If you irradsate these
cells, you may observe that the glycogen content docs not increase
normally, so that these cells mature with a defect m their glycogen
content. This is one of the examples of the paraplism not maturing
completely after irradiation and 1t may be connected with disturbances
in the enzymes, or something else which interferes with the glycogen
synthesis in leucocytes,

Fichtelius: Weicker in Bonn states that there is 2 reduction mitosis at
the myclocyte stage. In pemicious anaerma this reduction mitosts is
inhibited, and as a consequence of this the large metamyelocytes and
hypersegmented neutrophils develop. Weicker counted the number of
drumsticks m females wath pemicious anaemua and found that the
number was twice that n normal ferales This was considered 2 proof
of his theory. Are these condions constdered n the case of your
hypersegmented nevtrophils, Dr. Hulse?

Hulte+ I don’t know whether the hypersegmented polymorph in
permnicious anaenuz 15 the same sort of thmg as the hypersegmented
polymorph after aradiation. 1 would rather think 1t was not, Ka
myelocyte 1s irradiated then 1ts nucleus may become segmented as 2
consequence of the irradiation. The cell then, from what Miss Maloney
says, may snll mature at the same rate but I think that st may segment
furthec as 1t matures  Thos leads to 3 discrepancy between the matura~
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ferentiate, and appear 1n the pcnphcral blood. We have not completed
lysis of the prolife for ion time and mutotze
time of the itradiated animal relstave to the non-irradiated animal.

Craddock: Miss Maloney, after 500 1. and at the time their labelled
cells were dechning, were the dogs very sick?

Maloney: Yes.

Craddock: And yet the fall was pretty similar to that in the non-
irradiated animals We observed similar findings with irradiated
animals using the DNA-S2P labelling technique and were unable to
interpret these, since we felt that there should have been 2 much more
rapid decline in the irradiated sick ammal, where obviously many
thimgs were going on. I think your beauttful data would suggest that
our contention that the normal mature polymorphocyte is a very short-
Lived cell, at least so far as its stay in the penpheral blood is concerned,
is indeed correct.




280 DISCUSSION

rayclocytic series using %15 which is not taken up by the pagdeclisatall
It takes about 24 to 48 hours for the myelocytes to come to the band
cell, and usually the band colls have half the grain couats originally
present in the myelocytes. 1£ you irradiste of give colchicine to such
cultures, you will get band cells with twice the normal grain count:
The number 15 not very large admittedty—many of these cells i
probably die in mitosis. Nevertheless these data indicate that there 8
one aspect of cytoplasmic differentiation which is not inbibited, sd
that maturation, at least in respect of sulphate or iron uptake, €31 £2
on, Other processes, such as ghycopen synthesis which Dr- Asnald
mentioned, may be affected.

Croskite: Yo the Hela cell tissue culture R. B. Painter nd ] §
Robertson (1959 Rediat. Res., 11, 206) have hown that 1rradiadon
does not cradicate the capacity 10 synthesize DNA. 1t conunues, PO
sibly at a slowerrate. The ability to stop doubling the asmountof
is apparently lost and cells continue to incorporate Iabelling materi®
Comparzble observations have been made by Fliedner in u’ﬁﬂli“ca
sats. They continue to synthesize DNA apparently for longex pesiods
of time and in mote than the tetraploid amount, ye& st have the
capacity to dwide but produce brzasre smitotic figures and cclb 'A
comparable seguence Wit observed in the Oak Redge casualties ustof
o vitro uptake. A genetsl interpretation that I would like to propose
is that these cells which have a greater than tetraploid amount of D
are unable to drade at ames, but they contmue 0 mature and when
they start segmentng they have a lot more DNA to segment. L38°
amounts of labelling appear 1 hese cells, completely out of any Ofd‘f
expenience in ordmary nonrradiated cells. This is seen in vitra anc ¥
vIvo.
jarabson. 1n the first 24 hours after srradiation of the rabbit wath
00 1. there are two Waves In the penpheral granulocytes Have you
any mformation on the mechamsm of the two wavess ‘Mass Maloney?
And have you any 1dea about the puzzling prablem of swhat the abor-
tave Tise 157

Maloney: We did not observe a second neutrophulia 1n thus snumal:
1 have no information concermung the ongm of cells whose progety
contnbute ta the abortve mse 1 the periphesal leucocytes. Howeveh
these cells do incorporate tuated thynudine, and they diide, &b+
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ferentiate, and appear in the peripheral blood. We have not completed
analysis of the proliferative el for g ion time and mitotic
time of the irradiated animal relative to the non-irradiated animal.

Craddock: Miss Maloney, after 500 1. and at the time their labelled
cells were declining, were the dogs very sick?

Maloney: Yes.

Croddock- And yet the fall was pretty similar to that in the non-
uradiated animals. We observed similar findings with irradiated
animals using the DNA-?P Labellng technique and were unable to
interpret these, since we felt that there should have been 2 much more
rapid decline in the irradiated sick ammal, whete obviously many
things were going on. I think your beaunfial data would suggest that
our contention that the normal mature polymorphocyte isa very short-
hived cell, at Jeast so far as its stay m the peripheral blood is concerned,
is indeed correct.
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THE MOBILIZATION OF VITAMIN B, IN
RESPONSE TO ACUTE BLOOD LOS$

M. Racumuewirz, O. Stem, Y. Syemv, E. Siion
and Jack Gross

Hebrew University—Hadassal Medical School, Jerusalem

Pretvmvary observations on a factor possibly involved in the
stunulation or control of haemopoesis will be reported here.
These obscrvations wese made in zats in the course of stadies oa
the dynamics of vitamin B,, dustribution during increased blood
production 1n response to acute blood Joss, N

Vitamin {*Ca]B,, when admirustered parenterally to rats 8
concentrated i several organs, especially 1t intestnes, kidney ‘f’d
fiver. Twenty~four hours after the uyection the radiozctivity
begns to decrease n the mntestines, kidney and other organs Only
in the Iiver is there 2 continuous rise in radtoactivity lasting up t0
seven days after the injection. The phystological factors govemn-
ing the release of By, from its stores are unknown, It 1s to be &%
pected that § d d ds such as d blaod T
tion would be associated with release of By, from its stores With
the purpose of investigating this assumption, acute anaemis Was
produced w some rats by bleeding, and 1 others by haemolysis,
and the effect of these procedures on the release of By, from ats
storage compartments was studied,

The animals which were bled and examined 24 hours later
showed a significant Joss of labelled B,, from kidney and hver.
Ins rats in which the anaemua was produced by haemolysis no dif-
ference in the total radtoactivity of the kidneys and hver was

P
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observed i comparison with the control rats, although the degree
of anaemia was of the same magnitude in both groups. The loss
of radioactivity from liver and kidney is more evident when the
By, lost 15 expressed in relation to the entire radioactivity of the
animal at the time of the experiment. When the lost blood is
replaced by the equivalent amount of whole blood or red cell
suspension, mobilization of By, from kidney and hver is pre-
vented. On the other hand, when the withdcawn blood is
teplaced by the same amount of plasma, loss of radioactivity of
the kidney and liver was observed equivalent to that occurring
after bleeding alone. Mobilization began as soon as half an hour
after the bleeding, wath the maximum effect occurring in the
first four hours following the haemorrhage.

It was then necessary to determine the fate of the B,, mobiltzed
from its stores. It was known that only a small part of the mobil-
ized By, was excreted in urme and faeces It was therefore appar-
ent that the released By, must go mto another body compartment.
To test this the following experiment was carried out. The rats
were treated as before, but the carcass was now subdivided into
two main fractions: one consisting of the bone and muscle and
the second consisting of all the remaming viscera and skin ex-
cludmg hver, kidney and spleen. At the same time a sample of
muscle was taken for counting, from which the total muscle
radioactivity in the muscle-bone fraction could be determined.
The raduoactivaty of the bones was also determuned after they were
separated from the alkaline homogenate.

It was assumed that any radioactivity not accounted for in
muscle and bone would be present i the bone marrow. It was
found that there was a marked fall in the radioactivity found in the
viscera, with a corresponding but somewhat slower rise in the
muscle-bone and bone marrow compartment. Thus change was
present i the “bone marrow” fraction since the radioactivity of

e muscle and bone remained more or less constant over the
period of the experiment.
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The liver and the kidney also showed significant decreases in
radioactive By,, although the magnitude of the phenomenon was
somewhat less than in the previous experiments. This difference
might have been due to the fact that somewhat older rats were
used in the last experiment.

Several furdher observations can be made. The By, radioactivity
in the “bone marrow” fraction is negligible in the control
animals. Under the stumulus of bleeding it rises rapidly in the
first hour, then more slowly to reach the peak at 12 hous,
following which there is 2 decline in radioactivity in 24 hous.

Corresponding with the rapid drop in the By, storage com-
partments there 15 a significant rise m the first half-hour in the
blood By, radicactivity, which then falls rapidly to control levebs

It is clear, then, that bleeding causes mobilization of By from
viscera, kidney and hver. This By, is delivered into the blood and
then passes into a portion of the body which is most probably the
bone marrow.

Discussion

These experiments show that withdrawal of blood results 1.2
remarkable shift of [*Co]B;, from its storage compartments. The
loss of the comparatively small amounts of radioactive Bye €07
tained in the shed blood cannot account for the considerable
quantities of the vitamin mobilized from its compartment stores
The lack of correlation between the quantiues lost to the body
and the amount of By, released from the stores is also borne out by
the observation that remnfusion of plasma, containing some 50 pef
cent of the vitamun lost, does not change the effect of bleeding on
the release of By,.

PR R SO

when the lost red cells are replaced by reinfused cells or by w}m}c
blood. The fact that the stumulus is absent when the acute anacmia
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is produced by haemolysis is also in agreement with this conclu-
sion. It appears that the mobilization of stored B,, precedes the
increased blood production following the anaemic anoxia. It
could be speculated that the By, entering the bone marrow is in
some way connected with or forms part of the primary stimulus
to increased blood production as a result of acute blood loss.

The réle of the phcnomcnon described in the maintenance of 2
constant red cell level, asa & ic hanism or a feedback
system, cannot at present be cvaluated, and further studies are
needed to throw light on this problem.

DISCUSSION

Stohl: This diffe between b lytic anacmia and blood
loss 1s mtriguing. How rapidly is the anaemia produced in the haemo-
lync syndrome as compared with the blood loss, and how severe was
1t in the two instances” Have you tried to reinfuse damaged or frozen
red cells?

Rachmilewstz: The degree of anaemia in haemolytic anaemia was
certainly not less thzn in the bleeding anaemia. We have two sets of

with phenylhydrazine; in one we i ’thcotgms
24 hours after the 4 ion of phenylt , and
in another set we examined the organs four dayx after, and there was
no difference m effect.

Cronkite: A counterpart of this type of potential ““feedback mechan-
1sm” came out of studies with platelets. If one hypertransfuses viable
platelets that will crrculate in the rat to a platelet level of twice to thrice
the normal amount, and then lets the platelet count spontaneously
decrease, 1t keeps going down, to perhaps 20 per cent of the pre-
transfusion Jevel, and it takes four to five days to come back up. How-
ever, 1f one lyophilizes the platelets, or does anything to them so that
they will not arculate, such as storing them for 24 hours, there is no
inhibion or secondary fall of platelet level—thus remains constant.
This factor that apparently temporarily turns oE' the pmdumcn uf
new platelets and disturbs the steady
labile and irs nature is not charmcnz:d.

4 Iy
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Lamerton: Presumably the four-day infubition would be the tme
taken from the proliferation of the megakaryoblast up to the peaduc-
tion of platelets?

Cronkite: That is what I thought, but as one Jooks at the rmarrow 23
the spleen of the rat, the megakaryocytes Yook as if they ought ta be
making platelets, but apparently they are not.

Yoffey: You have no views on the suggestions about exteamedullary
sites of platelet formation?

Cronkite; No, except in rodents where it obviously goes on in the
spleen, andsome pathologsts continue to comment on ‘megakaryocytes
in the lungs. .

Lajtha: Dr. Rachmslewntz, you chusk that the samulus for viamit
B, release, or rather the inhtbition of B, release, is due to 2 breakdown
product of the red cell, and if you decrease the normal feedback of
these breakdown compounds to the hver by saking out 2 Targe pro-
portion {in your expenments half the blood volume of the amim
then would vitammn By, be released?

Rachmtlenoiiz: §t 15 not only hver. We have secn the storage con”
partments from which the By comes, and the most important is 1 the
viscera—probably the intestines and to a lesser degree from the hves
and kidney. 1 thmk there are two aspects to be considered: one s d}ﬂ
mobilization or release of B,; from 1ts stores, and the second 18 s
entrance tato the bone marrow immediatcly after that, Chronologie
ally the first eventisa release of By, as I have shown, and the secon
phase is the entening mto the bone matrow, for 2 very short i€,
because i the control ansmals the bone marrow has almost no l:ﬁdll"
acavity. You have seen how quickly the radioacuvity declmes in the
bone marrow. .

Lajthe. What do you thunk this Byg does m the marrow? Does 3¢
simulate nucleic aid synthests, of synthests of haem? 1 1z wosks o7
uclcic aaid metabobsm manly, then whether you produce apaesiia
by haemolysis, anoxta or bleeding, you should get the same transfer. 16
fowever, the compound only works on hacm synthesis, then you shoutd
b able to “dilute” the By transfer wath haem breakdown p_roduoﬂ‘
as 15 supgested by your cesults with phenvthedea—=s -

Porbiedfe e T .

- - o= - .. . s
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draws in considerable quantizes of By, Eight days after partial
hepatectomy the regenerating hiver contains almost the same amount
of By, as before hep 50 it 15 probably some manife of
regeneration of any organ, not necessarily of bone marrow.

Gordon* Partial hepatectomy entails the removal of a considerable
part of the blood volume Might not this superimpose a factor of
hypoxia in your hepatectomy expeniments?

Rachmilewitz+ This may be true, but i the regencrating hver there
is a constderable rise in By, while in the case of blood loss the Liver By,
1s diminished.

Yoffey: To what extent does free haemoglobmn mn the blood stream
have any kind of réle as an oxygen carmer compared with the haemo-
globin when it is m the red celi?

Stohlman- Are you speaking of haemolytic anaemia? I doubt iof
there is any free haemoglobm in the blood

Braunstewner- Haemoglobm m the serum 15 normally bound to
haptoglobin.

Gordon: The coelomtc flmds of many invertcbrates, especially the
L M) . ARSI e
the
nal

pressures of the gas. This probably an adaptive
of aquanc and semr-terrestnal organisms to their environment.

Craddock* 1s there any possibility that the red cell stroma, or some-
thing 1n the red cell, could contam 2 mmute amount of B;, which
could be lized, and therefore the depl of B;; would be
lessened 1n the two situarions?

Rachmlewitz Whipple (Woods, W D, Hawkms, W. B,, and
Whipple, G H. [1958] J. exp Med, 108, 1} showed a few years ago
that after haemolysis and bleeding By, 1s mcorporated mto the stroma,
but I think the quantines nvolved are very small. 'We are dealing here
with the mobihizatton of much larger quantines than the amounts lost
m the shed red cells.

Stohlnan- You were measuning mobilization of cobalt, not of Bjy—
15 all of the cobale still in B,,?

Rachmlewz  We now ntend to do the same thing with micro-
biclogical studses to know whether the same effect will be obtained.
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Bue itis very suggestive that cobalt-60 is present in the form of vitarmin
By,
Cronkite: We did a series of studies in conjunction with the Merck
Corporation, trying to ascertain whether cobalt-60 for prolonged
periods of time stll represents By,. I think the answer is that 93 per
cent or more of it does for long periods of time (Rosenblom, C, 22
Cronkite, E. P., to be published).
Rachmilewitz: Yes, the total amount is the same. i
Cronkite: We tried to do comparable studtes in irradisted anjmals
during regeneration, and we missed it. .
Linman; Have you had a chance to study the effect on vitamin By of
hypoxic hypoxa or exposure 1o lowered barometric pressures?
Rachmilewitz: Not yet, but it 1s on our programume,



STUDIES ON THE KINETICS OF ERYTHROPOIESIS:
A MODEL OF THE ERYTHRON

1. G. Laytsa and R, Ourver

Radiohiology Laboratory, Department of Radiotherapy,
Chureholl Hosputal, Oxford
“What's the nse of their having names,” the Guat sad, “if shey won't
answer 1o them?"
{THROUGH THE LOOKING-GLASS)

In recent years, particularly with the ard of radioactive isotopes,
a great deal of mformation has accumulated on various aspects of
the kinetics of erythropoiesis. In science, if and when sufficient
data ate avarlable, st is permisuble to attempt to construct 2 model
for further investigational purpases, to be confirmed, modified,
or discarded. Such an attempt 15 presented here, correlating
avatlable information on the nucleated red cells 1 the bone
MATTOW to give 2 mental picture of their fanctioning #5 8 unit, the
erythron,

The model as described here refers to man, as most of the data
presented were obtained with human bone marrow cells, First
the expernmental evidence will be presented, followed by its
synthesis into a model, and in conclusion some hypotheses.

Experimental evidence

Most of the evidence to be cated has been reviewed previously
{Lajtha, 1957). No technical details will be given hese; reference
1 made to origmal sources

(1) Rate of **Fe uptake by nucleated red cells at different stages

3 on rad

o on as d graphs (Lagtha and Swe,
RAZMO w10 28
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1955; Suit et al., 1957). The rate is highest in pronormoblasts,
somewhat less in basophilic normoblasts, and it further decreases
in the following order: early polychromatic normoblasts, lte
polychromatic normoblasts, marrow reticulocytes, blood se-
ticulocytes (Fig. 1). The findings ate similar with ribonucleic
acid (RNA) or protein label (Lajtha, 1957).

8
ssmaenns

byt et r—————— q—
BN EF MP LP PE oSS BN EP Mp LP PE  6HRAID
INBONEMARROW AT é 1S, PE W N BONE MARROW AT 6 4RS PE B
BLOCD BOOD

EXPRIOI7 RIOI8

Fi6 1 Spread of gramn counts over rabbit normoblasts and erythrocytes
after an njection of **Fe,
BN= basophilic normoblasts, EF, MP, LP= early-, auddle-, and late-
lych blasts, PE= polyck eryth {reticn-
tocytes)
(Reproduced from Lajtha and Surt, 1955 by permssion of the Bditor of
British Journal of Haematology )

poly

(2) Haemoglobin content of normoblasts at different stages of
maturation measured with n.v. absorption at 4,047 4 (Carvatho,
1954}, This from an approxi 16ppg. per cellm die
basophilic normoblasts to just over 30 yug. 1 the erythrocyte.
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As the haemoglobin content of the cell increases, its RINA content
{cytoplasric hnsoplnha) decreases.

(3} Appearance in blood of rmadacyre: with unexpectedly high
SFe convent (Suit ef al, 1937). While six hours after sdministra-
tion of ¥Fe to rabbits the radicautographic grain counts over
blood reticulocytes are Jow, by 24 hours cells appear with grain
counts simular to eatly normoblasts (Fig. 1}, As after six hours
there is insufficient #*Fe in the plasma to give a radioautograph,
these cells could only have odiginated from early normoblasts
wmatstring without intervenwng cell division (a3 every division would
have halved the grain count).

{4) Changing rate of the sputhesis during interphase. If the rate
of synthens of a compound is constant it a cell type {e.g. baso-
philtc normoblasts) then the grain counts on radivantographs
would show a Poisson distribunion, However, grain count dss-
tmbution studes indicated that the rates of synthesis of most
mmyounds (Hb, RNA, DNA [dcownbonuclmc md]) are

ging, and are compatible with an
rate, n.¢. mncreasing from “2u rate ' fafter tmmsu) to *4n zatc
{iminedutely prior to mitosis), as shown in Fig. 2.

(5) Cell cycle. The cell cycle 1 respect of DNA synthesis and
mutosis has been established 1n human bone marrow cells in witro
(La_‘thn Thver and Ellts, 1954} and {cr the pronormoblasts and
cycle time of sbour 20
hours was found. The cyck e 1s somewhat longer m the poly~
chromatic normoblasts, and there 1s no DNA synthesss in the late
normoblasts, mdicanng that the latter are not dwidmg cells
(Lagtha, 1959)-

Simihar cycle tme for pronormoblasts has been found in dogs
1 yivo, using the ¥Fe grain count halving time, perhaps the best

* Note thae there 15 2 speaiss dfference i mpmof 1) and (2 between man,
dog and rabby on ene hand, md the rat on rh ( ) d. Tn téz)hntx the baso~
P contan and defc
#Fe uptake 12 ssmdlar to the hte nomxobhm (ﬂmrd] x947, Ausmm. 3958)
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direc)t measure of cell generation time (Alpen and Cranmore,
1959).

(6) Lack of direct cffect of erythropoictin on normoblasts i vitr.
Urinary erythropoictin, which exhibited marked stimulating
effect on erythrocyte production in rats in vivo, failed to show any
Ff}'ef: in vitro on the cell cycle of human normoblasts, neither did
it stimulate ®Fe uptake by the cells (? 10 per cent increase) It was

e B

I NOVR;G t

MTOSIS MITOSIS
cmiee s ST seaheds

concluded that erythropoictin does not act by shortenmng the
mtermitotic time of the normoblasts (Alpen, Lajtha and Van
Dyke, 1959).

(7) Dilution of a labelled normoblast population by unlabelled
cells of unknown origin. Alpen and Cranmore (1959) found that
while 1n normal dogs about g5 per cent of the pronormoblasts
remarn Jabelled for about 24 hours after **Fe labelling, in their bled
dogs (stimulated erythropoiesis) the proportion of labelled cells
drops to less than 20 per cent by 24 hours. As the grain count
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halving time did not differ in the control and bled animals, they
concluded that the unlabelled cells originate from an undif-
ferentiated {no sron uptake) ““stem” cell population. The normal
*“feed” from the stem population into the erythron is indicated
by the fall of “per cent labelled cells” in the control dogs from
95 per cent (at 24 hours) to sbout 20 per cent (at 72 hours). Tlus
“feed” 15 accelerated by erythropoictin as shown in their bled
dogs.

Sumilar observations were noted in this laboratory by Suit
(1956) in rabbits. The control rabbits showed a high level of
SFe-labelled early normoblasts for about 24 hours, but this pro-
portion decreased to about 7o per cent by 24 hoursif the rabbits re-
ceived 200 r. whole-body 1rradiation prior to *Fe administration
(Fig. 3). As such 2 dose of radistion would inhibit mitosis for
about 12 to 15 hours, the unlabelled cells “diluting”’ the labelled
population (especially i view of the findings of Alpen and
Cranmore, 1959) mdicate feed from an undifferentiated stem
population. These observarions furthermore indicate that stem
cells can differentiate into the erythron without intervening
division

(8) Additional information used:

(a) The normal bone matrow differential count 1n man (i.e.
ratio of pronormoblasts: basophilic normoblast: carly poly-
h Iate polych ic normobl: locytes,

(b) Appearance rate of a tracer dose of ®Fe in the peripheral
erythrocytes (normal and sumulated) 1n man.

() Concept of *“meffective erythroposesis” (Finch et al., 1956).

(4) Bone marrow erythroid cellulanity (Suit, 1957).

(0) Assumptions made :

{) Tt has been suggested (Alpen and Cranmore, 1959; Lajtha,
1959) that the pronormoblasts are partially self-mamtaining,
supplemented by differentiation of stem cells  This would, how-
ever, imply a ““choice” to be made by cells between dividing only
or dwiding and differentiating  For the present model 1t is
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taken that each cell can only produce its own kind by division,
and that the stem cells are the sole source of normoblasts (not-
withstanding differentiating divisions of normoblasts).

(5) Tt is assumed that the stem cell papulation has its own
internal homeostatic regulation, and thar differentiation of stem

100+
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Fi¢ 3. Changes in propottion of Labelled carly baso-
philic normoblasts n rabbuts after 2 single dose of

Solsd bine= control antmals, Intersupted hne= 2007,
whole body irradration immediately prios to *'Fe
yection

cells into the erythron is a random process, initiated by d_lc
humoral factor erythroporetin (possibly by enzyme induction 11
the stem cells)—a certain level of erythropoietin removing 2
certain percentage of the stem cells into the erythron.
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8!
tion influences nuclear functions in the normoblasts: having
reached a certain concentration the cell may become incapable of
further mitosis; at a later concentration the loss of nucleus may
occur (? karyolysis, ? karyorrhexis, ? extrusion).
(d) Although not a prerequisite for the model, it is assumed
t the “pronormoblast” is merely a 41 form of the earliest
normoblasts, consequently *“pronormoblasts” would be called
“basophilic normoblasts” in their 21 state {i.e. after division).

Description of the model

Based on the foregoing, the model, as shown in Fig. 4, has been
constructed. ‘The description of events, based on this model, is as
follows:

One stem cell differentiates into the erythron and takes the
morphological appearance of pronormoblast. Within about 20
hours this cell will divide, but before division it may already have
started iron uptake. The morphological character, however, may
develop earlier than the abulity to take up 1ron.

After division the two daughter cells, beng smaller, may be
called basophilic normoblasts () These cells synthesize haem at
a fast rate, and, after a post-matouc gap (Gy period), wall synthe-
size DNA (S period), followed by a pre-mitotic gap (G, period)
(Fig. 2). By the tume they are about halfway through their S
period they are larger and may be called ““pronormoblasts”.
After dwision the same cycle repeats itself (Ib). By the following
cyde (Ic) the haemoglobin content of the cells has increased
sufficiently to interfere with the “nuclear structure”, so that the
cells at the end of Ic stage will not assume the morphological
appearance of *“pronormoblasts”.

Perhaps already in stage Ic some loss of RNA occurs from the
cells (thus decreasing overall cell size and altermg the morpho-
logical structure of the nucleus)—but this Joss becomes obvious
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in stage I when the cells assume the morphological appearance
of “carly polychromatic normoblasts™.*

Concomitant with loss of RNA, all cell functions {iron uptake,
protein synthesis, cell cycle) slow down slightly, and the inter-
mitotic cycle of stage II cells has been taken to be 30 hours s
opposed to the 20 hours of stage I cells.

The number of mitoses a cell undergoes, and the intermitotic
cycle time (or “hfespan”™ mn the case of non-dividing cely)
deternunes the praportional distribution of cells in the erythron.
As can be read from the model the distribution 1s

7%5 i 35 (“hours’ worth”) pronormoblasts

6x1 y .
Bx 2; ”' 250 " basophilic normoblasts
T2x30  ,, 360 " early polychromatic
normoblasts
16% 50 smiddle and late polychro-
872 matic normoblasts, and
4x18{ ” ” orthoclromatic normo-
blasts
16x40 . 640 " marrow reticulocytes (f
Dtfespan n marrow only
40 houts)

and this agrees well with the differentral count in normal matzows
As the distribution of basophilic normoblasts n stages Is, 13;
and c is 2°4:8, most measurements on “basophulic normobasts
represent 2 predominantly I population (ie two dvisions
S ] . St .+ 7 basophulic to

. - fnn realtey—-a3
. o be shassificd

o . . ular dvmon
(depending on the nomenclarure used) This, however, does not vignificantly
affect the model,

T gt
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“INEFFECTIVE
ERYTHROPQIESIS®

D1EFo) 1T’ IV(ONo)
035 025-015
012-010
527 b

oo

STAGE 1a 15 | Ie O{ERy) 1 (MPo-LPo) N{Mﬂ)
(Zﬂhrx 20hrs | 20brs | 30hrs S50hrs hrs

2 [Rate/zn celune 0 § 05 |05 033 025 o2 170]5012010
§-{L‘wvmt/:eu K72 21sf08 25226 zol3s l l l {

Fic 4 Kinetic model of the erythron.
Sw=stem cell compartment; Pro= pronormoblasts, Ba=basophilic normoblasts;
EPu, MPo and LPo— eatly-, mxddle-, and late polychmmanc normoblls!s'

, O
hnes andicate length of mtenmzonc r:yd: or duratton of stage in hours Rate of
) conteat are expressed in ppg
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removed from reticulocytes), while for similar reasons those on
**pronormoblasts” rep a predominantly Ib population (ic.
three divisions removed from reticulocytes).

According to the model one stem cell differentiating into the
erythron will produce 20 reticulocytes, and one stem/hour wall
produce 20 reticulocytesthour, with 1,517 normoblasts in
between. The daily reticulocyte production in man is about 10"
per day, .e. 4x 10° per hour, corresponding to sx 10° stem cells
per day, i.e. 2x 10% per hour. For each stem cell entering the
erythron there are 1,517 normoblasts in the erythron, thcrch(.C
the number of nucleated red cells in the marrow (man) i
2x 10°x 1,517 i.c. about 3x 10™, corresponding well to the figure
found by Swit (1957).

All stage II cells are preparing for mitosts, and, usually, after 2
30-hour-cycle they divide, giving rise to stage Il cells—these
latter, because of further loss of RNA, synthesize haemaglobin at
a slower rate, and as at a certain concentration of hacmoglol'ﬂg
(> 135 ppg./2n cytoplasm) the process of “nuclear pyknosis
starts, they will not synthesize DNA and they will be incapal?lc of
further division. Cytoplasmic processes, however, continue,
and after a certan haemoglobin level has been reached the nucleus
is extruded or lysed and the cells become marrow renculocytes
(stage IV).*

Although all stage I cells are preparing for mitosss, 1t 15 postal-
ated that an mtnicate balance exists between cytoplasmic differ-
entiation (? haemoglobin content) and ability to divide, Thus2
proportion of stage IT cells (stage II’), which perhaps synthesize
haemoglobin somewhat faster than the average, may reach the
critical concentration of haemoglobin which wutiates “nudul"
pyknosis” (> 27upg./4n cytoplasm) by the end of their 30 hours
cycle, and consequently they wall be unable to divide. Such cells

concarvs

rerizt

* Stage III cells start thetr existence with 2 pure diploid nucleus lrs
able that thus nucleus 1 exsruded as such, but a gradual foss of nuclear ma
{especially RNA) 1 likely to occur,



A MODEL OF THE ERYTHRON 299

will enter a different pathway as they start stage Il with a tetra-
ploid nucleus and twice the haemoglobin content of ordmary
stage 111 cells. Tt may be more difficult to get nid of a tetraploid
nucleus than of a diploid nucleus, and therefore, although (based
on their iron content) these cells enter very shortly into stage IV,
they still retain their nuclei—thus instead of becoming marrow
reticulocytes they become ““orthochromatic” normoblasts. Such
cells will lose their nuclei at such a late stage of cytoplasmic dif-
ferentiation (haemoglobin content) that some may not produce
reticulocytes. It is assumed mn the model that this pathway alo
produces normal size erythrocytes, 1e. the absolute rate of
haemoglobin synthesis falls steeply. However, in reality it is
likely that the rate of fall is less steep than illustrated, and this
would then result in shghtly larger erythrocytes than normal
(macrocytes).

Tt 15 expected that some unbalance of the nucleo-cytoplasmic
functions may cause cell death at early stages—this would result
in destruction of cells capable of iron uptake—signified on the
scheme as “ineffective erythropoiests”.

Nucles,

acid and protein synth

DNA synthesss only occurs during a limuted period in inter-
phase (S period in Fag 2) and in bone marrow cells 1t is sitnated
more m the second than m the first half of interphase. The
duration of S period 1s about ten hours in the *“dividable” cells
(Stages Tand I, I'). Some of the non-dividing cells (stage IIT, I
and IV) may show a vestige of DNA-synthesizing ability, but »f
50, this 13 sigmificantly decreased.

Consequently, the proportion of cells at any time capable of
incorporating DNA label (percentage posttive with e.g. [PH]-
thymidine) will be higher 1n stage I cells than 1n stage Il cells (and
perhaps higher in “pronormoblasts™ than m “basophilic normo-
blasts™), and will be significantly Jowered in stage I onwards,
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ghe expected figures for positive percentage values would
e

“pronormoblasts” about 70

**basophilic normoblasts” about so

stage IT and II' cells about 33

stage 111, HI and IV cells about o-? 10

Furthermore, the gram counts (i.e. rate of uptake per cell per
unit time) will be sigmficantly Jower in the occasional posittve
stage I, 111’ and 1V cells. This, in fact, agrees with the radsoauto-
graphic findings 1n human bone marrows (Lajtha, 1959)-

RNA, protein and haemoglobin synthests 2ll occur throughout
the interphase, therefore at any given time all cells (apart ﬁ'?m
orthochromatic normoblasts) will show uptake of the respective
precursors (100 per cent positive).

As, however, loss of RNA (cytoplasmic basophulta) starts by
the end of stage Ic and is progresstve through the stages affer-
wards, the uptake rate (per cell) of the respective precursors will
be progressively less from stage If and I’ onwards.

5Fe uptake

The first pronormoblast coming from the stem cell (before
stage la) requires special consideration. It 1s not known what
processes lead to the morphological tcansformation of a stem. cell
to pronormoblast, consequently, although i duatel beforf
division the rate of iron uptake may proceed at the “normal
rate (3s in all stage I cells), some ttme hefore that, iron uptake may
occur 5o slowly that it may not be vistble on radioautographs.
This would suggest that a small proportion of pronormoblasts
(i.e. in the carly part of the pre-la stage) will show no or very

lttle #Fe uptake—and mn fact 3 to 5 per cent of them are usually
1 <ok 1 b 1. biﬂ

“negattve” on_radi grap q globi
synthesis proceeds 1n every intact cell (except perhaps 1n cells in
the process of dying in “meffective erythropasesis”).
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The rate of iron uptake per unit mass is taken as constant in any
given stage, but the rate of uptake per whole cell will increase
exponentially, in proportion with the increase 1 cell mass from
2 to 4n. Although within one duplication the median or mean
iron content of the cells 15 very similar, irrespective of whether
the rate of synthesis is constant or exponential (e.g. content
increasing from 10 to 20, mean value at linear rate=15, at ex-
ponential rate=14) (Fig. 2), nevertheless, the rate of iron uptake
per cell 1s sigmficantly less at the beginning of a stage compared
with that at the end of the stage. For the same reason, “pro-
normoblasts” should have higher gram counts with ®Fe than
“basophilic normoblasts”. Simularly, I cells (EPo no longer
dividing), like all other stage I and stage I' cells, synthesrze
haemoglobun at a faster rate near to the end of ther cycle, and

s B T e ' '

those over average basophilic normoblasts—in accordance with
findings i rabbits and dogs (St et al., 1957; Alpenand Cranmore,
1959)

The rates of 1ron uptake (haemoglobn synthesis) per 2 cell—
1e unmediately after mitosis—are taken as o sppg./hr. in stage I
(2, b, ¢), 0 33 m stage I and IT', decreasing further in stage Nl from
025 t0 0+ 2, and in stage [V from o+ 17 to o xopyeg.the, Stage IV
cells are 4n as they faled to divide, their rate is taken as falling
from o- 5 (the rate at the end of stage Il or IV') to 0- 15 and further
1 stage IV’ from o- 12 to 0- 10pg./hr.

The above rates of haemoglobin synthesis would result in blood
reticulocytes g 3oppg. b lobin, 2 figure known to
apply in man.

Tha hnacmnclab o ancrans <fsli oMo sl 100
ber
15 : :

[1954]), with 2 spread of hardly above 0 to 25. A concentration of
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The expected figures for positive percentage yalues would
be:

“ proncrmoblasts" about 70

“basophilic normoblasts™ about 50

stage 11 and ¥ cells about 33

stage 1, TV and IV cells about o-? 10

Furthermore, the grain counts (i.c. rate of uptake pet cﬁ“‘ per
unit time} will be significantly lower in the occasional posia¥e
stage HI, 110 and IV cells. This, 1 fact, agtees with the radioauto-
graphic findings in human bone marrows (Lajtha, 1959

RINA, protem and ‘hacmoglobin synthesis ‘oIl occur throughost
the interphase, therefore at any given time all cells fapart from
orthochromatic normoblasts) will show uptake of the respectve
precursots (100 per cent positve)-

As, however, loss of RNA {cytoplasmic baxop}xﬂn) starts by
the end of stage Ic and is progressive through the stages afies
wards, the uptake zate {per cell) of the sespective precursors ¥
be progresively less from stage 1 and I’ onwards.

sipe uptake

"Fhe first promormoblast coming from the stem cell {before
stage Tn) requires special consideration. It is not known what
processes lead to the morphological esansformation of 2 St £
to pronormoblast; consequently, although immedutely befort
division the rate of won uptake may proceed at the "o
rate {as mall stage T cells), some tme before that, iton uptake m2Y
oceur so slowly that 1t may not be visble on radioantographs-
This would suggest that a small proportion of p:onormobhsu

e, in the carly part of the pre-Ia stage) will show no or ver¥
Little 5°Fe uptake—and m fact 3 to § per cent of them are usualy
“pegative” on radsoautographs. Subsequently hnc:fnoglo it
wmhcsis procccds n every mtact cell {except Pcfh,fl” in cells in
the process of dying m “neffective crythropotesis ).
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significant reutilization of iron duc to random destruction of
reticulocytes or from “ineffective erythropoiesis™) can also be
calculated from Fig. 4. The curve thus obtained is dlustrated in
Fig. 5, the time at which 50 per cent of the eventually appearing
radioactivity 1s released being about 74 hours; the curveisin good
agreement with that obtained in man. It may be worth noting

©-10 MRS
50-100

40-50 *
50-60

80-90

100-10 *
no-120
ro-pa v
uo-s0
150-160 »
®O-170 o
170-130

g
£

10-40
£0-70

el
5|8

Jﬂ‘{#ﬂ( [T

Fi6 6. Gram counts over erythrocytes 1 perpheral blood after ad-
‘munsstration of #Fe as calculated from the model on Fig. 4

Dotted line; average gran count for all labelled cells ar that ame

Solid lines, proportional distnbution of gran counts for cells released in

a 10-hour period (1¢ between 20-30 hours 80%, 1-5, 20% 5-1-6-3)

Note appearance of cells with high grain counts 13 the second and
and third 1o-hour pertod

-8 e s

o

that the rate of appearance between 20 and 120 hours is practically
linear.

Sunilarly the gram counts over newly released cells can be cal-
culated. The calculated gram count dustribution and average
grain counts over labelled perspheral red cells following labelling
with ®Fe are 1llustrated in Frg 6. It can be seen that by 30 hours
some cells with lugh gram counts (from pathway II') would be
expected 1n the peripheral blood.
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> 27upg. per 41 cell (or > 14ppg. per 2u cell) is taken as the stage
where “nuclear pyknosis” is initiated, and 2 content of about 30
pieg. as that at which the cells (teticulocytes or orthochromatic
normoblasts) leave the marrow. The 2n nucleus is lost at the end
of stage TII (24 sppg. Hb per 21 cytoplasm), the 4n nucleus of the

99

928

835,

&
a
o

PER&ENT

0020 40 70 s0 120 #O 160 180
HOURS

Fic. s App of #FE in penipheral erythrocytes of

man after a single tntravenous adminustration of the

tracer—as calculated from the model on Fig. 4. “Per~

cent”=the 11

b; PP

o
amoung of radioiron

orthochromatic normoblast (IV’) at or after the ume of release
from the marrow. .
The above concept also tmplies that 2 late IV orthochromatic
normoblast takes up 1ron at a slower rate than an early [V marrow
retrculocyte.
The rate of appearance of radioactivity 1 the peripheral blood
after a single injection of high speaific activity Fc (assuming @
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pathway would produce only half as many cells as the TI-TH-IV
pathway, but simultaneously with the shifting of more cells to I
the increased erythropoietin level wnill increase the proportion of
stem cells entering the erythron, thus increasing the absolute
number of all erythroid cells.

Megaloblastic erythropojesis

Although the interconversion of normoblastic and megalo~
blastic erythropotesis is established, the biochemical “lesion” in
the megaloblast 15 still unknown. There appears to be no de~
ficiency whatever in these cells in respect of DNA, RNA, protein
or haemoglobin synthesis. Nevertheless, in patients with megalo~
blastic marrows there is a significantly increased “ineffective
erythropoiesis”, 1.c. mereased cell death (Finch et al., 1956).

A delay in entering mitosss has been suggested by Reisner as the
explination of the megaloblastic lesion (Reisner, 1958). While
thus hypothesis needs versfication, such a delay may involve an
elongation of the G, period (Fig. 2) thus increasing the proportion
of cells with tetraplord amount of DNA, RNA and protein. This
mn fact seems to be the case 1n megaloblastic marrows. This
delay, especially if coupled with a high proportion of “meffective
erythropolests”, would result in a shift to the left, an mcreased
erythropoetin level svith concormtant shaft to the I'-IV” pathway
Le. orthochromatic nucleated red cells and possibly macrocytosis.

It 15 emphasized, however, that the nature of the megaloblastic
“leston” at the cellular level still awaits clarification, and the above
theory s highly congectural.

Radiation effects on the bone marrow

Accordmg to the model the bone marrow cells “proper” (in
this case the normoblasts) are not a self-maintaining but a transient
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Applications of the model
Regulation of erythropoiesis

In steady state equulibrium the proportion of stem cells dif
ferentiating into “pronormoblasts” is presumably regulated by
erythropoictin, The mechanism of differentiation may be
inttiated by an enzyme induction in a proportion of the stem cell
(perhaps similarly to adaptive enzyme formation).

Should the level of the circulating erythropoictin increase, the
rate of ““feed” of stem cells into the erythron will increase, thus
increasing bone marrow erythroid cellularity, and, ccnsequcnt.])'.
reuculocyte production. In experimental anumals a tenfold in-
crease of red cell production rate can be produced—this would
imply a tenfold increase in the rate of feed of stem cells info the
erythron.

With return of the erythropoietin level to normal the feed
retwms to the normal rate, and, as the rate of loss of nuclcatf&
erythroid cells 15 a first order process, the marcow cellularity
decrease until the loss and feed again reach equiltbrivm {Alpenand
Cranmore, 1959).

Although the main action of erythroporctin 15 expected to be
the enzyme nduction 1n the stem cells, it is possible that it hasa
limuted stimulating action on cells alteady contaimng enzyme—
indeed in vuro studies mdicated a shight {~ 10 per cent) sumulanon
of #°Fe uptake. This stmualation, as mentioned before, ¥
increase the proportion of cells n the II” pathway, thus causing an
apparent shorterng of the stay of cells i the marrow at the €
pense of the number of cells produced. The result wuh *Fe
would show (a) a stecper appearance curve in the peripheral blood
(which 15 the case), (b) a hagher than normal proporeion of ery=
throcytes wath hugh gramn counts, and () a higher proportion of
“orthochromatic normoblasts”, both m the marraw and, at g
erythropoictn levels, i the perspheral blood (as is frequently
found after severe hacmorrhage).
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ate of the stem cells is artificially increased.* This would be
chieved by increased erythropoietin levels (produced by vene-

500 rads
Stem cell stock ——Integer

=~ Damaged
R

rr Daly dfferentiation Integer
05 -
~ -
Zos N 7
~ 1 7‘
-o2 o
%) 1 [l
3 Vo
3 / ' 1
B g1 1= D
/ T --—--/
i
H E;
oo /7 7
003
0

2 48 72 96 120 K4 166 192
HOURS

Fic 7 Numencal changes 1n stem cell population and stem cell duffer-
entuation after 1rradsanon (from data m Table I).

-1

section, anoxia, anaemic plasma mjectsons), which, in fact, have
been found to facihtate regeneration of erythroid elements after
* This 15 because, after certam doses of irradiation, e g 300-500 rads, 1t 13

mostly damaged cells which would be removed, either by differentiation into
the erythron or by death i attempting division (Table I)



306 L. G. LAJTHA AND R. OLIVER

population; consequently, regeneration after radiation damage,
for example, is effected by the stem cells (Lajtha, 1960). A merely
temporary inhibition of mitosis would depopulate the bone
marrow by inhibiting the efficiency of cell multiplication in the
transient population (Fig. 4, Ia-I1I), without, however, inhibiting
feed of stem cells into the erythron (Fig. 3). It is difficult to predict
details of changes n cell population produced by radiation from
such a model, as with small doses of radiation the inhibition of
mitosis with uninhibited maturation leads to uncertainties 1
nomenclature. However, any mterference with mitosis woul
Tead first to a fall in the number of basophilic normoblasts, as i
fact has been observed.

As the stem feed in man is postulated to be of the order of
sx 10% cells per day, a store of stem cells 1 excess of this number
isexpected. A store of ten days’ supply, re. sx 10 cells, would
mean only about 50 g, ussue, and a daly division of about one-
tenth of the population.

A dose of radtation which would, for example, damage 90 pef
cent of the stem cells (of the order of 500 rads), would result in the
following (dlustrated in Table I and Fig. 7)-

{a) Contmued removal of damaged and undamaged stem cells
(initially in the ratto of 9:1, as 1t 15 a random process) into
the erythron, where most of the damaged cells eventually
die,

(%) Reg: ton from the undamaged fraction of the stem
cell population, hampered by continued removal of un-
damaged cells mto the erythron, 1 ¢, slower than a theoseti-
cal exponential growth

It 15 assumed that the sumalus for stem cell grawds “space”
created by removal of cells from the population, then regencea-
tion of the marrow cells would be expected to occur faster if, at
an eatly time after radarion damage, for example, the removal
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BONE MARROW CELL POPULATION FOLLOWING IRRADIATION

Depapulation of marrow due o mitotic inhibizon
and “G, delay” (Layha ef af, 1058) wath continued
maturation (" first drop™)

“Abortive recovery® of marrow with disappear~

ance of mutonc delay and by “feed” v large

number of damaged stem cells, which may be cap-

able of 1-2 mitoses andfor différentiation.
No change in blood reticalocytes
up to 66 hours (assuming no
death or hold-up in stage Il

and IV)

L O— PO PYOUEE WA Sy .

Blood reticulocytes start steep
fall n numbers between 180 and
270 hours but recover to normal
by 350 howurs

hugher than the absolute 20-30 per ceat
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TanE 1  SCHEME OF EVENTS IN YHE STEM CELL AND

Initial stem population: 5x 1010 (rotmal maturation: a-§x 10%/day)
d

Stock o hour after 500 radst 4°$X 10V damage 04§ x 1Y integer
Differentiation ods “ 005 m
No mutosis
Stock at 24 hours 405, " 045 w
Differentration 0405 ,, " 0045 5,
Mitosis 0855 . " 0095 w m
Stock at 48 hours 2790 ,, " s w »
Dufferentiation o279 , » 005 W w
Mitosss 1-728 ,, " 03I, m
Stock at 72 hours o783 ,, " 0761 4w
Differentiation 00783 ,, - 00761, w
Mutosis o705, " 0685 w n
Stock at 96 hours — 37 W o»
Differentianon —_ o137 "
Mitosis - 14233 "
Stock at 120 hours —_ 20466 4, »
Dafferentiation — 0246 5 n
tosis —_— 220 o, "
Stock at 144 hours —_ 440 4
Differentiation — 044 w »
Mitasis —_ 1os W
Stock at 168 hours —_ 500 W »

In every 24 hours 10
ntiated €0 attempt to bring the total stock up to §x 303 It 15 assume
divide more than once every 24 hours, and that the damaged cells dic w]
and are removed from the Fopulmon within 24 hours oo

Nose: If the proportion of cells differentuating 15 tncreased t0 20 per cent {1 ¢ mereased erydos
potetin level) the removal of the damaged populstion 1s completc by 71 hours Althougl -
may delay the complete recovery of the stem up?:;]mm' 1t enhances recovery of the mlm:m
“proper”~ie the number of integer stem cells diferentaning into the crythron would mcre
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vided by “space” or “numbers”, i.e removal of stem cells into
the erythron

{b) Erythropotetin, whose production is primarily regulated
by peripheral stimuli, randomly removes stem cells from the
Compartmmt.

2EM

.
=
STEM
MARROW “PROPER”
Fic 9 Scheme of kmnetics of erythroporests
Penpheral conditions govem ery (E}; the ery-

n turn of stem
cells dufferentiating mto the erythron (m:now pmper) where they
farther multiply while differentiating

The 1nterrupted hnes indicate the hypothenical snmulation of erythro-
poietin production by mcreased stem compartment size

(M) sigmfics the hypothetical “myclopoictin ™

6] However, erythropoietin producuon may be stlmula(ed

dependently by another meck d stem “compart-
mmt size” (Fig )

(@) Polycythaemua is primanly a slow proliferation of the stem
cell population above the normal ““compattment size”. This first
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irradiation (Stohlman, Cronkite and Brecher, 10555 Stohlman
and Brecher, 1956).

Should the stem cells be “pluripotential” {i.e. precursars of
erythroid, myeloid and megakaryoeytic elements), then such
simple postirradiation procedures may hasten regencration of all
bone marrow elements.

Polycythaemia vera

The most striking feature of polycythaemia vera (and also of
chronie myelocytic leukaomia) is the fact that while the tate of
regeneration from subnormal haemoglobin levels is fast (asitisin

PS
<}

2

$ i

gl -
g V LEVE
g

o

H

H

TimME
Fic. 8. Scheme of events 1 polycyth o clyone rayelocytic leuk-

aemua on treatment
Arrow indicates time of treatment (over-greatment, i, cell count snkisg
below normal fevel)

a2 normal subject), the rate of progress of the disease is slow (Fig-
8), allowing long periods of remissions followng treatment.
This is taken as an indication of a dual control of erythrapoesis
{or myelopotesis) 1n the disease, and prompts the followmng highly
conjectural hypothesis:

(a) The stem cell “comparement” has 1ts own horycostzﬁc
regulation mechamsm, the stimulus for multiplication being pro-
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colloid) may produce remission in both d i d ery-
thropoietin level in polycythaemia; and ““myelokentric acid” in
the urine of patients with chronic myelocytic leukaemia.

It is realized that invoking erythropoietin regulation by stem
“compartment size” is a hypothesis which at present lacks experi-
mental proof. Neither is good experimental evidence available
which would help in 1dentifying the stem cells. However, experi-
‘ments in our laboratory, attempting to support some of the points
rassed here, are 1n progressand at a conference of this kind it may
be permissible to theorize to some extent. Further, these latter
hypotheses are in no way crucial for the model self, which fits
all the available experimental evidence, and which, it is felt, may
help in understanding the dynamics of some hacmatological
problems and sugpest further experuments.
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results in an increased nniber of stem cells differentiating into the
erythron (as a certain erythropoietin level removes a certain pro-
portion of stem cells), but later represents a stimulus for increased
erythropoietin production, which, by removing more stem cells
from the compartment, tends to decrease its size, but further
increases red cell production. The peripheral control of erythro-
poietin production {e.g. after haemorchage) is unaffected.

{e) Any process which decreases stem cell population {eg-
radution, massive venesections) would produce a remission, 3
the “over-production” of stem cells 15 a slow process in this
disease.

{f) Sumulation of erythropoietin production by increased stem
“compartment size” 1s not a particulacly efficient process. I the
stem cells were “reticulum™ ceffs, this would explam the spleno-
megaly and hepatomegaly found m the disease.

(g) Tthe stem cells are pluripotential, then a sumlar stimulanon
of “myeloposetin” may be supposed. If stmulation of thus factor
is less sensitive than that of erythropotett, then a muld increase of
the stem compartment would only induce polycythacmia, while
amore rapid ncrease may induce chronic myelocytic leukaemia—
after an initual temporary polycythacmia state. Ths state, 1n fact,
is frequently noticed in ncipient cases of chromc myclocytic
leukaemia.

(k) Finally, if polycythaemia and chrome myelocytic leuk-
aemia are considered as results of 2 “bemgn” hyperplasia of the
stem cells, then a “malignant” teansformation of the stem cells
{complete loss of duffe ing capacity) would correspond 10
the acute blast celf leukaermuas, and a partial foss of differentiating
capactty may lead to the “subacute™ promyelocync or crythro-
leukaemuas. "

It 15 noteworthy that there 15 good evidence for “reticulum
hyperplasia {and not infrequendy ex llary haemopoicsis)
in both polycytheeria and chronic myclocytic leukacrma;
irradiation of the reticuloendothehal system alone (e.g. with WAy

ir
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Leblond: You don’t know what a stem cell looks like and stll you
calculate that number? How?

Lajtha: We cannot juggle with this model very much because there
are too many things which have to fit. If they do not fit then our model
obviously is not right. As things are we think that one stem eell, what-
ever it is, wall produce 20 reticulocytes. We know how many reticu-
locytes are produced per day, therefore we can calculate how many
stem cells must be entenng the erythron per day. We assume that
there is more than one day's supply in the marrow and we quite
atbitrarily chose ten days” supply. This would give around 4 per cent
of stem cells in 2 marrow population.

1f you look at the total erythroid cellularity and do 2 mitotic index
of a stathmokinetic index you find a very significant increase when
there 18 stimulation by erythroporetin or bleeding ot hypoxia. This,
however, does not necessanly mean that these cells divide more
frequentdy! 1 you have a popul whichss not b 2 {and
very few cell populations are homogeneous 1n natuse), and m which
there are divisible and non-divisible eells, then a simple shift to the left,
towards the divisible population, will mcrease the number of cells
capable of division, and therefore the mitotic index and stathmokinetic

index. So that for quantitatively g totre cycle time
the mitotic mdex and stathmokinetic index are only valid if you know
You are dealimg with a functionally homog popul. of cells.

Leblond: But could you esumate the mitouc index of these various
cell types? This would require identifying dividmg cells. Could you
denufy them from the staming of the cytoplasm?

Laytha: Not very relably. But in any case even then they are not
homogeneous, as you have disturbmg factors, such as “meffective
erythroporesss”. ‘There are cells (early forms!) which do not go nto
division. You do know that tlus particular population 1 practically
disappearing under stress, because while normally not more than 75 to
85 per cent of the tron taken up by the marrow will come out, when

PRpRURIR SR

stumulation of erythroporesis wall not die but will go on dividing and
maturng.
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DISCUSSION

Yoffey: Dr, Lajtha, what is the estimated daily need for stem cellsfor
erythropoiesss in human marrow?

Lajtha: Theabsolute number needed in a man is § x 10 for theeryth-
roid series. We don't know how much for the myeloid series butat2
guess I would say about the samne,

Yoffey: Can you calculate what that is per mm.? of marrow, becaust
some of us have worked on anumals? ¢

Lajtha: It would imply something of the order of 3 to 4 pes cent d
the total marrow population beng stem cells.

Leblond: Could you define the various cells you mentioned?

Lajtha+ The pronormoblast is a largish cell (20 ¢ diameter) with 3
round nucleus, not necessasily central, a deeply basophulic eytoplasm,
and a very finely stippled nuclear seructure. The basophilic m:nm‘mbl-‘St
is very simular 1 every respect except that st is smaller, two-thirds to
one-third 1n size, the nuclear chromatin 15 more heavily suppled and
the nuclearfcytaplasmic ratio is altered, there bemg relatively less cyto-
plasm than in the pronormoblast. There 1s no ugn of polychromasiz
wath the Giemsa-Wright haematological stsins. The early poly-
chromasic normoblast may be the same size, or smaller, wich a cenl
or eccentnic nucleus; the structure is more heavily clumped, very

O S A Dy

RSN S N

afraid it is essencually 2 question of religion where you draw the line

between the stages after which you see no DNA labellng in the cells

and no diviston. o
Jecobson: Where ate you putung the stem cells? Not in this series?
Lajtha: No. This senies is completely unaffected by erythrop

itis completely unaftected n the anumal when the anzmal is qurnng out

five times as many erythrocytes as normal.
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Table 11 (Cronkite)

MITOTIC INDICES (MITOTIC FIGURES/X,000 NUCLEATED CELLS) DETERMINED FROM
COUNTS OF NOT LESS THAN $,000 CELLS IN 21 DIFFERENT BONE MARROW ASPIRA~
‘TIONS FROM 9 HEALTHY MALES

Nunber of Sum of Mean of
Indwidual asprrations miitotic indices mitotic indices
‘TR 7 614 877
EPC s 40°§ 81
VPR 2 189 9745
LF 2z 17°0 35
B 1 84 {8-4)
VP T 92 (9-2)
PH T 90 (-0}
GRS 1 103 (ro-3}
SAK 1 80 (8+0)
21 Mean 8 7041 88 Mean 8:86+0-73

Table I (Cronkte)

DISTRIBUTION OF 650 MITOTIC CELLS FROM NORMAL BONE MARROWS
ACCORDING TO CELL TYPE AND STAGE OF MATURATION

Relative frequency
Nunmber of mitoses of mutoses

Procrythroblast 3T x
Basophulic erythroblast 127 41
Polychromanc erythroblast 257

. }294 o5
**Orthochromatic” erythroblast 37.
Erythroblasts, total 452
Myeloblast 18 I
Promyelocyte 36 2
Neutrophilic myelocyte 128 71
Neutrophil precursors, total 184
Eosmophilic myelocytes 13
Lymphod cefl X
Retcular eells 2

* These mutotc eclls bave the size of polychromate erythroblasts



316 DISCUSSION

Leblond: Would you say at what stage you think mitoses stop under
strong “stimulation”? Could pronormoblasts go right through
without any mitosis?

Lajtha: Y don't think so. I think Jate basophilic normoblasts probably
could go through~they could probably skip two divisions.

Leblond: Couldn’t you trust the mitotic index for the first two, thea?

Lajtha: No. You see this is not a question of skipping, itis cell death~
cells which dic in the marrow and which do not normally come out
They do not take part in the normal dynamics of the marrow. But
these cells somchow become more efficient under stimulation. There-
fore you will get a different composition of the cell populati

Cronkite: Dr. 5. A. Kullmann in my laboratory has sytematically
studied for the last year the mitotic index in human bone matrow for
each cell type, The results are shown in Tables I to VI {from 2 paper by
Killmann, 5. A., Cronkite, E. P., Fliedner, T. M., and Bond, V. P,
submitted to Blood). 1wonder whether these mitotic data are conss-
tent with Dr. Lajtha’s comments.

Table I (Cronkte)

COUNTS OF 1,000 NUCLEATED CELLS IN SEPARATE MARROW PARTICLES FROM THE

SAME ASPIRATION FROM § FHEALTHY MALES. ASPIRATIONS DONE RETWEEN
IPM AND § A M.

Individual Time* Slides counted  Mitoti figuresf1,000 sells
TF 5 70
TF 3 65
TF s 108
IF i 1374
TF 3 74
EPC 3 82
EPC 5 LR}
EPC s 58
EPC 5 8
vPB 6 105
LF 5 78
B 5 34

SN S
£8:63, SD. 4244
* In TF all marrow aspuranons were done during one 24-hour period, i EFC, on

e dz
d‘g“z » I’m the gutonc wdex was § 8,
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Incidentally these data are consistent with the work Dr. Bond pre-
sented (1959, In The Kinetics of Cellular Proliferation, p, 188) on the
turnover m the erythroid series, with a time of 22 hours for the turn-
over of the non-dividing compartment,

Lajtha: From the scheme you can easily read off the mitotic index,
the lifespan in cach compartment, o the total erythroid cellularity. I
we assume roughly about ane haut pee mitosis, then we get the mitotic
index either per compartment or per total erythroid cells—whichever
you want to calenlate,

The mitotic index, according to the model, is 14 crythroid mim.s'zs
per 1,000 nucleated red cells (21 mitoses in 1,517 “houss’ worth").
This figure does 1 fact correspond well to the mformation you pre-

Table IV (Cronkite)

MEAN BONE MARROW DIFFERENTIAL COUNT OF 500 CELLS IN BACH OF 6 OF THE
INDIVIDUALS STUDIED, RELATIVE COMPARTMENT SIZES, AND SPECIAC MITOTIC

INDICES
Nuwber
per 1,000 Number of
nudleated wellsin
celltin  Relawe Relative  mitoas  Speft
bone tmarrow  compart-  Frequency  per 1,000 wioke
Cell Particle ment of nucleated Iﬂgf’:
fype smear size mitoses®  eells® (%)
Myeloblast 00 10 1°0 o252 52
Promyelocyte 13°7 137 20 0s03 1
Myelocyte 1630 163 7t 788 o7
Non-mitotable 361 4 3614 ° ® 1
matrow?
granulocytes
Proerythroblast 67 1'a 10 0432 353
Basophihc erythroblase 350 I 4 720 494
Polychromanc 707 423 25 3008 565
erythroblast
Orthochromatic 102:0 L34 o o o
nermoblist

: " 10 marrow d }

* From Table JiL

¥ Cajculated from selative frequency of nutoses on different maturanon Jewels and
3+ 54 total peutroptul and & 15 total erythroblast putesea per, 1,000 nuclested cells.

+ Speafic mitone P of celle i 12 mutoqs 3t any tme.
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aumal with the more rapid matvration time? You say that in the
human marrow with a total maturation time of 180 hours you needed
310 4 per cent of stem cells in the marrow. What is your comparable
figure for a small animal, a rabbit or rat, which has a more rapid
maturation time?

Latha: It is not only the maturation time which matters but also the
relatwve Iifespan of the mature cell

Yoffey: What I am getting at is this: the relative Lfespan of the red
cells in many of our small laboratory anmals 15 sbout half that of the
human red cell or even less. Other things being equal, that at least
doubles the stem cell requirements, But in addition, the actual matura-~
tion period in the marrow is appreciably shorter.

Loytha Tt does not necessanly double the stem cell compartment
size. It may double the turnover ime of the stem cell compartment
cells We assume for man a ten-day supply and therefore one-tenth of
them divide per day. Inan experimental animal with the same ten-day
supply but thirty per cent drvidmg per day, you could get three times
the production for the same compartment size. So size is not the only
determuning factor. Tumover time of the compartment is 1 a sense
more important,

Yoffey. That is mn fact an assumption. You can say either you have
the same number of stem cells with a larger proportion turnmg over,
or 1f you have the same proportion turning over you would need 2
Larger number of stem cells?

Lajtha Yes,

Jacobson Do the cells as you see them when you are using erythro-
Ppoiettn a5 a strmulus contain a pormal amount of haemoglobm?

Lajtha- Yes,

Jacobson: What 15 the maximum stimulanon possible?

Lajtha Probably eight times, which 1s what we have seen so far.

Jacobson But there is 2 maxumum?

Lajtha: Yes, 1 think so.

Jacobson. You told me you probably had the explanation for the
abortive rise i the yradiated ammal. I think this 15 2 very important

g
Laytha: You produce a porary mhibition of mitosis by ir

Thus will immediately stop mutosis 1n the marrow compartment proper
TaRMO —11
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Table VI (Cronkite)

QUANTITATIVE ESTIMATES OF ERYTHROPOIEIIC AND
CRANULOCYTOPOIETIC CELL MASS IN STANDARD MAN

Neutroghils ond
Erythroblasts precirsors
Author {cells per kg, x 10%) (eells per kg.x 10)

Osgood 86 25°7*
Pate 34 83
Suit 46 -
Donobue et af s0 w4
Mauer ef of. -— 125
Present

Report 45 107

* Segmented forms excluded.

sent, Dr, Cronkite (in Tables Il and IV). You give an overall mitotic
index of about 8-8 per 1,000 marrow cells, which is composcﬁ of 254
neutrophul mitoses and 6- 15 erythrord rutoses. Well, 615 C‘)"}"‘”ri
mitoses per 1,000 bone marrow cells would give somethung of the n'n‘]tf
of 16 to 18 mutoses per 1,000 nuicleated red cells {as the latter constitute
about one-third of the total marrow cellulanity). 5

Considering the nature of our calculations and the error mvolved in
mitotic indices, I think our calculated and your measured values are n
remarkably good agreement X

Braunsteiner- Dr. H, Wescker has a scheme based on ealculations
where he had to postulate the further division of the seticulocyse:
What is your epmion about thus point?

Lajtha; We cannot find any evidence for 1t—we tried with Fe
grain count halving, several times, and that cercainly would haveshown
1t, had 1¢ existed.

Yoffey. We read Weicker's work (1gsq. Arztl. Wschry, 9 1017)
wath great care though 1t was rather ambiguous. On onc occastor b€

fad a homoplastic division of the stem cell. On another occanen he
et T La L Ll L T 8 Lo eremesd en be waeering OB

so that
give 18

we wiHIZ;:r the quantitanve background nght, would you
your opinion of the relanve stem cell requrement in the smalles
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We have recently attempted to induce polycythaemia with varying
amounts of erythropoietin, as measured by the fasted rat assay. When
plasma from animals exposed to altitude was used as the source of
erythropoietin, we were unable to induce polycythaemta even though

¢ plasma increased the 59Fe mcorporation in the fasted assay from a
control level of 6 per cent to 21 per cent. When more erythropoietn
was given, roughly threefold, a substantial polycythaemia resulted in
the intact animal, the red cell mass rismg from 4+9 ml. to 6-9 ml
Thes you must give a great deal of erytheopotetn before actually
seeing an increase in red cell mass Apparently, there is 2 mechanism
for “dampening” the effect of smaller amounts Accordingly I
wonder if the fine control of red cell production can be explained on
the basis of erythropotetm. Is 1t not more likely that another mechan-
1sm, perhaps feedback from the peripheral red cells, is responstble? In
this regard there are patients with hereditary spherocytosis who very
frequently have a normal haemoglobin and haematocnt. We pre-
sented data on one such patient 1n whom we did 2 40 per cent exchange
transfusion. ‘Whereas the panienthad been makng red cells at a rate five
times normal before the i d following the trans-
fusion there was a substantial decrease 1n the rate of erythropoiesis,
though the hasemoglobin remamed constant. At the moment we have
2 youngster who had a spl and has 1,000,000 reticulocytesf
mm?, 10 g. of haemoglobin, and 2 three-day apparent chrommm
half-time, T have teansfused him up to 14 g, of haemoglobm and he
contmues to make an mcreased number of red cells, though fewer than
before, the reticulocyte count bemg 400,000/mm.3, which is roughly

eight times normal. So 1t seems there 1s a feedback mechanism which
15 not explamed by hypoxna and erythropoietn.

Lyjtha- The scheme as presented does not necessanly imply that
there 15 only one erythropotetic stimulation, ‘The point which 1s 1m-
portant 1s that the mode of sumulation of erythropotesss, unless proved
otherwise, is not through the erythrord compartment itself, but
through the stem compartment.

Stohlman: Why can’t a decrease 1n the death rate or “ineffective
erythroposesis” of the erythrotd compartment be used for fine regula-
tion of cell production® This would take care of small amounts of
blood foss, i 6. 2 to 3ml
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and start 2 depopulation because maturation is not inhibited, ic. the
eclls are still pouring our. This inhibition of itosis, however, &
temporary and will recover before the compartment is completely
emptied. As soon as mitosis recovers there will be an increase in
numbers straight away, Nevertheless, this will result in one or two
mitoses only, because the vast majority of the cells will eventually dre,
and you get a secondary and deeper depopulation which only later will
be filled by regeneration from the integer fraction of the stem cells

Stoklman: We have previously postulated jon with and with-
out dwvision (Stohlman, E, Jr. [1959]. In The Kinetics of Cellular Pro<
liferation, p. 318) and I think Dr. Lajtha’s scheme differs only in
quantitative details from ours (cf. Fig. 1). I thunk that under maximum

EPC E PRN BN PN ON Relic RBC

Fic 1 (Stohl, h P of red cell prolufera~
tion. EPC=catly progemtor cell, E=erythroblsst; PRN=
blast, BN brsopk fast; PN = polychroma~

ON v

Retic=reticulocyte, RBEC=red blood cell. (From Stohlman,

F, Ju. [1959). In The Kinencs of Cellutar Prokiferanion, p 323
New York; Grune & Stratton )

stimulation in a person, following severe haemorrhage or severe
‘hypoxia, most of the increase in red cell producnion would result from
the production of erythropoicun and the mflux of eclls from the stem
cell compartment as Dr Lajtha has described. However, 1t secms to
me very dificult 10 accept the fact that erythropoictin is the sole
regulator, and data have been presented suggesnng the dual regulation
of crythroposesis (Stohlman, E., Jr. {1959]. Aun. N.Y. Acad. 56, T

710}



HUMORAL INFLUENCES ON BLOOD CELL
FORMATION AND RELEASE*

A1BERT S. GORDON

Department of Biology, Graduate School of Arts and Science,
New York University, New York

CoNVINCING experimental evidence, amassed over the past ten
years, has supported the existence of an erythropoietic-stimulating
factor (ESF or erythropoietin) m the plasma or urine of animals
subjected to anacmic and hypoxic anoxia as well as in the body
fuds of anaemic human subjects (Erslev, 1953; Borsook et al.,
1954; Gordon et al., 1954; Hodgson and Tohs, 1954; Plzak et al.,
195$; Linman and Bethell, 1956; Stohlman and Brecher, 1956;
Mirand, Prentice and Slaunwhte, 1950) It 1s of interest that thus
far only blood and urine have served as rehable sources of the
ESF and attempts to extract the factor from a variety of organs
have, m the mam, proved unsuccessful (Gordon, 19594). The
sigmificance of 1ts presence 1n only the body fluds remams to be
determined. One hypothesis analogizes the production of the
ESF to that of the pressor factor, angiotensin (Gordon, 19594).

Our Iaboratory has been concerned recently with a study of
the biologscal actions and chemical properties of the urinary ESF
obtamed from children wath thalassaemia major (Wankert et ol ,
19584, b; Gordon et al , 19504, ¢). Such urine, when secured from
severely anaemic patients, has proved a consistent source of high
activity In additton, as an extraction soutce, urme offers the

* This mvestiganon was supported by research grants from the Nauonal

Heart Insutute of the National Institutes of Health, U'S Public Health Service
(1;16—)53 57) and the Damon Runyon Memonal Fund for Cancer Resezrch (DRG-
406).

328



324 DISCUSSION

Lajtha: Tt could. But there is a limit, as ineffective erythropoiesis is
normally not more than 1o per cent.

Stohlman: T am not referring to major blood loss~-certainly not the
Toss of 10 per cent—but for making up 2 or 3 ml. per day.

Astaldi: 1 am pleased that Ferrara’s theory has received further con-
firmation this morning from your lecture, Dr. Lajtha. I should bketo
mention two biological sitnations which may confirm that without
the stem cell compartment, erythropoiesis cannot continuc, despite the
proliferation of the erythroblast. The first situation is the following:
when you explant a fragment of hone matrow in vitro, the erythro-
‘blastic series finishes in a few days, despite the proliferation of erythro-
blasts, because the stem cell series go first into macraphagic evoluton
and secondly into hustiofibroblastic evolution. The second condition
is: when you evaluate the prolferation activity of the erythroblast i
the vessels of chuck and other embryos duning the first series of erythro-
poiesis, the megaloblastic one, you may obtam very high proliferauve
andices. For instance, on the sccond day of development in chick
embryo, you have a stathmokinetic index which is about 500 mitoses
in 1,000 cells. Despite this very high degrec of proliferation all the
erythroblasts reach maturation in a few days and erythropoicss dots
not go on longer n the vessels, where there are no stem cells.

Stohlman: What happens of there 15 2 change in the concentration of
haemoglobin in your scheme, Dr. Lajtha, such as one sees 1n sphero-
cytosss or spheroid msufficiency?

Lajtha* T don't really know. We postulated, to be simple and un-

‘m J“ra‘. by k a'l conc in the
cytoplasm. It may be more complicated than that—perhaps not the
h lobmn ¢ but the ion of X,
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least squares (Mode, 1941). Equation (1) describes the regressi
of the reticulocyte responses () in recipient rats upon the haerr
globin levels (x) of the donor patients.

{r) y=—2 1%+ 132

Equation (2) represents the regression of the haematocrit
sponses (2} in the recipients upon the donor haemoglol
values {x).

(2) z=—1" 8+ 101

When these two equattons are solved stmultaneously, equat
(3) for y as a function of = 15 obtained.

(3} y=1-162+0-3

Smee the intercept 03 15 of small magnitude, it may
neglected, Because the factor 1 16, within the himits of scatter
the data avatlable, is approximately 1, the equanon may
sunplified to y=z. With this convenient approximation, perce
age haematacrit and percentage reticulocyte responses (obtair
on the sixth day) may be regarded as equivalent, and can
either averaged or added. The value obtatned by the addition
the r1se m percentage haematocrit and the mcrease n percent:
of reticulocytes 1s referred to as the H-R umt. This method affo
the convemence of a one-parameter untt, while retaining some
the assurance of the two. The real virtue arises from the f
that use of the H-R un1t results m an elimnation of retieuloc
increases which stem from effects that lower the haematoc
Reliance upon reticulocyte counts, or #Fe uptake methods alo
can lead to the false impression that certam substances direc
snmulate erythropolesss when in fact they may be haemoly
Haemolytic effects have actually been observed m etght out of
34 unne samples assayed, On the average, the reliculocytc ¢
haematocrst changes, for these haemolytic specimens, are eq
and opposite. Addition of the haematocrit decrement to
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antage of being easily collected and relatively fice of blood
teins. It is the puspose of this ==~ ’ !

iexumenta T
stence , -we aucmg factor (LIF).

Factors determining the app
of the ESF in urine
uman urine
We have recently reported the existence of a posinve cor{cb-
1 between the intensity of the anaemia in thalassaemia subjects
1 the presence of the ESF in their urines {Gordon et al., 1959 )
ibility to demonstrate this relatton on previous occasions was
¢ to the non-availabality of suffi bers of samples from
ensely anaemuc subjects. Up to now, the erythropoietic effects
34 urine specumens * from 2 total of 13 subjects with thalas-
srta magor have been exammed.
The assay routinely employed for screening utine activity €
ts m injecting, subcutaneously, groups of thee 1o five adslt
male rats of the Long-Evans stram daily for five days, with3 -
filtered but otherwise untreated urine. Changes 1 the peri-
reral reticulocyte and haematocnt values ace recorded on the
cth day. We have found 1t asefl, in our screening proceaurcs
employ as an erythrapotetic ndex the sum of the chone
srcentage of reticulocvtes - [

o o1

Lo ' ) * ante magrtude.

* . weanpt was made to determine the mathemancal ¢g
nce of the reniculocyte and haematocrt responses to the 34 e
pecimens tested. Two equations were denved by the rmethod of

wival

& The unne specimens should be frazen 3t quickly as possible after :ollccﬁoc“d'
2 MOt Cases, ATANZCMENLS have been made to collest the pnnes i cormmrux
arcounded by dey icc In our expenence, this hay proved more m:m!m
1 eyunng Fetennon of acuwty 1 the unnc than the wuse of proservanves

nubiotics.
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reticulocytosis but no haematocrit change. The H-R unit, when
appled in such cases, tends to cancel out haemolytic effects and
thus affords a more realistic evaluation of the actual amounts of
ESF present.

ESF 1N COOLEY'S URINE

-
g
i
NS
=z
3

“le

sl

B-befors
transfusion
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A-afjor
lrunsfusl'?n
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second bar wdicates that the value 15 sgmificantly ditterent (£ <o 05} trolt tne

umtral value (first bar) Hacmoglobun values of the patient before (B) and after (4)

transfuston with 1,500 ml of compatible whole blood (WB) over 2 two-day
pertod are indicated on the upper right

The umt responses obtained with the 34 human urtne specimens
are plotted in Fig. 1. The lne constructed by the method of least
squates mdicates that the ESF usually appears m detectable
amount m the usine when the haemoglobin values in the patients
are approximately § g. per cent. Increasing severities of anaemia
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reticulocyte rise tends to produce a cancellation and 2 near-zeco
H-R nitage. Itis to be anticipated that 2 mixture of haemolync

16|

“

2.

@ &

3

0

POTENCY (HR UNITS /smt)
o »

-4

i 2 ENNRE 56 7
HEMOGLOBIN (GRAMS PERCENT)

Fic 1 Potency of unne 1 H-R unuss, per duly dose of 3 ml. for §
days, 33 & function of the haemoglobin levels in chuldren with thalas-
sacoa major

and direct stmulatory cffects will occur 1n other cases I these,
it would not be an economical procedure to discard samples that
were contamsnated with just enough haemolyticma renial tocvoke
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at the Umbrian Farms in Sparta, New Jersey, male sheep weighing
approximately 40 kg were injected daily with 2 starting dose of
phenylhydrazine equivalent to 5 mg. per kg. of body weight.
After the tenth injection, the dose was varied somewhat according
to the physical and haematological condition of the shecp.
Urine was collected through a funnel strapped about the partially
suspended animals and was led through a tube mto a polyethylene
bottle where 1t was frozen immediately. Before treatment, the
sheep haematocnits averaged 33 per cent. After ten injections, the
h rits had fallen to app ly 10 per cent. Urine col-
lections were now begun and phenylhydrazine mjections were
temporarily discontinued. The haematocrit values rose to ap-
proximately 15 per cent in the next six days. Injections were now
remmtiated and, after 16 days, the haematocrits fell below 9- 5 per
cent. The sheep died after the 20th mjection of the second series
with haematocnits in the range of 7+ 0-8- 5 per cent.

The urines were assayed m the usual way in intact adult female
rats (1. 3 ml. per day for five days). The responses, in terms of
H-R units, are plotted in Fig. 3. It is to be noted that erythro-

* poienic-stimulating activity does not appear n the urine when the
haematocrit values of the sheep are above 10 per cent A sharp
increase 1n the urnary excretton of the factor 1s seen when the
haematocrits have fallen below the 7 5 to §-0 per cent levels.

is may represent a marked increase 1n the rate of production of
the ESF and/or a lowering 1n the renal threshold for 1ts excretion.
It1s of nterest that good yrelds of the ESF m the plasma of phenyl-
hydraziized sheep are obtamed when their haematocnits range
between 10 and 15 per cent (Whte ef 4., 1960) and in the plasma
of dogs bled to haematocnts below 12 per cent (Naets, 1959).
It thus seems likely that significant quantities of the factor are not
detectable 1 the urme untd the haematoctits 1 the donor
phenylhydrazimzed sheep have fallen below 10 per cent. Haema-
tocnits of 9 per cent or less must also be attamed for the ESE
to appear m the unne of repeatedly bled dogs (Naets, 1950).
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are associated with a linear increase in the quantity of the factor in
the urine.

The ESF disappears quickly from the urine following trans-
fusions of either whole blood or packed red cells. A typical case
is presented m Fig. 2. Urine samples were obtained from a five-
year-old boy with Cooley’s anaemia before and after transfuston.
The Hb level i the child before transfusion was 43 g. per cent
and, after a two-day transfusion pertod with 1,500 ml. of whole
blood, 1t rose to 120 g. per cent. Daily 3 ml. subcutancous
injections of pre- and post-transfusion specimens of urine wese
made, for ten days, into two groups of five mtact adult fcfnfﬂc
rats. The presence of strong erythropoietic-stimulating activity
in the pre-transfusion urine is indicated from the highly ngnlﬁ“’f'
increases 1n red cell counts, hacmoglobn, haematocrit and reti-
culocyte values 1 the recipient rats, Also nioted is the absence of
demonstrable actwity in the urine on the day following the last
transfusion A sumlar situation exists for the ESF content of pre-
and post-transfusion samples of plasma from Cooley’s anaem2
children (Medici ¢t al,, 1957). The speed with which the factor
disappears from both the plasmia and urme is probably the result
of (1) a prompt suppression by the transfused cells of ESE mant-
facture, and (2) a rapid utilization of the available circulatiog
material during the transfusion petiod.

Sheep urine

White and co-workers (1960) have recently found consistent
erythropoietie-sumulating activity in the plasma of sheep m?dt
anaemic with phenylhydrazine and have mdicated a direct relation
between the intensity of the anaemia mn the sheep and the )?vcl f’f
their circulatng ESE. It scemed of mterest to determine, in this
species, the degree of anacmia necessary for the appearance of the
factor in the urine. To thus end, a collaborative study on sheep
urnary ESF was undertaken with Dr, Multon Eisler of the Schn;!-
ing Corporation. In the experiments to be reported, conducte
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conditions, the quantity of ESF in the urine of thalassaemia sub-
Jects may often approach that detectable in similar volumes of
whole plasma from the same patients,

Normality of the red blood cells produced in response
to injections of the urinary ESF in rats

The appearance of abnormal red cells has been reported
following miections of plasma filtrates from phenylhydrazinized
tabbuts or from polycythaemic patients (Linman and Bethell,
1956, 1957). It seemed cnitrcal to deternune whether this was also
characteristic of the RBC population after injections of the human
utinary ESE. The possibility exists that the urinary material
exerts a direct toxic acnon on the arculanng RBC, rendering
them non-functional, a reaction which would then evoke
secondanly the production of endogenous ESF wathin the
rcaglmts,

Prehmimary expeniments have established a normal osmotic
fragility for the RBC of rats treated with unne from Coaley’s
anaemia subjects (Gordon et al., 1959a). More recently, we have
extended these expertments to include a larger sertes of urne
samples In general, sinular results have been obtamed with the
photometric method for estmating the degree of hacmolysis.
Durect cell enumeration techniques 1 the haemacytometer have
also failed to reveal a decrease i the osmotic resistance of the RBC
of rats treated chronically with active urme. In addinon, these
RBC contamed electrophorencally normal haemoglobin and
normal concentrations of atkali-resistant rat haemoglobin (Gor-
don et al., 1950b).

Addirional evidence for the competence of the RBC is mndicated
from their oxygen content and capacity. In the experiments
designed to test these parameters, six adult femnale rats received 18
subcutaneous injections of 3 ml of actve urine from 2 child with
Cooley’s anacrma over a period of 21 days; six rats from sumlar
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Calculations indicate that a gseater degree of anaemis s gen-
crally required for the appearance of the factor in the usine ?f
phenylhydrazine-treated sheep than in the Cooley’s anaemiz

R UNTS /3 m.)
»

POTENCY

€ 7 L 9 ] i 2

HEMATOCRIT (PERCENT

Fic 3. Potency of unnc in H-R enuts, per dasly dose of 3 rol. for s days

23 a funcnon of the baematocrit level of ;h:ci sendered 2nzesmic wath

phenylhydrazne  The Lne was establshed by the method of least
squares,

subject. In orderto obain large titres of the ESFin urine, acempts
should be made to bring the haemoglobin or haematocrit values
to approximately onc-quarter (o one-fifeth of normal. Underthese
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condutions, the quantity of ESF in the urine of thalassaemia sub-
jects may often approach that detectable in similar volumes of
whole plasma from the same patients.

Normality of the red blood cells produced in response
to injections of the urinary ESF in rats

The appearance of abnormal red cells has been reported
following injections of plasma filtrates from phenylhydrazinized
rabbits or from polycythaemic patients (Linman and Bethell,
1956, 1957). It scemed critical to determine whether this was also
characteristic of the RBC population after injections of the human
urnary ESF, The posstbility exists that the unnary material
exerts a direct toxic action on the circulanng RBC, rendering
them non-functional, a reactton which would then evoke
secondanly the production of endogenous ESF wathin the
reciptents.

Prebminary experiments have established 2 normal osmotic
fragaliry for the RBC of rats treated with urmne from Cooley’s
anacmia subjects (Gordon et al , 19594). More recently, we have
extended these experiments to mclude a larger sertes of urme
samples. In general, simular results have been obtamned with the
photometric method for esumating the degree of haemolysis.
Durect cell enumeration techmiques m the hacmacytometer have
also farled to reveal a decrease m the osmotic resistance of the RBC
of rats treated chromcally with acave urine. In addition, these
RBC contamned electrophoretically normal haemoglobin and
normal concentrations of alkali-resistant rat haemoglobin (Gor-
don et al,, 1959b).

Additional evidence for the competence of the RBC is indicated
from their oxygen content and capaaity. In the experiments
designed to test thesc parameters, six adult fermale rats recerved 18
subcutaneous mjections of 3 ml of active urme from a child with
Cooley’s anaerma over a pertod of 21 days; six rats from simular
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litters served as untreated controls. The urine-injected rats were
rendered polycythaemic by this treatment, exhibiting mean
haematocrit values of 63-4 per cent and reticulocyte counts of
49 per cent as compared to haematocrits of 469 per cent and
reticulocytes of 17 per cent in the controls. On day 22, both the
treated and control rats were lightly etherized and s ml. of blood
were withdrawn from the dorsal zorta into heparinized oed
syringes. Haemoglobin determinations were made photo-
colorimetrically by the acid haematin method. The blood was
divided 1nto two samples: in the first, the axygen content was
determined immediately; the second sample was introduced into
2 10 ml. micro-suction flask and eguilibrated with 300 pet cent
oxygen for approsamately five mumutes, following which the

Table I

ARTERIAL OXYGEN CONTENT AND CAPACITY OF RBC FROM RATS TREATED
CHRONICALLY WITH HUMAN URINARY ESF (MEAN vALUES: S.E. OF MEAN)

{a) Q, Content

(a) Oy Cortert

{b} Oy Capacty Hby () ©, Copect
{vols ‘per cent) {g per cent) (ml Os Hg
Urine-treated (a) 20 ok o 98 6qkr-os {4 1-2040:06
() 24 7tr-12 (3) 14920055
Controls (9) 15 52039 12:64£024  (4) X 2320055
() 19°3%0 81 () 1-sak 007t

oxygen-saturated blood was drawn nto an oied syringe and i
oxygen content determined. All determinations were conducted
in micro-Scholander pipettes usug the method of Roughton and
Scholander (1943) and at 2 mean barometnic pressure of 766 mm-
Hg and 2 mean temperature of 24°, These values were then
corrected to standard temperature and pressure.

Table T indicates normal artenal oxygen-carrying capacitics and
saturations for the RBC of rats treated with acuve urine. Thus,
there was no observable impairment in the ability of the RBC of
ESFotreated rats to pick up oxygen, cither durng the short
exposure to pulmonary oxygen in vive, of dunng prolonged
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exposure of the RBC to pure oxygen in vitro. These data provide
further evidence for the contention that the RBC evoked by the
human urmary ESF constitute a functionally competent popu-
lation of cells. More recently, Van Dyke and Berhn (1960), em-
ploying in vivo [2-*Cglycine techniques, have detected no &f-
ferences in the hifespan of RBC from rats treated chronically with
human erythropoietin and from untreated controls.

Further studies on the extraction and chemical
properties of the human urinary ESF

Two methods have been employed in our laboratories for the
extraction of the human urinary ESF. The first utilizes 2 modifi-
cation of the kaoln-adsorption procedure described by Albert
(1956} for extraction of human urinary chonionic gonadotrophin.
Full details of this method have been provided elsewhere (Gordon
et al., 1959¢) and only brief mention of some of its features need
be given here. The human urmary ESF was adsorbed on kaolin
at pH 4 8. Serial elution was carried out 1 the alkaline range
with ammonum acetate buffers of mcreasng pH and with
1M-NH,OH. Neutralization of the eluates was performed either
with 1N-HC] or by dualysis in Visking casing against an o- M-
sodum phosphate buffer at pH 6-8. Bioassays m intact rats indi-
cated that the major actvity could be accounted for m the pH 8
and 1M-NH,OH eluates In a typcal run (kaoln run 3) a 230-fold
purification of the factor was achieved i the 1M-NH,OH eluate.
Admimstration of 300pg. of this eluate daily for five days caused
a sigmificant enhancement of erythropoesis mn intact rats. Using
2 mote sensitive assay, namely radioiron mcorporation mto the
RBC of starved rats, this preparation would be found to be active
at the 6075 1g level Hodgson and co-workers (1960), Rambach

(1959) and Shmmwhite (1959) have recently confirmed the
efficiency of the kaolin-adsorption, alkali-elution procedure in the
extraction of the urinary ESF.
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litters served as untreated controls, The utine-injected rats were
tendered polycythaemic by this treatment, exhibitng mea
haematocrit values of 63-4 per cent and reticulocyte counts of
4°9 per cent as compared to hacmatocrits of 46+9 per cent and
reticulocytes of 17 per cent in the controls. Onday 22, both the
treated and control rats were lightly etherized and s ml. of blood
were withdrawn from the dorsal aorta into hepanmized oiled
syringes. Haemoglobin determinations were made photo-
colotimetrically by the acid hacmatin method. The blood w35
divided into two samples: 1n the first, the oxygen content Wi
determined immediately; the second sample was introduced into
2 10 ml mucro-suction flask and equilibrated with 100 per cent
oxygen for approxumately five munutes, following which the

Table {
ARTERIAL OXYGEN CONTENT AND CAPACITY OF RBC FROM RATS TREATER
CHRONICALEY WITH HUMAN URINARY ESF {MEAN VALUES £ S.E oF MEAN)
{a) Oy Content (@) Oy Contert
(B} Oy Caparity b {8) Oy Capeity
(vols per cent) (g percenty  (ml Ogfe 1Y
(2) 1-20£0°088

Utine~treated (a) 20704098 16-741°05
) 2ao7%1°12 (5) 14920038
Controls {4) 15-5%0°39 12 6+0'24 (o) 32320088
) 19+3%0-81 &) 1540 07

oxygen-saturated blood was drawn into an oiled syringe and its
oxygen content determuned.  All determinations were conduct
in mrcro-Scholander pipettes using the method of Roughton and
Scholander (1043) and at a mean barometric pressure of 766 mm-
Hg and a mean temperature of 24° Thesc values were then
corrected to standard temperature and pressute.
Table I indicates normal arterial oxygen~carrying capacities and
saturations for the RBC of rats treated with active urne. Thus,
there was no observable impairment n the ability of the RBC of
ESF-treated rats to pick up oxygen, eher duning the short
exposure to pulmonary oxygen in vive, or duning P(olangtd
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be noted that preparation A was the most active of the three, with
a dally dose of 180 pg. over five days significantly stimulating
erythropoiesis in the intact rat. The dualysed urinary ethanol pre-
cipitate displayed a lower specific activity which, however, was
greater than that seen with the CS-1 preparation of Borsook.

18f
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A IM eluate Kaolin X
B Dulysed urinary ethanol ppt
€ Borsook’s preperotion C5-1

BIOLOGICAL RESPONSE (H-R UNITS)
@

5}

500 1000 1500 2000
MICROGRAMS/INJECTION

FIG 4 Erythropozetic responses of rats, in H-R umits, to three
different preparations of the ESF a5 a function of the daify dose
npg

Interpolation of the dose-response curves (Fig. 4) mdicates that the
CS-1 preparation contamed 8 o H-R units per mg. Since Gold-
wasser (1959) found that the CS-1 preparation possessed 10+4
cobalt umts per mg., 1t may be estimated that one H-R unit is
equivalent to 13 Goldwasser cobalt units. We have not as yer
assayed the CS-1 standard by the starved rat procedure. However,
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Another method we bave employed has consisted of ethanol
precipitation of the urine followed by prolonged dulyss of the
precipitate. Ina typical run, 1,600 ml. of absolute ethanol wete
added to 400 ml. of fltered active urine. The additions were
made slowly at temperatutes ranging from —3° to —30°. Tt
hours were allowed for the presipitate to form at — 5o’ The
precipitate was spun Jown in the cold, the alcohol supematant
decanted and the precipitate dissolved in 150 1, of o-o8u-NaCl
“This material was now dialysed in 8/32” Visking casng 22t
o 76M-NaCl-o- 025-PO, buffered at pH 7-5. The dialsls
pesformed aver a period of four daysat 5° to 0% an improvi
rockng trough. Each dsy for three days 450 ml of dulysate
were replaced by Fresh solution. On the Sourth day, the buflr
solution. used vvas o- 16M-NaCl but only -0 n ?O,. Tht
dualysand was lyophilized to deyness and 2 light tan-colouced
pawder was obtained. Calewlations wdicated that a recovery @
49°2 per cent was achieved wuth ethanol precipation alose,
440 per cent with ethanol precipitation followed by dsalysis an
48+9 per cent with the ethanol Pzecxpitntion~dxslysis—lynp -
tion procedures. These differences are not significant. Additional
stadies showed that recovery of acuvity was only 28 per et
when ethanol precipitation was conducted at pHig- 8 and approxt
mately 40 per cent when cassied out at pH G sor8 s Rasng
the concentration of ethanol from 33 per cent 0 8o per ccnt
resulted m increasing yields of the factor.

Fig 4 compares the erythropoietic responses,
umits, to different quantinies of three preparations contamung #1°
ESF. “A” represents a tenth sun of a ov-NH,OH kaolin eluate of
Cooley’s amerns urne dulysed agamst o 16-NaCl for 48
hours; *B" is a dnlysed ethanol preapitate of Cooley’s aracmit
usine prepared by the method described abave and “C" 13
dialysed water-extrocted cthanol precipitate of a botled plasma
fireste from phenylhydsazmized rabbuts (preparation CS-1
kindly supphed by Ds. Henry Borsook and Jus assocrates, It will

in terms of H-R
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but there is a shift of usually 5 to 10 my to the right in the absorp-
tion spectra of the ethanol-precipitated urinary material. More
significant, however, is the greater height at all points of the
curve for the urinary material. The 280f305 my optical density
for the CS-1 preparation is 4-7 and that for the urinary material
shown in Fig. 5 is 1-4. The absorption between 300 and 400 my

12
19
>
gos Human
o Urina
806
2
< "
04
N // \ Rabbit
Plasma
02 \

220 230 240 250 260 270 280 290 300 30
WAVELENGTH (mp)

Fic s Ultraviolet absorption spectta of 2 human unnary and a

abbit plasma ESF preparation. A—Thalassaemm major unne-

ethanol preaipitation followed by dulys:s for 4 days, 036 mg fml

B—Plasma from phenylhydrazinized rabbuts (Borsook's CS-1)—

dulysed, water-extracted ethanol preapitate of borded plasma
filtrate, 0 67 mg fml.

15 probably an indication of ¢ i luding some of the
pigment associated wath the urinary ESE. Reprecipitation of the
unnary preparation with ethanol or ammonium sulphate did not
Tesult 1n a significant elevation of thus ratio. Although the kaolin
cluates of human unine have generally proved to be more highly
punfied preparations (absorption peak at 280 my) than those
obtained with ethanol precipi (absorp g at 285
t0 290 my), more consistent recovery has been achieved with the
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three human urinary ESF preparations with established HR
unitage were tested by the radioiron method. We have found
that, on the average, abont 3-6 H-R units, or 4+7 cobalt units, per
injection are required 1o produce a doubling in the ®Fe uptakein
our modified starved rat assay.™

1t is apparent from Fig. 4 that analysis of any preparation con
taining the ESF should consider the activity at more than one
level. The natuse of the three curves makes it scem likely that
the intensity of the erythropoietic effects noted with the h!gll‘"
doses of human urinary preparations cannot be reproduced with
anty quantity of plasma material. This may sigaify that (1) the
urmnary ESF is a more potent and somewhat chemucally different
molecule than that denived from plasma, (2) the plasma prepar-
tions thus far employed are associated with greater guantities O
tenacious erythropoietic inhibitory substance(s) than is the case
for urine, or (3) the plasma factor exeres additional side eﬁ"t"w
which prevent 1ts maximal erythropotetic activity from being
attained. The posstbility requres testing that the ESF may take3
somewhat different form depending on the body flnd and the
chnical state in which 1t is found. .

On the other hand, the probabuliry that the ethanol-precip-
tated dialysed human unnary preparations and sirmlarly pre
pared rabbit plasma matenal share some basic properties is st
from the nature of the ultraviolet absorption enrves {Fig s) I
may be noted that the general shapes of the two curves ate abike,

* Fave ymole doses of ot have beea found by Wihite and co-workers (1950)
R e e o oy e eblished 33

v
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latter method. In several runs with the anion exchanger diethyl
aminoethyl (DEAE)-cellulose, it was noted that considerable
amounts of the pigment in the ethanol-precipitated dialysed
urinary material clung to the tops of the columns and was not
cluted over a wide range of pH values. This suggested that DEAE
might be used to eliminate the pigment from the drinacy exitacth
Batch operations, using DEAE at pH 7+ 4, at which the ethanot-
preapitated dialysed urinary ESF is not appreciably adsorbed,
resulted in removal of 80 per cent or more of the pigment,  onc
third reduction in optical density and no loss in specific biologi
activity of the effluent. However, the absorption maximum o
the effluent remained at 285 my. More recently, 2 procedure
combining ethano} ipitation and dialyss for four d_‘Y’
against o 16M-NaCl and o 025:-PO, in 20/32” Visking casing
followed by passage of the dialysand through DEAE at pH7'4
yielded 2 highly punfied active effuent with an absorption peak
at 280 my and practically no pigment. ,
Table 1T indicates the relative patencies of several thalassaems
urine preparations. Comparisons are made with the sesalns
achieved by the four-step procedure employed by White ﬂﬂfi
co~wotkers (1960) for phenylhydrazmnized sheep plasma. It
noted that the purity obtamed mn the ethanol-precipitated of
kaolin-eluted urine materials is considetably greater than that
occurring i the Step HI procedure of White and co~workers
(1060) for sheep plasma. In fact, the kaolin cluate of ran 3°
approaches that seen 1n White's Step IV procedure. It would ako
appear that considerable amounts of carbohydrate may be
separated from the urmary preparations wathout rmparment ©
erythropoietic actvity. Indecd, the preparation with the highest
specific activity in Table IT, the kaoln 10 cluate, exhibited the
Teast catbohydrate (anthrone reaction), These preparations cef”
txin considerably less carbohydrate than restducs of ultrafiltered
urine from patients with aplastic ansemza (Van Dyke, Garcia an
Lawrence, 19574, b). In view of the low electrophoretic mobility
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2 contained 10 mg. of once-crystallized salt-free trypsin in 4 ml
solution. Thirty-four ml. of the urinary preparation at pH 7-4
was brought to 37° by incubation for 30 minutes in a water bath.
Two-tenths ml. of the enzyme mixture was added and the
incubation terminated at the end of five minutes by the addition
of o2 ml, soy-bean trypsin inhibitor solution (10 mg. per 2 ml,
of solution). A second 34 ml. sample of the matenal was allowed
%o remain for 30 minutes in the water bath at37°, following which
a 3o-minute incubation with 0-6 ml. trypsin mixture was con-
ducted and then terminated by the addition of o-4 ml. intubitor
solution. A third 34 ml. portion, after bemng incubated at 37° for
30 minutes, was digested with 1- 2 ml. of the enzyme mixture for
3% hours, following which 1-0 ml. of inhibitor solution was
added.

Assay procedure. 'The method employed was a modification of
that used by Fried and co-workers (1957). Twenty-five adult
female rats (wt.—195-225 g.) were divaded 1nto five groups. The
animals were then deprived of food for the duration of the assay.
On the third and fourth days of starvation, the animals of three
groups recetved two daily 2- 5 ml. subcutaneous mnjections of the
enzyme incubates. A fourth group was mjected on the third and
fourth days with 2- 5-3-0 ml. of urine preparation incubated at
37° for 3} hours with no added trypstn. A fifth group served as
untreated controls. Six hours after the second mjection, and at a
sunilar time in the untreated controls, the rats recerved an intra-
penttoneal injection of 1 pc ®Fe per 100 g. body weight. The
specific activity of the isotope was 6 mc per mg. jron. Eighteen
hours after the radiotron injectton, the rats were hghtly etherized
an'd the blood drawn by cardrac puncture mto hepannized Vacu-
tainer tubes. The packed cell volumes of the blood sample were
determined by the microcapillary haematocnt method.  After
measuring the activity of 1 ml. of whole blood 1 a well-type
scntillation counter, the radiowron uptake could be expressed as
counts per minute per ml of packed cells.
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of the 1M-NH,OH kaolin eluates (Winkert et al., 10582, b
Gordon ¢t al., 1959¢) it scems likely that the alkaline elution pso-
cedure has resulted in the separation of considerable electronege-
tive carbohydrate from the urine with no associated Joss In
biological activity. However, the necessity for some cabo-
‘hydrate in the molecular structure is seen from the recent fndig
of Borsook (1959a) that incubation of the plasma ESF, from
phenylhydrazinized rabbits, with Burnet's neuraminidase for‘ ten
minutes at pH 7 resulted in complete loss of erythropoietic
activity. This and other findmgs (Rambach ef al,, 1958) have
suggested that sialic acid is an cssential component of the ESF
molecule. .

Becanse of the susceptibiliy of erythropoiettcally-active urin®
preparations to trypsin or chymotrypsin (Van Dyke et al., 19574
Gordon et al., 1959¢), it has been inferred that the urinaty ESFi3
polypeptide or that a polypeptide portion is essential for it
biological actvity, A similar conclusion was fiest arsived at by
Niu {1958) for an inducmg factor from thymus tissue. It d'O-
veloped subsequently that the presence of proteolytic enzyme it
his bioassay system was inhibtung the action of the inducing
factor. Addition of equumolar amounts of soy-bean typs®
inhibrtor to the trypsin-inducing factor meubates led to the
restoratton of the acttvity of the inducing factor, His findingt
that the factor displayed an absorption maximum at 265 myt 30
was destroyed by nibonuclease suggested that the inducing activify
was associated with nbonucletc acid (RNA) type structure. ?‘hc
following experiments were conducted to preclude 2 possible
erythropoietic inhibitory action of the trypsin tself.

Enzyme incubations. The ESF used was a dralysed 80 per cent
ethanol precipitate of an actve urine from a child with thalas-
saemia major (Hb—4-05.). A muxture contaming equal volumes
of two trypsin preparations was used for the digestion. Prepasa-
Hion 1 conststed of 10 mg. of twice-crystallized trypsin containing
50 pes cent MgSO; {Worthington) 1n 4 ml solution. Preparation



HUMORAL FACTORS IN BLOOD CELL FORMATION 345

operates within the organism. For the ESF, this probably takes
the form of a circulating glycoprotein. Butan equally important
objective is to determinic the active “coses” within the larger
molecular steucture,  Although such procedures, generally
accomplished enzymically, lead to reduction in biological
actvity, they are essential in elucidating the nature of the operat-
ing effective groupings, which in the ESF may be polypeptide in
natute, In secent years, the value of this approach has heen seen
clearly in the area of the adenohypaphysial (Cohen, 1958) and

lanopk imulasting  hormones  (Hoft Yajima and
Schwartz, 1959). Cleavage of a large protemaceous molecule
from animal sources into smaller moseties which retam biological
activity may remove an immunological barrier that deters use of
the factor in other speces including man. The real challenge is to
reconsteuct back, chemically and physically, the maximally
active molecule from the dissected cores and carrier substances,

Y seems Iikely that chemucal work o the ESF wall soon take thes
course.

Further evidence for the lack of species-specificity in
the action of the human urinary ESF
Effects in the guivea pig
- Y e beva vanapted an mabihity of 2 utinary pre-
. L NS

. '
to stimulate RBC formation 1 the UUICS prgy » ‘-
tveness of these preparations m rats  Smee this represents the
15t mamemalian spectes reported to be refractory to human and
abbit ESF, 1t was considered p to re this
posstbility wath the use of a hughly active unine from a chnld with
thalassaemia magor. This urine sample, 1n 3 mi darly doses given
for five days, induced an mncrease 1 reticulocytes from 3-0 to
14*7 per cent and haematocnts from 45°9 10 53+ 8 per cent {re.
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Table 1l indicates that incubation for 3} hours with 2 Jarger
concentration of trypsin resulted in complete destruction of the
urinary ESF. No activity was obscrved in the recipient 138
despite the addition of an excess of trypsin infubutor just prior to
injections of the incubates. The increase in activity note W
the five-minute incubates is not statistically signaficant when ot
pared to counts of the RBC of the rats injected with the urine
material not incubated with srypsin. More fecent expenments
have indrcated that the Iack of activity of the urine—trypsin—soy-
bean inhibutor meubates cannot be atmbuted to an infubitory
action, in the reaprents, of the injected trypsin or soy-bean

Table I
FrFECTS OF TRYPSIN ON THE ACTIVITY OF HMUMAN prouary ESF

Courtsjmn Jrl. packed cells

Inoubation pened {mean values£ S E- of mesn}
ntreated controls 5,100 1,070
3} hr wathout trypait 342001 8,660
$ mun +rypsin 55,5001 9,000
30 mun + rypsin 314708 3160
3jhe.+ trypsin 8,500+ 3,600

inhibstor smee (1) simultancous addition of trypsin and snhbitos
1o the active unne preparation did not vesult in any decrease in 89
eryshroposetic activity of the matertal when tested 1n the SEave
rat, and (2) mjections of both trypsin and mihubiror {wish 10
wrnary material) did not Jower the uptake of radiowron by ¢
RBC of the reciptent gats These experiments permit us & 1
iterate, wath greater confidence, the importance of polypeptide
groupings for the hiological activity of the unnary ESE.

1t might not be amss at this point to ndicate that two 3p°

roaches are generally taken m the elundation of the chermic?
structure of a ologically active substance Iike the ESF. T8¢
figst objective 15 0 solate and charactenze the homogencos
molecule with high biological acuty asie presumably coosts an

-
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176 H-R units) in our standard intact female sat assay. Six adult
male guinea pigs of the Hartley steain received subcutaneons
injections of 15 ml. per kg. of the filtered but otherwise untreated
urine daily for periods of five and ten days. For comparison, six
guinea pigs were injected daily for five days with rs ml per ke.
of homalogous plasma obtaned from thrice-bled donors. Si
animals, injected with 15 ml per kg. of plasma from normal
donors, served as controls. Haematocrit and reticulocyte values
were used as the erythropoietic parameters.

Table IV indicates that ten injections of the urine specimen
emplayed evoked significant increases in the reticulocyte levels
and a tendency sowards 4 rise in haematocrit values. Reticulo-
cytosis was also evident after five injections of the vrine. Five
mjections of homologous “anacmic” plasma induced a somewhat
greater rericulocytosss than seen with the urinary material,
although here again there was no assoctated elevagion in the haem-
atocrit values. It should be stated that treatment with other urine
samples, crythropoietically active and non-toxic in rats, failed to
produce a positive response m intact guinea pigs. In some cases,
matked decreases in haematocrit values were experienced by the
treated animals.

It would appear that the response of the guinea pig to the
human ESF is varmable and not as pronounced as that dxsphyt{i by
the rat. In this regard, it scems likely that the guinea pig exhibits
a greater senswivity to the non-erythropotetic immunological
factors m human urine than does the rat, a phenomenon t}{ﬂ‘
would tend to mask its erythropoictic-stumulaung propertics it
the gunea pig. This is in essential agreement with the conclusions
of Borsook (x9596). The abilicy to detect erythropoienc-stimulat-
ing activity 1 the guwea pig with some unnary samples may
relate to differences in the and types of antg, mﬂffﬂj"
present. It scems important to re~cxamune the erythropoictic
response of the guinea pig to the considerably more tughly pun~
fied plasma and urine prey ns of ESF now avarlabl
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Effects in Desmognathus phoca

Desmognathus phoca (Fig. 6), a salamander indigenous to the
mid-South Alantic regions of the United States, swas selected for
ascertaining the effectiveness of human urinary ESF upon ery-
thropoiesis in a lower vertebrate because of the case with which
its spleen could be dissected and because of it availability through-
out the year from the dealer (Carolina Biological Supply Com-
pany, Elon College, North Carolina).

A preliminary feeding period with Tubifex for two weeks
served to reduce the variability m response noted with newts
started  directly upon receipt from the dealer. Sixteen sab-
manders of both sexes, rangwng in weight from 2 to 4 g, were
injected pleuroperitoneally with o+ gc %Fe per g. of body
weight. Six hours hater, the counts per minute per mg. averaged
as follows: head—s56 4; tail—sg-6; liver—zr19-0; and SP‘?"‘"'
5460, a finding consistent with the view that the spleen is the
prmary site of erythropoiesis in urodeles (Jordan, 1938).

Another group of 12 sabmanders was injected datly on thee
successtve mornings with o2 ml. of a highly active dml)tscd
ethanol precipstate of urine from a chuld with dleassacm major.
Six houts after the last injection, o- 5 uc of #Fe was injected
pleuroperstoneally per g. of body weight. The uptake was
ascertaned similarly 1n 12 controls not recaving the urinaty
extract. The animals were killed at vagrons umes for dbtcrmﬂ‘
tion of splenic radioactivity. In several animals, determunations
were also made of the mcorporation of the radiowon mto the
circulating RBC at 54 hours after isotope myection

Fag 71ndicates that the uptake of ®Fe was greater i the spleens
of the ESF-mjected salamanders than 1 the controls at the three
petiads exammed. A maximum uptake was atramed at 36 hours
which was mamtained at the sq-hour perod, By 54 hours, the
incorporation of the sotope mto the cireulating RBC of the
ESF-treated arumals was approximately 120 per cent greater than
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in the controls (j.e. 30,050 counts per minute per optical density
unit* in the experimental animals as compared to 13,400 in the
controls). At the s4-hour period, a comparison showed approxi-
mately 2,400 counts per minute per mg. spleen and 960 counts

DESMOGNATHUS PHOCA
32001

2800

»

500,
2000
1600

T controts
EsFtreated

SPLENIC UPTAKE (CPM PER MG}
g 8
S _2

»
o
S

9 36 54
HOURS AFTER “°Fe

Fi 7 Splenic uptake of $*Fe {counts per minute per mg wet
spleen) in control and human urinary ESF-treated salamanders

pet munute per mg of whole blood. Microhaematocrits estab~
lished that the circulating RBC accounted for approximately 08
pet cent of the activity 1n blood at this ime. These preliminary
C)fperimcms appear to indicate that the ESF of human ongmn
stimulates erythropoiests in the urodele.

d: Determined by haemolysing the blood sample, obtained a1 the site of
Capitation, 1n 3 ml of dunlled water for two hours, spmning down the sedi-
ment and reading the supernatant at $40 my in the spectrophotometer,
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Evidence for a circulating leucocytosis-inducing factor
(LTF)

Experiments have been described supporting the existence ofa
citculating LIF (Gordon, 1950b; Gordon e al., 19594). The evi-
dence is derived from (1) the leucocyte behaviour in parabiose
rats, one partner of which is subjected to repeated leucocytaphere-
sis (LAP), {2) studies on the effects of “LAP plasma” on tht
leucocyte picture in intact rats, and (3) observations on the
influcnce of “LAP plasma™ on leucocyte discharge from isolate
perfused hind legs of rats. Some of these studies have recently
been extended and a summary of the essential findings appest®
below. Full details are provided in the paper by Gordon and
co-workers (1960).

Parabiotic experiments

Adult female rats of the Charles-River strain weigljiﬂg 180~
200 g. were used. Parabiosis was performed between Tittermates
by the method of Bunster and Meyer (1933)- bdominal eavity
LAP was mitiated four to seven days after parabiotic surgery:
Twenty-five ml, of non-pyrogenic isotonic salne was injeae
intrapentoneally mto the nght parabiont of cach pair. Nm;
hours later, when most of the myected flud had been absf)fbf
from the cavity, an additional 10 ml of salme were mjected intra-
pentoneally for the purpose of flushing the cavity and collecung
the accumulated leucocytes. This LAP procedure was repeatc
several times, usually six to eight, until at Jeast one thousan
mmlkion cells had been removed from the right partners. Repeated
LAP resulted 1n the appearance of progressively greater numbers
of polymorphonuclear leucocytes m the abdominal exudates.
Although the percentages of mononuclear forms (tymphocytes an
macrophages) tended to dinumsh, the absolute numbers of the
mononuclear elements increased wath each withdrawal because of
the greater total numbers of cells appeanng in the exudates.
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Leucocyte determinations were made from either freely-flowing
tail blood or from cardiac blood in both parabionts before initi-
ation of Jeucocyte remaval from the right partmer and at four o
six hours after the last LAP had been performed. The periphers)
white cell changes for two representative pairs, of a total of ten
pairs examined, are depicted in Figs. 8 and 9. Repeated LA‘P per-
formed in the right partners generally resulted in 2 significant
drop m their peripheral white cell counts. With one exception.
this was accompanied by a significant rise in the white cell comts
of the left non-LAP partners, The Jeucocyte increases in these
latter rats were due to rises in Iymphocytes, polymarphonucleat
neutrophils and eosinophils (Fig. 9).

Plasma injections

“LAP plasma The LAP procedure used in the parabiotic
series was performed in 25 intact rats which served as the phsma
donors. Approximately 1,500 million leucocytes wete remov
from each of the donors. Each of six normal adult {cma}f s
recewved a single 10 ml. subcutaneous mjection of dus LA‘;
plasma™; another six rats were given single injections of m‘z‘aﬂ.o
plasma from non-LAP animals. Table V indscates that the LAP
plasma” evoked, at four and six hours, highly significant mereascs
in the white cell counts of the wtact recipient rats. These 1=
creases were largely the result of rises 1 the numbers of neutro-
phulic granulocytic and lymphacytic elements. There was, how-
ever, a greater relative increase in the neutrophd numbers whi
wncreased percentage-wise while the lymphocyte percentages
decreased somewhat. Control plasma was ineffective o anyof the
parameters studied,

Additional controls. The unportance of the removal of the Teuco~
cytes in the production of the LIF was pursued 1n 15 fats subjecte
to sham-LAP, ie. proceduces were followed sinubar to '%’0“
indicated above except that the exudates and cherr contained
leucocytes wese not semoved. Single 10 ml. injecrons of plasms



353

HUMORAL FACTIORS IN BLOOD CELL FORMATION

ey o8- S N 4

“s1moy 0 3¢ 630[EA 03 pascdwos smoy § 20 # IESINMEK 1 61345t JO QOUNQUISP I WAL PAL[IO[EI anfra LIqqEOLd x

I.T¥L S1 T TFEg
T.2Fg.Ex $ T¥og
T.IFE£1 ¥.1Fog
#{10.0>g)  x(10 0>q)
G.TFL.9T 0.EFzL
x(10:0>d)  #{10:0>d)
6.8 FLde [ 372
.2 FLS1 8-1F5g

SN prviouopy
———
(%) sproonffica

T.bor FEIE v TEY LD 9

§ Sor Fg1€ v.eFg.ln ¥

6.58 Fsgz S zFg.91 o 9
Hs N} #(10:0>4)

§ ¥YEFlor T EF0.4f g

#(10 0>d) ¥(10 0>)
L.ETobT RZEINT 2

9 YEFERI 6.2%9.51 o 9
W (s pafur sivs
fousog | snowp) anfp dua

o4 H foon

{NVIW 80 § FSINTVA NVIW) SIVY LDOVINI 20 STTID
LN TVEIHINGL NOIA VWSYId JV'T-NON NV JV'T 40 SLOZug

AL

syex {qy-uou) rusiony

081 49T

vusd
o

£

220§

HARMO 12



352 ALBERT S, GORDON

Leucocyte determinations were made from either freely-floing
tail blood or from cardiac blood in both parabionts before initi-
ation of leucocyte semoval from the right partner and at four to
six hours after the last LAP had been performed, The penphenl
white cell changes for two representative pairs, of a fotal of ten
pairs examined, are depicted in Figs. 8 and 9. Repeated LAP per-
formed in the right partners generally resulted in 2 significant
drop in theic peripheral white cell counts. Wath one exception,
this was accompanied by a significant rise in the white cell conts
of the left non-LAP parmers. The leucocyte increases 1n these
latter rats were due to rises in lymphocytes, polymorphonnclesr
neutrophils and cosinophils (Fig. 9).

Plasma injections

“LAP plasma.”” The LAP procedure used in the parabiotic
series was performed 1 25 intact rats which served as the plasn?
donors. Approximately 1,500 million leucocytes were remove
from each of the donors Each of six normal adult female 12t
received a smgle 10 ml. subcutaneous injection of this “LAP
plasma™; anather six rats were given single injections of 10 mb of
plasma from non-LAP animals, Table V indicates that the “LAP
plasma” evoked, at four and six hours, hughly significant inereascs
in the white cell counts of the intact recipient rats. These i~
creases were largely the result of nises in the numbers of neutr
phulic granulocyuc and lymphacytic elements. There was, how-
ever, 2 greater relatve increase 1n the neutrophil numbers whi
increased percentage-wise while the lymphocyte percentagts
decreased somewhat. Control plasma was meffectiveon anyof the
patameters studied.

Additional controls. The importance of the removal of the Jeuco-
cytes in the production of the LIF was pursued i 15 rats subjcmd
to sham-LAP, ie. procedures were followed simiar to those
indicated above except that the exudates and ther containe
leucocytes were not removed. Single 10 ml. 1njections of plasma
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in the total numbers of dirculating white cells at the six-hour
period.

Action of the LIF on the bone marrow. Single 10 ml. injections of
the “LAP plasma” caused, at six hours after administration,
ignifs d in the absol bers of philic and

inophilic granulocytes, accompanied by an increase in the
numbers of lymphocytes within the tibial bone marrows of the
recipients (Fig. 10). Control plasma also tended to produce
somewhat lower neutrophulic cellular and higher lymphocyue
numbers but the effects were not significant. Nucleated RBC as
well as total nucleated cell numbers were not affected by either
normal or “LAP plasma”.

Direct actions of the LIF

The effects of “LAP plasma” as well as normal plasma were
studied on the rate of leucocyte release from sotated hind legs
of rats perfused with 50 ml. of homologous blood depleted of
most of 1ts leucocytes by repeated centrifugation and removal of
the buffy coats. The detatls of the perfusion system have been
desceibed previously (Gordon ef af , 1959¢; Kuna et dl., 1959).
Four groups were utilized. The first group (five legs), which
served as controls, established the rate of leucocyte release under
the standard conditions of the perfusion system. In the second
group (three legs), 7 ml. of “LAP plasma” were added to the
perfusate at the begmning of the perfusion pertod In the third
group (three legs), 7 ml. of plasma from non-LAP rats were
added at the start and 6-7 m. of the “LAP plasma” added at 30
munutes. Lastly, to two perfused preparations, 25 g. endotoxm
(Drfco’s Staphylococcus A kpopolysacchartde) were added at the
begnming and another 25 g at one hour, All perfusions were
conducted over a two-hour period.

Fig. 11 indtcates that perfusion of 1solated hund legs of rats is
accompanted by a continuous release of leucocytes mto the per-
fusate. Approximately so million are released m 30 minutes.
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from these donors into each of five rats produced no significzat
alterations in white cell nambers or differentials at the four and
six-hour periods.

The lencocytosis-inducing action of the “LAP plasma” is prob-
ably nor artnibutable to non-specific factors that might be im-
plicated in the response to the stress of the Jeucocyte removal

TIBIAL MARROW RESPONSE TO "LAP PLASMA”
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procedures. Thus the intensity of the absolute increases in peri-
pheral white cell counts as well as the temporal features of the
zesponse evoked by the LIF were not teproduced by single in-
Jjectsons of predmisolone (x mg.), Adrenalin (Patke, Davis & Co.
Toug.), tarterenol (noradeenaline) (2008 ), serofomun (2548 )
histanune (10yg,) and pyrogen (Baxter Labs , Pyromen, 10 at

100 pg.). The cffects generally induced by these agents were
charactensic of non-specific stress, namely absolute lympho-
penia, penta and phlis, with no ficant changes
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is noted that 7 ml. of normal plasma added at the commencement
of the perfusion did not sigmficantly alter the rate of leucocyte
release durmg the first half-hour. However, addition of 6-7 ml.
of the “LAP plasma’ at the 30-minute pertod induced a signifi-
cant increase in the numbers released over the next 15 mmutes

ISOLATED LIMB
EFFECTS OF LAP PLASMA ON LEUC. RELEASE

NOS LEUCS RELEASED (0”8

20 60 120
DURATION OF PERFUSION
(MINS'}

Fi6 12 Effects of a single addiion of 7 ml of normal
plasma at the ittiation of perfusion and 6-7 ml of
“LAP plasma® at the 30-mmnute period of perfusion

PRI o

when compared to the same mterval 1n the controls Not noted
in Frg, 12 15 the finding that two additions of endotoxmn to the
pecfusate did not change the rate of leucocyte release from the
perfused preparations,

The experiments aited above favour the existence of a cir-
culating LIF following withdrawal of large numbers of leucocytes
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At one hour, the number has more than doubled and values of
approximately 150 million are attained by two hours. Neutro-
philic granulocytes and Iymphacytes constitute the greater
majority of the cclls released, with the former outnumbering the
latter. That the leucocytes are derived primarily from the bone
marrow is scen from the fact that demedullation of the long bones

ISOLATED LiMB
EFFECTS OF LAP PLASMA ON LEUC. RELEASE
150}
g 2
E ‘Xz 7
8 ?i
g oot g; é
u A
@ 7
1 x5
9 ; XX Conro!
g %) X 4P Plosme
g
87

&0 /20
DURATION OF PERFUSION
MNS

Fro. 11 Effects of a single addition of 7 mL of “LAP plasma” at the
inutiation of perfusion on the rate of leucocyte release from solated lund
Jegs of rats perfised wath leucocyte-depleted blood.

of the legs prior to perfusion markedly reduces the numbers of
leucocytes released into the circulanon.

Addition of 7 ml. of “LAP plsma” at the mtiation of per-
fusion resulted m a 150 per cent mncrease m the numbess of
leucocytes released over that observed in the control preparations.
However, by one and two hours after addition of the “LAP
plasma”, the numbers of leucocytes counted 1n the pcrﬁuatfs
were no greater than thosc noted at 30 munutes. From Fig. 1216
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Komiya (1956) has called attention to a vanety of “leuko-
poietins™ in the blood of rabbits within a few hours after injec-
tion of typhoid vaccine, pertussis vaccine and other agents. Drs.
Komiya and Katsunuma of the Tokyo Medical College Hospital
have kindly provided us with a sample of their purified rabbut
plasma, “neutroporetin®, evoked by typhoid vaccine, which
appears to be polypeptide in nature (Komiya et al., 1959) and has
the same mgration velocity as a y-globulin m the paper electro-
phoresis system (Komuya, personal commumcation). In our
hands, the matenal has proved active in causing a marked peri-
pheral neutrophilia 1n rats at four hours after smgle mtravenous
mjections of 250 pg. We have also recently detected the appear-
ance of a leucocytoss-nducing activity mn the plasma of rats at
four to six hours after subcutaneous injection of o 5 mi. of
typhoid-paratyphoid vaccne (New York City Health Depart-
ment). The peripheral leucocytic pattemn produced by a single
10 ml. injechion of this plasma 1n rats 15 quite similar to that
induced with the “LAP plasma”. Tt 1s possible that the typhoid
vaccine operates by causing the emigratton of leucocytes to sites
where their mbibitory action 1s not operative or through therr
eventual destruction. This would provide a unitary hypothesis
for the appearance of an LIF 1 the plasma of LAP and vaccine-
wjected animals

Summary

Studies are reported on the erythropotetic-stimulating factor
(ESF) m human and sheep urme A positive correlation exsts
between the mtensity of anaemia 1 children with thalassaemia
major and the presence of the ESF i therr urmes. The factor
disappears promptly following transfusion  Strong erythro-
poeticsumulatmg activity 15 also detectable m the unnes of
sheep rendered 1 with phenylhydrazine,

Normality of the RBC evoked 1n rats m response to the human
urmary ESF 15 indicated from studies of their osmotic fragilty,
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from rats. ‘The action of the LIF appears to be exerted directly on
the bone marrow, causing a rapid release of mature granulocytes
and lymphocytes into the circulation. One can only speculate
regarding the mechanisms responsible for the appearance of the
LIF following repeated LAP. The concept has been advanced
that the adult non-proliferative members of a cell Iincage act 1o
inthibit the proliferation of the stem elements of that series (Weis,
1954; Osgood, 1955; Rose, 1955). A similar negative feedback
cottld conceivably operate for the blood cell releasc phenomenon
in which withdrawal or destruction of adult leucocytcs, with the
removal of therr ¢ d inhibjtory mechani would spark
the production of the humoral LIF. Evidence for this concept is
provided in the present findings that when the peritoneal extid-
ates and their contained leucocytes are not removed following
repeated injections of salne nto rats, their plasma possesses no
leucocytosis-nducing activity. It ss also possible that the release
of leucocytes from the bone marrow, provoked by the LIF,
triggers a compensatory cellular proliferative activity to replace
the elements discharged mto the circulanon. This would be
analogous to the situaton for the RBC i which the earhest
morphological sign of enhanced erythropoictic actvity 38 2
peripheral renculocytosis (Seip, 1953). signalbng a subsequent
creased proliferation of the erythrowd precursors in the bone
marrow.

Another explanation envisages an mherent abibty of the adult
Ieucocytes to metabolize a normally eirculating LIF. Wathdrawal,
1mmobilization or destruction of leucocytes would pernut the
accumulation and action of this factor. This hypothests is bein§
tested by determuung whether mcubation of “LAP plasma
with leucocytes results n a dimmnution of s actrvity.

The LAP-induced LIF remans to be punified and cha
Preliminary studies reveal st to be heat-labile and resistant £
freezing. In addution, “LAP plasma™ shows an accentuation ¢
the y-globulin band 1 the paper electrophoretic system.

racterized:
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OXygen content and ¢ pacity as well as the alkal denaturation and
electrophoretic mobility of their contained haemoglobin.

Kaohn-:xdsorption and ethang) precipitation methods are des-
cribed for the purification of the human urinary ESF. Present
indications are that the factor i 2 mucoprotein with associated
polypepude 8roupings important for ¢he biological activity.

The response of the guinea Pig to the human urinary ESF is of
lower order of magnitude than thyy displayed by rats.” Increased
uptake of radioiron by the spleens and augmented incorporation
of the isotope into the circulating RBC occur in the salnma'ndm
Desiognathyys Phota, following injections of the human urinary
ESF,

Further evidence i presented supporting the existence of 2
Ieucocyrosls-mducing factor in the plasma of rats subjcctct{ to
Tepeated Ieucocytaphercsxs. It appears 1o operate by wcreasing
the rate of leucocyte release by a direct action upon the bone
marrow,
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experiments were performed before the provocative findings by Jacob-
son and co-workers were reported, on the kidney as a site of pro-
duction. Recently, Eugene Gold P d some prehiminary
evidence for erythroporetic-stimulating activity in h of
kudney from anaemic rabbits (1959. Erythropoictin Symposium,
Sponsored by the Atomic Energy Comumussion, Washington, D.C.).
Suntlar findings have been reported by J. P. Naets, for homogenates
of kidney from anaenuc dogs (1960. Proc. Soc exp. Biol. (N.Y.), 103,
120). Our negative results with kidney mught have been due to 2
destructive effece of the acidification-boiling procedure on the factor
in the extracts.

Roylance: S. Osnes (1958. Brit. med. J., 2, 1387) did some histological
work on this.

Ostmond: Dr, Gordon, I was interested to see that after release of
neutrophuls in the rat you find the same lymphocyte-granulocyte
mversion that Prof. Yoffey was talking about earlier. It is nice to see
some correlation between the gumea pig and the rat in some of their
tesponses. On this question of species specificity could you enlarge 2
little on what you said regarding the action of ESF in the guinea pig?
In 1958 Dr. A. J. Webb and I'studied the effect of plasma extracts from
ponses rendered anaemic by multiple bleeding, the extracton being
by the andification-boilmg-infiltration method, and later Dr. P, J.
Roylance and I studied the effect of some unnary ESF (provided by
Dr. Van Dyke) 1n the gumea pig. In no case were we able to stimulate
erythrop with these suk Instead we obtained varying
degrees of increased granulopoiests with the reverse of what you
found, namely an increase of granulocytic cells in the marrow, and a
decreased lymphocyte population.

Gordon: 'The effects reported ongally by Prof. Yoffey and his
group (Harns, P. F., Menkm, V , and Yoffey, ] M. [1056] Blood, 11,
243) were obtamed with Menkm’s leucocytosis-promotng factor
denved from a turpentme-induced mflammatory exudate m dogs. 1
have no idea whether there 15 any chermcal simulanty between Men-
Jan’s matenal, which 1s associated with the a-globulins, and ours, which
appears to be lnked to the y-globuln fraction of plasma. There 1s,
however, a stmlarity m the action induced by the two factors on the
cellula elements of the bone marsow.
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DISCUSSION

Roylance Dr. Gordon, you smentioned that many workers had taed
to clucidate che erythrop 1 factor from varous OFgAsS:
Have you done any work yourself on the site of mannfacture’
Gordon We performed some experiments {Gordon, A S e '
S J,and Tannenbaum, M. {1055}, Amer. J Plysiol., 181, 585)mm whid
sabbuts were subjected to repeated bleedings These expenuments were
cepeated using phenylhydrazine 10 induce anaemia {Pihiero, S, J"
Medsci, P. T, and Gordon, A. S., unpublished). Erythropoiet ‘g’z
acuve extracts were obtamed from the plasma of these anumals Ydm
acdification-borhing procedure used by Borsook. We reasoned
smee these procedures uncovered activity m plasma, they sho <
capable of tevealing crythroposetin m those argan systesms cmiccm&‘-
with 11s production However, we were unsuceessful 1n detectng 1
pressive activaty m filtrates of hver, packed red ccns,. skeleral m;;“zr
brain, pancreas, fadney, lung, skin, thymus and ntestinal trace. TS

hero,
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experiments were performed before the provocative findings by Jacob-
son and co-workers were reported, on the kidney as a site of pro-
duction. Recently, Eugene Gold 7 d some preliminary
evidence for erythropotetic-sti g activity in homog: of
kidney from anaemic rabbits (1959. Erythropoietin Sympostum.
Spensored by the Atomic Energy Commission, Washington, D.C.).
Simlar findmgs have been reported by J. P. Naets, for homogenates
of kidney from anaemic dogs (1960. Proc. Soc. exp. Bol. (N.Y.), 103,
120). Qur negatve results with kidney might have been due to 2
destructive effect of the aadification-botling procedure on the factor
in the extracts.

Roylance: S. Osnes (1958, Brit. med. J., 2, 1387) did some histological
work on this.

Osmond: Dr. Gordon, I was mterested to see that after release of
neutrophuls in the rat you find the same lymphocyte-granulocyte
mversion that Prof. Yoffey was talking about eather. It is nice to sec
some correlation between the gumes pig and the rat in some of their
tesponses. On this quesnion of spectes speafidty could you enlarge a
lietle on what you sard regarding the action of ESF in the gumea pig?
In 1958 Dr. A.J. Webb and I'studied the effect of plasma extracts from
pomses rendered anacmic by multiple bleeding, the extraction being
by the acidificaton-boilmg-mfiltration method, and later Dr. P. J.
Roylance and I studied the effect of some unnary ESF (provided by
Dr. Van Dyke) 1n the guinea pig. In no case were we able to stimulate
erythrop with these sul . Instead we obtained varying
degrees of increased granuloporesss wath the reverse of what you
found, namely an ncrease of granulocytic cells in the matrow, and a
decreased lymphocyte population.

Gordon: ‘The effects reported originally by Prof. Yoffey and his
group (Harns, P. F., Menkin, V, and Yoffey, ] M.[1956]. Blood, 11,
243) were obtained with Menkm’s lencocytosis-promoting factor
derived from a turpentine-mduced mflammatory exudate i dogs. [
have no 1dea whether there 15 any chemical sumilarity between Men-
Yan's matenal, whach is assocrated with the a-globulms, and ours, which
appears to be linked to the y-globulin fracton of plasma, There 1s,

owever, a similanty m the action induced by the two factors on the
cellular elements of the bone marrow.

1
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Ostiond: 1 wonder if ehis is in fact a specific response~it is a thing we
sec in response to many stimul.

Gordot: Nevertheless this does not preciude the possibility that
constitutes a normal physiological reaction ipanying the enhan
release of leucacytes from the bone marrow. The response of the
guinea pig to erythropoictin appears to be a varuble one, We have
tested in the guinea pig several specimens of urine from thalassaenua
magor subjeces which weze highly active in tats. The nrines generdlly
induced hacmolytic effects as evidenced from the significant declne
haematoeric accompanying the reticulocytosss.  With one wint
sample, however, we obtamed evidence of 2 true stmulation of e
thropodesis (Table IV, p. 347) This may have been due to the fortd~
tous absence, in this urine, of antigenic factors to which the gume2 '
is more responsive than the rat, Apart from immune seactions, B¢
13t appears to sespond much more sensitively to crythmpciﬁﬁ“
does the gumea prg. §

Van Dyke: Dr. G. Keighley has shown that antbody formatios
wmay destroy the effectiveness of erythropotetically active rabbit plasma
w rats when injected far several days, but not during the tme reqoit
for the $Fe red cell mcorporation assay. We found absence of respU;N
in the gumnea pig to human urmary erythropoictin, using the 5
assay, where one wauld not expect that there had been sufficicat tme
for anubody production to get under way. ¢

You mentioned privately that in your method of collecnon ©
human urmary erythropoictin the time of exposure to the kaaba w28
important 1n recoverng the activity. That could be a pitfal} for some
one who was trymg the method for the first ime.

Gordon. The kaoln procedure may yreld vanable results. ¢
runs we obtained no recovery of activity wath the kaoln adsorption
technique. One pownt of umportance 1s to allow the unne to reman
contact with the kaclin for only a short time, Exposure for too Jong 2
tume may result m varymg degrees of denacuration wath accompanysg
loss of biological actviry, Alhongh the degree of pusification
achieved with the kaoln technique may be high, the yrelds 0}“4“‘“!
have not generally been as consistent as wich the ethanol precipitaton-
prolonged dualysis procedure, at least in our hands, We haye now
resorted almast completely 1o the latter method for obtaming £eas0n~

in scvﬂﬁ(
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ably punfied matenal from active urine, A good deal of the pink
pigment associated with these prepar may be d by passmg

rabbit plasma.

Lamerton: Have you perfused tissues or organs other than the hind
Lmb wath the leucocytoss-mduang factor? Do you get leucocytes
out of lung and Lwver, for instance? Such experiments might throw
some hight on the extent of the extramedullary stores of the leucocytes.

Gordon: We have not yet attempted to do this with other organs.
‘With regard to erythroporetin, however, Dr. S. Kuna, Mr K Melman
and [ are now perfusing 1solated rat kadneys and we mtend to join a leg
to the circuit By reducing the oxygen content of the blood perfusmg
through the kudney we hope to mduce 1t to produce erythropoietin
which may then stimulate erythroporess in the marrow of the leg.

Jacobson: Some discussion on this problem of non-speaficity might
be worth while I assume from what has been sad by Dr. Lajtha and
Dr. Gordon that the sumulation of the stem cell 1s speafic for erythro-
potetin. But non-specific things could certamnly affect the haemoglobm
content of the erythroblast and 1ts later stages and therefore one has to
be very careful to consider this from the pomt of view of separating
the two aspects of the problem.

Have you tried erythropotenn on lower forms i which there were
no red cells and haemoglobm was soluble?

Gordon. Several years ago I made an attempt to use Daphnia as an

assay ammal for erythroporetin, since this form possesses a measurable
LTS 1.t 11 1. 1 LR 1t

find 2 vern to myect, so we added the plasma erythropoietmn prepara-
tions to water containmng large numbers of Daphnsa pulex  Unfortun-
ately, we could find no evidence that hacmoglobm synthesis i this
form was enhanced by the factor.

With regard to the matter of non-specifiaity, it must be emphasized
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that an increase m red cell mass in the intact animal can be induced only
by oxygen deficiency, in one form or another, or by the medutor of
anoxa, namely erythropoictin. This is why we prefer to use the mtact
anamal for our assays of erythropoietin. .

Stohlman: How do you account for compensated haemolyric sye-
dromes?

Gordon: 1 am willing to concede that there may be zddmon:ﬂ
mechanisms wmvolved in the regulation of erythropeiesis as thereare i
the control of leucopoiess. Again with respect to the mm:r.of oy
thropoietin assay, the intact ammal has the advantage of reacting 1.2
more specific manner to erythropowetin, Factors such as folic acid,
Iver and vitamin B,; (Hodgson, G., and Tohs, ] [1954]. Blood, 9,
209), as well as other vitamins, the mthnsic factor, iron and l:OPP‘z
{Wintrobe, M. M. {1956]. Clinical Hematology, 4th edn. Philade
phua Lea), although dramatically cffective in ammals lackug these
prnaples, exeraise bittle or no acton on erythropoietic processes 1
sntact ammals subsisting on a normal diet and possessing a nov
X'CSPOHSXVC MAFOW.

Craddeck: In your perfused hund imb preparation are the butk of the
cells that come out on perfusion the same as you descbe m your
mtact ammal blood differential—in other words do both lymphocytes
and granulocytes come out? £

Gordon: Yes, both types of cells are discharged and the selease of
these clements mro the perfusate 15 accompanied by a partal deplenon
of the granulocytic population 1n the perfased martows. Lymphoys
numbers 1 the marrows may not necessanly change, indicatng chat
those which are released are bemng replaced by some as yet fmper-
fectly und d mech 1t 15 to be cmphasized that m the leuco-

ytaph pracedure employed by us, both g yuc and mOI:hD‘
nuclear clements are beng removed. Before leucocytapherests, €€
peritoneal flutd of the rat contams Jargely mononucleas clements, soxt
connophils and mast cells. With repeated leucocysapheresss, 8¢
preture changes. Polymorphonuclear neutrophils i snereasng m‘xm‘
bers mfil the exudate. H , large bers of ‘u‘l’
cells persist n the flud. I we consider the possibsty that cach g‘_’m‘
cell type feeds back negatrvely to ts own precursor clement, the ¢ d‘ g
of the leucocytapheresis plasma on both granulocytes and mononucied
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cells become more understandable We intend to test the vahdity of
this hypothesis by determining whether the plasma of rats, from which
large numbers of lymphocytes have been removed through thoracic
duct cannulation, possesses specific lymphocytosis-inducing properties.
It 15 perhaps too much to expect that it will be active but 1t seemed to
us that this might be an appropriate way to test the valdity of the
specific cell type, negative feedback humoral hypothesis,

Craddock: When you perfuse the imb with normal cell-free, lym-
phocyte-free, plasma, is the discharge of cells under those conditions
more than if you perfuse with blood contaning a normal sample of
white cells?

Gordon: If 1solated legs are perfused wath blood containing normal
numbers of leucocytes, the absolute numbers of elements entenng the
perfusate from the marrow are less than when leucocyte-free blood is
used as the petfusate. Whether thes 15 2 humorally-meduated or a
mechanrcal effect, we are not in a position to state. We hope to test the
humoral possibility by addition of leucocyte homogenates and extracts
to the perfusate,

Braunsteiner- How do you myect the 10 ml. of plasma?

Gordon: Subcutaneously in two 5 ml. doses, one belund the neck and
the other just above the tail. Incidentally, smgle s ml injections are
meffective; 10 ml. seems to be the mmimum effecttve dose.

Rachmilewitz: You have shown very mpressive evidence for the
existence of the LIF produced by leucocytapt d
associated with mcreased erythroporetin production, such as bleeding
or haemolysss, there 15 the same effect of leucocytosss, which does not
support the existence of 2 separate factor. How do you explam this
leucocyte response to erythroporetin 1 cond fated with
increased erythropoietin production?

Gordon* In some of our early expetiments, we admmustered 18 to
24 mjections of an active plasma erythropotetin preparation and we
saw no dent in the lencocyte picture. On the other hand, the leucocyto-
ss-mducing factor does not appear to produce any change m the per-
pheral red cell numbers or in. the numbers of nucleated red cells i the
bone marrow We intend to myect rats contmuously for very long
petiods with pusified urnary erythropoietin. Perhaps some change in
the leucocyte picture wall eventually occur. Is 1t possible that the
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effect on leucocytosis, not thae itis an effect of erythropoietn,
Gordon: 1 must have misinterpreted the question.
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Veterans Administration Research Hospital, Chitago; and the Department
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THE problem of the physiological and pathophysiclogical
control of haemopoiesis is complex and ay yet unsolved 1 spite
of recent advances in our knowledge of the knetics of blood cell
production Many questions remamn unanswered. However, the
existence and fundamental mmportance of a humoral erythro-
poietic regulatory mechanism has now recerved unequivocal con-
firmation by numerous investigators. Experimental data also
support the thesis that the formation of other haemic elements
may be subject to stmilar controlling factors.

Observations m our laboratories on plasmas obtained under a
variety of chinical and experimental conditions indscate that there
are two humoral erythropoietic factors with different chemucal
and physiological attributes (Lnman and Bethell, 1960). The
erythrocytic responses in normal rats given wnmodified active
plasmas 1s charactenized by an increase 1n all of the usual para-
meters which reflect altered erythropoietic actwvity. In addition,
the enhancing effect exerted by these test materals on haemo-
globm synthesis is detectable by other techmques such as the
incorporation of 5Fe i haemoglobm. The filtrates of plasmas
which have been processed by botling for five minutes or less
evoke similar responses in recipient animals, but plasmas subjected

* These studies werc supported m part by research grants from the National
Insut;st:s of Health, Umited States Public Health Service
eceased,
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to more prolonged boiling fail to augment #Fe uptake, haemo-
globin levels, or circulating ted cell mass (Linman, Korst and

Erythrocytes TReticulocytes
{per cent)

{millions percu mm)

8 -8
s O ‘y\._—_
74 23 g e g LT
7 4% 21 28 0 7T 14*a B
Days
Hemoglabin ‘Hematoerit
{volumes per cent?

(grams per 100 m1 ) 48

16

42
40

7 #* 72 7 4> 28
Days

* Injections discontinued.
o—s"Anemic” Plagma (thermastable fraction)
w==¢ Ringers Solution
Fic 1. Erythracytosis and reticulocytosis without

d change 1 b lobms or k

m narmal rats gven the thermostable fraction

of phenythydranine-induced anaermc rabbit phsma,

Dady subcutaneous injections were equvalent to 210k

of the onginal plasma per 100 g of each secipiens’s

body weight Average determunations of 12 rats
each group.

Bethell, 19s9). The relanve thermolabnlity of the humosal
en €m=

factor swhich stimulates haemoglabin synthests has also be
phasized by others (Stohl and Brecher, 1957; Gumey an
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Pan, 1960). Although such heat-denatured materials are seem-
ingly devaid of erythropoietic activity when studied by tech-
niques employing changes in haemoglobin production as a
measure of response, the thermostable fractions of active plasmas
are still capable of exerting a profound effect on erythropoiesis.
Normal rats given multiple daily injections of the extracts of
active plasmas, which have been boiled over a direct flame for 30

Baseline 2 Weels ¥ 4 Weeks

~
3 456 78 54568 778 345678

Diameter m Microng.
*Injections discontinued — Plasma Ecythropoatic Factor
~ene Ringer's Solution

Fic.2 Graphicd of the p for the
erythrocytosts induced 1n normal rats by the thermostable portion
of anaemic rabbit plasma Compostte ted cell diameter distribu-
tioms (Price-Jones) of six rats n each group Twowecksafier theinjec-
tions were stopped, the small cells were no longer discermble. (From
Linman and Long, 1958 Reproduced from Blood by permussion )

minutes or more prior to testmg, mamfest a singular type of
erythroposetic response. These ammals develop erythrocytosis
and reticulocytosis without assoctated change m their haemo-
globin or haematocnit values (Fig- 1) The small cells responsible
for the erythrocytosss are readily apparent on stained films and
caslly demonstrable by Price-Jones measurements (Fig. 2).
Recipients of such test materials also extubit increased marrow
nucleated red cell counts (Fig 3) which provide, together with
the changes 1n the peripheral bloed, conclusive proof of enhanced
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proliferative activity of myeloid erythrocytic precursors. The

only alternative explanation for this unique combmation of
findings would appear to be erythrocytic cytoclasis with im-
paired viability of the resultant fragments. However, such 2
“compensated” haemolytic state, i.c. active haemolysis in the

T

g W Granulocytic elements
:aa [ [ Erythroeytic elements
3 10 1
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“Anemic*Plagma Controls
(thermostable
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Fic. 3 Mycloid erythrocytic hyperplasa

injection period m the recipients of the ©

which evoked the erythrocytosis and retculo

Fig 1 Average marrow nucleated cell counts of six ra

the plasma extract and a comparable number mgected wil
solution.

at the end of a two-week
“anaenuc” plasma extract
tosis deprcted 10
ts recaving
th Ringer's

presence of stable hacmoglobm and haematocrit levels, would of
necessity be accompanted by an wncreased rate of haemoglobin

roduction. The latter would enhance 5°Fe erythrocytic uPtnkC-
“Therefore, existent data support the conclusion that the thermo-
stable fractions of active plasmas act as primary erythropoictic
stimulants. The cther-soluble fractions of erythropoieticaly
active plasmas induce 1dentical responses m rectpient animals
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(Linman, Bethell and Long, 19584), whereas the enhancing
effect on %Fe incorporation is retained in the ether-insoluble
portions.

The prompt restoration of normal erythroid values after such
plasma extract injections are stopped (Fig. 1) coincides with the

Baseline 2Weeks * 4 Weeks

3

Per Cent Hemolysis
] 3

o o
©Bs 0S5 0S5 045 085 065 0SS ©0dS085 053 055 045

Concentration of Sodwm Chietide (PerCent)

*Injections discontinued Plasma Erythropowebe Factor
—---Ringer's Solution
U, .- . L

sigmficane differences betwoen thé expenmental and control amumals  The

by permussion )

disappearance of the mucrocytes (Fig. ). Osmonc fragiy
Measurements indicate that this phenomenon apparently reflects
the impaired viability of the small cells produced n response to
this particular stimulus {Linman and Long, 1958). Abnormalities
m erythrocyte osmotic behaviour are not detectable by quan-
fitatve  ph lonmetnic techmiques in  recipi of the
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thermostable or ether-soluble fractions of erythropoictically
active plasmas, However, decreased erythrocytic resistance to
lysis in hypotonic media is casily demonstrable with a disect ecll
enumeration technique employing red cell pipettes and hypo-
tonic salt solutions as diluents in normal rats given such test
materials (Fig. 4). The failure to detect increased fragility by the
former method and the simultancous ro-cstablishment of nosmal
erythrocyte counts, Price-Jones measurements, and fragility curves
(Figs. 1, 2, and 4), indicate that, under the condiutons of these
experuments, only the mucrocytes possess decreased osmotic
resistance, .

It has been concluded from these experimental observations
that the humoral erythropoietic regulatory mechanism comprises
at Jeast two factors with different chemical, physical and physio-
logical properties. The probable modes of action of these humorsl
agents must be clarified before their rdle in the fundamental
control of erythropoiesis may be precisely defined. The erythro-
poictic activity of certain plasmas and sera has been assumed by
many workers to be due to only one substance which stimulates
haemoglobin synthests, However,  is difficult to envisage 3
single agent exertng baste regufatory control over each of the
physiological processes which together result m the formation of
the haemoglobin-contaimny erythron.

The active prohferation and maturation of this highly differ-
entiated sertes of myelowd cells, together with the acquusition of
their cytoplasmc canstituents and enzyme systems, requires 3
carefilly regulated chenucal system. Nucleoprotems, globm,
Iiprds, porphyrins, and the other } components
are needed m adequate amounts m additon to an mntact myeloid
reticulum.  Subject to sts remarkable homeostatic controlling
smechanism, erythropotesis then proceeds m an orderly mansner
but can be divided mto the followng four distinct phases: (1) Dif-
fe of the plunip ! myeloid reviculum cells mnto red
cell precursors, {2) 1 dullary muldplcation of d
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erythrocytic elements; (3) Maturation of erythrocytic precursors;
(4) Synthesis of haemoglobin.

Since the end-product of erythropoiesis is ordinarily confined
to the circulation, alterations in erythropoietic activity are readily
detectable. However, the type or site of the effect exerted by sub-
stanices capable of inducing such measurable changes in the peri-
pheral blood can only be inferred from the observable response.
For le, d rations of ent d $*Fe incorporation or
i in circulating lobin or red cell mass, although
indicative of d haemoglobin production, do not define
the manner by which it was accomplished.

A number of experimental models have been devised in at-
tempts to elucidate the intricacies of erythropoiesis, but our
knowledge is still incomplete. However, it may be reasonably
concluded that the complex physiological processes which cul-
minate in the formation of the haemoglobin molecule have their
onset in the rubnblas (or proerythroblast) and are inseparably
related to the maturanon of myeloid erythrocytic precursors,
Current data indxcate that the intramedullary generation time of
the erythrocyte is fixed and predetermined, perhaps by nutri-
tional or hormonal envi The time required for the
development of a mature erythrocyte is apparently independent
of the total output by the marrow or the humoral erythropoietic
stimulus (Alpen and Cranmore, 1959). Yet, the contribution of
erythropoienc tissue to the peripheral blood is clearly subject to
both quantitative and qualitative modificanons.

Enslev (1950) has proposed that the humoral mechanism initi-
ates erythropoiesis but is not involved 1n the subsequent matura-
ton or multiplication of erythrocytic precursors. It 1s readily

apparent that an increase in the number of rubriblasts derived
from the prmitve pluripotential dividing cells will lead to the
production of mcreased amounts of haemoglobin. All avail-
able data support the thesis that the relatively thermolabile,
ether-insoluble plasma erythrop factor, which enhances
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haemoglobin synthesis in recipient animals, exerts such an effect
Thus, the oxygen-carrying capacity or haemoglobin content of
the blood is most likely determined by the rate of rubsiblastic
differcntiation of the multipotential myeloid reticulum cells. Itis
reasonable to conjecture that each rubeiblast possesses the inherent
capacity to synthesize haemoglobin. If all other conditions are
normal, including a uniform rate of cellular division, it is equally
logical to assume that each such eell 15 the progenitor of 2 pre-
ordained amount of haemoglobin evenly divided among 2 given
number of red cells.

In contradistinction to the evidence which suggests that
humoral factors do not hasten the maturation of erythrocyttc
precursors, there is no compelling support for the contention that
the proliferauve activity of nucleated red cells is fixed or that
mitotic diviston, which 1s basically nuclear, and the synthesis of
haemoglobin, largely a cytoplastuc fincton, must be responsive
to a single stimulus. Examples of disparity between these owo
aspects of erythroporesis are numerous. They include, among
others, the lack of parallelsm between erythrocyte and haemo-
globin production in hereditary leptocytosts or iren deficiency
anaemias and the increased haemoglobin content of themacrocytes
in permcious anaemua  In pitro bone marrow culture techniques
have also shown that the maturauon and multiplication of erythro-
cytic precursors are dissoctable and distinet physiclogteal processes-

Increased erythroblastic cellular division would be expected to
yield a greater number of cells even in the absence of a comparable
stmulus to haemoglobwn synthesss, 1 e. augmented retienlum cell
erythrocytic differentiation. However, 1t may be logically sur-
mised that the new erythrocytes produced under these condrtrons
would be small and contain, collectively, the same amount o
haemoglobmn as the narmal-sized cells which would have been
formed from the erythrocytic precursors mvolved had chfr
cellular divisions occurred. Although the duration of. the mitotic
process 15 undoubtedly ad in the intermitotic
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interval or resting stage would permit more mitoses 1n a given
period of time. The unique erythrocytic response observed in
normal rats injected with the thermostable or ether-soluble frac-
tions of erythropoietically active plasmas is compatible with and
explamable by such an effect

Thus, humoral factors appear to exert both quantitative and
quahitative regulatory control over erythropoiesis. A relatively
thermolabile, ether-insoluble agent enhances hacmoglobin syn-
thests most probably by sti g the plurip ial myeloid
reticulum cells to differentrate into erythrocytic precursors. The
number of cellular divisions which the latter undergo durmg a
relattvely constant generation time 1s apparently governed by a
thermostable, ether-soluble factor It 1s suggested that these two
humoral factors control, respectively, the quantity of haemo-
globn and number of erythrocytes produced and that their
combined activities determune, in addition, the size and haemo-
globm content of each erythrocyte.

Erythroposetic effects attributable to each of these humoral
factors are demonstrable m the plasmas of a variety of experi-
mental animals followmng acute or chronic haemorthage, the
admimstration of phenylhydrazine or cobalt, or exposure to
lowered barometric pressures. Plasmas and plasma extracts from
human donors with certam types of anaemua or wath secondary
polycythaerua due to arterial hypoxaemia contain stmilar separ-
able erythropotetic effects. Smce microcytes with abnormal
osmotic behaviour are not evident in vivo 1n the above donors or
n recipients of both erythropotetic factors from exogenous
sources, the presence of such cells n normal rats given the thermo-
stable, ether-soluble factor cannot be ascribed to a spectfic prop-
erty of this humoral agent. Instead, the small cells wath decreased
asmotic resistance most likely reflect changes in size andfor shape
occasioned by an solated mncrease in erythroblastic mitotic

actvity m the absence of a comparable stimulus to haemoglobin
formation.
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In view of the evidence which indicates that there are two
humoral erythropoietic factors with different natures and physio~
logical activitics, the methods nsed to demonstrate enfhanced
erythrapoiesis in recipient animals and to prepare matetials for
testing assume paramount jmportance in the interpretation of
experimental results. Thus, the existence of two such factors
would appear to explain and reconcile certain discrepancies it
reported observations and points of controversy which currently
characterize this field of haematological sescarch. The precis
chemical identities of these husmoral agents are not yet known.
However, there s strong support for the contention that d.k?
factor which enhances haemoglobin synthesis is a mucoprotel?
{Rambach, Cooper and Aly, 1958; Gordon, 1959; Lowy € dl,
1959). 'The thermostable, ether-soluble factor which affects
cellular division appeas to be a iprd (Linman and Bethel, 1950)-

The complete solution ta the problem of the homeostatic con-
trol of erythropoiesis is not yet at hand, but existent data Pem}ll
certam conclustons. Despite some dissenting opmions, hypoxia,
regardless of type, appears to constitute the fundamental erythro-
poictic stmulas which 1s mediated to the myeloid reticulum by
humoral factors. The relationship between oxygen supply an
tisswe metabolic requitements apparently determunes the Jevel o
plasma erythropotetic factor actvity (Erslev, 19553 Jacobson ¢
al., 1959). However, the manner by which hypoxa regulates the
elaboration or actvation of these humoral agents and the sie of
sites of this effect are unknown.

Haemoglobin synthests and the maturation of erythrocync pre-
cursors are envisaged as proceeding at fixed and predetermin
rates which most hikely reflect the iherent growth potential of
the rubriblasts to differentiate and mature wto non-nucleated,
haemoglobin-containing erythrocytes. It ss proposed that the
humoral erythroporetic factors, through their efects on reticulum
cell erythrocytic differentiation and homeoplastic cellalsr drvsion
of erythrocytic precursors, control both the quantity of haemo-
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globin produced and the number of erythrocytes in which it is
distbuted. A well-balanced equilibrium appears to exist for a
given level of metabolic activity which ensures, in the presence of
sufficient building blocks and an intact myeloid reticulum, not
only an oxygen-carrying capacity of the blood commensurate
with cellular needs but the production of red cells which are of an
optimal size and hacmoglobin content for the most efficient com-
pletion of their physiological functions. Since concentrates of
normal plasma are erythropoietically active (Bethell, Linman and
Korst, 1957; Gumey, Goldwasser and Pan, 1957), 1t may be
inferred that the plasma factors contribute to the mamntenance of
the normal erythroid steady state.

The humoral erythropotetic mechanism 15 apparently capable
of responding even to minor alterations in the dynamc relation-
ship between oxygen supply and tissue requirements, Erythro-
cytic equihbrium is thereby re-established at the same or a dif-
ferent level, as the situation warrants. The plasma erythropoietic
factors are undoubtedly responsible for the increased erythro-
poiests which follows haemorrhage or haemolysts. Augmented
plasma erythropoiettc activity 1s also demonstrable in patients
with ias due to impaired erythrocytog dary to
well-established marrow abnormalities or deficiency states.
However, the latter preclude a normal marrow response to the
humoral stimulus. Although 1t has not yet been proved, im-
paired production of the plasma factors may be of pathogenic
importance m some currently obscure anaemias.

Experimental observations mdicate that these humoral agents
also constitute the physiologtcal corrective mechanism which
attempts to mai an adequate supply of oxygen for the
tissties 1n the face of decreased artental oxygen saturation whether
secondary to lowered oxygen tension of mspired air or certain
cardiac or pulmonary defects The mability to compensate for
severe artenal hypoxaenua eventuates mn an unphysiological
secondary polycythaenua. This scheme of erythropotetic control
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would also include situations which involve changes in the rate of
metabolic activity and, therefore, oxygen requirements. Pre-
liminary findings support this concept and indicate that the
plasma erythropoietic factors may be of major importance in the
pathogenesis of the erythrocytic responses which accompany
various states of altered metabolism.

It should be emphasized that the above hypothesis as to the
primary regulatory control of erythropoiesis is in part specula-
tive. Howcver, it s fortified by many experimental observations
Pending further 1nvestigation which will probably necessitate
revision of certam current concepts, it provides a logical {md
rational explanation for the physiological and pathophysiological
mechanisms wiich maintan the normal erythroid steady state
and govern the production of red blood cells in a number of
abnormal states.

In the light of recent advances in our knowledge of the mtcffa{l'
isms which govern erythropoiesis, studies on the hacmopoieac
effects of baty! alcohol assume added interest and bear directly ot
the problem of the regulatory control of haemopoiesis. Batyl
alcohol, the monoglycerol ether of n-octadecyl alcohol, has been
isolated from the non-saponifiable fraction of bovine yellow bone
marrow (Holmes ef al, 1041) and unplicated n erythropoiess
(Sandler, 1940), leucopatesis (Brohutt, 1957), and thrombopoiesis
(Evans et al, 1957). The apparent importance of the glyceryl
cthers, which include baty), selachyl, and clumyl alcohols, as
biologically active compounds has also been emphasized by dis-
coveries of their wide distribution in nature (Bodman and Maisin,
1058).

Rc)ccnt studtes in our laboratories have confirmed the erythro-
poietic, thromboposetic, and granulopoietic snmulatory acuvity
of batyl alcohol (Linman, Bethell and Long, 19585, Linman ef al.,
1959). Multiple daily doses of racemic batyl alcohol are effecttve
in normal rats by erther parenteral or oral routes. This com-~
pound induces erythrocytic responses which are identical in all
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aspectsdemonstrable by the methods employed to those otherwise
observed only in recipients of the thermostable or ether-soluble
fractions of erythropoietically active plasmas, i e. erythrocytosis
due to the production of microcytes with 1mpaired osmotic
resistance, reticulocytosis, and myelord erythrocytic hyperplasia
without associated increase in haemoglobn or haematocrit levels,
Batyl alcohol also fails to enhance the mcorporation of Fe m
haemoglobin.

In addition to its erythropoetic activity, batyl alcohol exerts
other cffects on haemopoiesis. Thrombocytosis 15 evident in
normal rats given 12+ 5 or 25 mg. of batyl alcohol per day for
two to four weeks When daily doses of 50 mg. are used, the
recipients manifest leucocytosis plus erythromicrocytosss, re-
ticulocytosis, and thrombocytosis. ‘The leucocyte ncrease is
primarily due to a neutrophilia and 1s accompanied by myeloid
granulocytic hyperplasia. All values return promptly to normal
base-hine levels after the treatment is stopped Under the condi-
vons of these short-term expeniments, no adverse effects have been
attributed to the administration of batyl aleohol.

For the same reasons applicable in the case of the thermostable,
ether-soluble plasma erythropoietic factor, it can be conchuded
that batyl alcohol also exerts a prumary stmulatory effect on
erythroblastic cellular division wathout enhancing haemoglobin
synthests In addition to this unique type of erythropotetic effect,
batyl alcohol possesses thrombocytosis- and granulocytosis-pro-
moting properties. However, greater amounts of this substance
are apparently needed to induce granulocytosts, at least i the
notmal rat, than are needed to impart a demonstrable erythro-
Poietic or thrombopoietic stumulus,

A number of potnts must be clarified before 1t will be possible
fo ascertain what réle, 1f any, batyl alcohol may play i the con-
trol of hacmopoiesis Foremost among these 1s the apparent
Inconsistency between the dosage of batyl alcohol required to
alter myeloposests 1n normal rats, i.e. at least 12 § mg. daily for
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two to four wecks, and the much smaller amounts of an agent
possessing such specific biological activity which would be
expected 1o exert 3 readily detectable effect. Conceivable ex-
planations include, among others, poor absorption with exogen-
ous requirements far exceeding endogenous needs; the vse of
synthetic racemic preparations rather than optically active, natural
material; and the possibihty that baty] aleohol may be clostly
related to but not identical with some other more active substance.

Selachy! alcohol (CyH,0;) differs only slightly in chemical
structure from batyl alcohol (CystiyyOs) and 1s the glyceryl ether
found most abundantly 1 nature (Deuel, 1951). Moreover, 112
hquid at room temperature, whereas batyl alcohol is a solid
Consequently, obscrvations on the hacmopoictic effects o
selachyl alcohol are of interest. Normal rats were given somg ©
optically active, naturally-occurring selachy! alcohol (kindly sup<
plied by the Squibb Insticute for Medical Research, New Bruns-
wick, N.J.} via gastric intubanion darly for two weeks. Other
rats wete given 2 comparable amount of opucally active batyl
alcohol (Squibb Insttute for Medical Research) by the same
route. The Jatter was prepared by hydrogenation ofa sample o
the selachyl alcohol given to the former group. The batyl aleobol
was suspended tn novmal saline. A thied group of ammals seceav
physological saline solution and served as the controls.

The results of this endeavour are summarized m part in Fig. 5
After treatment for two weeks, the marrow nucleated cell counts
in the animals gwven selachyl alcohol were comparable 10 thosein
the control group. However, the recipients of the batyl aleohot
exhibited granulocyne and erythrocytic myeloid hyperplina
sogether with increased numbers of megakaryocytes. These
marrow findings were mamifested 1 the penipheral blood by
erythromicsocytasis, reticulacytosts, thrombocytosis, and leuco-
cytosis. The haemoglobuns and h its rematned stable in
these animals as did all of the heematological determinations @t
the recipients of the selachy} alcohol or normal salie, Identical
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results have been observed in a similar experimental set-up using
a racemic synthetic selachyl alcohol. The responses induced by
optically active batyl alcohol did not differ in type or magnitude
from those observed with racemic preparations.
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Fic.5 Average marrow cell counts of exght normal rats given either
somg. of selachyl aleohol, a comparable amount of batyl alcohol, or
normal sahine via gastne mtubation daly for two wecks. The
martow findings in the reapents of sclachyl alcobol wete 1denncal
with th Allh 1 1d stabl
in these two groups, Reapients of the batyl alcohol, prepared by
hydrogenation of the selachyl alcohol, mantfested erythromueron
cytosis, l h 1 and as de~
picted abiove, both granulocync and erythrocytic myelowd hyper~

lasta

Batyl aleohol is equally effective in normal rats when given
otally or parenterally. Moreover, other studies mdicate that the
glyceryl ethers can be absorbed mtact from the gastromntestinal
tract (Blomstrand, 1959). However, the above experiments
Were repeated using a p 1 route of admunistration in order
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two to four weeks, and the much smaller amotints of an agent
possessing such specific biological activity which would be
expected to exert a readily derectable effect. Conceivable ex-
planations include, among others, poor absorption with exogen-
ous requirements far exceeding endogenous needs; .the we of
synthetic racemic preparations rather than aptically active, nawural
material; and the possibility that batyl alechol may be closely
zelated to but nat identical with some other more active substance.

Selachyl alcohof (C,yH,,0;) differs only shightly in chemieal
structure from batyl alcohol (CyyHy;05) and is the glyceryl ether
found most abundantly in nature (Deuel, 1951). Moreover, itisz
liquid at room temperature, whercas baty! alcohol s a solid.
Conscquently, observations on the haemopoictic effects of
selachyl alcohol are of interest. Normal rats were given somg ©
optically active, naturally-occurnng selachyl alcohol (kindly sup-
plied by the Squibb Institute for Medical Research, New Bruns-
wick, N,J.) via gastric mtubation dally for two weeks, Other
rats were given a comparable amount of optically active batyl
alcohol (Squibb Institute for Medical Research) by the same
route. The latter was preparcd by hydrogenation of a sampleof
the selachyl alcohol grven to the former group. The batyl aleohol
was suspended in normal saline. A thied group of animals received
physiological saline solution and served as the controls.

The results of this endeavour are summarized in part in Fig 5
After treatment for two weeks, the marrow nucleated cell counts
in the animals given selachyl alcohol were comparable to those 1
the control group. However, the rectprents of the batyl aICO}I'Ul
exhibited granulocytic and erythrocyuc myelord hyperplasia
together wath mncreased numbers of megakaryocytes. These
martow findings were mamfested 1 the peripheral blood by
erythromicrocytosss, reticulocytosss, thrombocytosis, and leuco-
cytosis. The haemoglobins and haematocnits remained stable in
these animals as did all of the haematological determin:mons. in
the recipients of the selachy] alcohol or pormal saline. Identical
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Augmented amounts of both the relatively thermolabile and
h ble plasma eryth ic factors have been demons-
trated in patients with polycythaemia vera. However, the agent
which controls erythroblastic cellular division apparently pre-
dominates, We have yet to study a thermostable or ether-
soluble extract of a “polycythacmic™ plasma that has not evoked
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Fic 6. Osmotic fragility curves determuncd by a direct cell enumer-
ation technique and PriceJones measurements 1 a_patient with
polycythsemia vera  The mucrocytes with decreased osmote re-
Sistance persisted ixrespective of the restoration of normal erythroid
values after treatment wath 3P Control values are the composte
curves of cight normal subjects (From Linman, Korst and Bethell,

1959. Reproduced from Ann N Y. Acad. S by permussion.)

2 clearecue erythromicrocytic response 1 normal rats given
maltiple injections. However, when tested 1n the unmodified
state or after borling for less than five minutes, all such plasmas do
oot induce unequivocally ugnif in ®Fe uptake.
Furthermore, microcytes with decreased osmotic resistance are
Present in the peripheral blood of patients with polycythaemia
vera (Fig. 6). These cells are remarkably sumlar to those observed
wazno—r1
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to exclude with certainty possible inactivation in the gastrointes-
tinal tract. Subcutaneous injections of so mg. of selachyl alcohol
daily failed to stimulate any aspect of haemopojesis in nocmal
rats, Thus, batyl and selachyl alcohol differ markedly in physic-
logical activities in spite of their striking structural similarities.

The true phystolagical and pathophysiological significance of
the haematological phenomena ascribed to batyl alcohol have
yet to be elucidated. However, they are in accord with the
theory that all aspects of haemopoiesis may be subject to ‘humoral
regulatory control and that a single substance or activator-
inhubitor complex may govem the proliferation of all haemc
elements. In adducion, the chemical and physiological propertics
common to batyl alcohol and the thermostable, ether-salqb)e
plasma erythropoietic factor suggest, reasonably but as yet with-
out proof, that they are closely related. Experimental observa-
ttons on the réle of humoral factors m polycythaemia vera pro-
vide further support for these concepts.

Enhanced erythroporetic actvity 1s present in the plasmas of
patients with polycythaemta vera (Linman and Bethell, 19574
Contapouloset al , 1957) and persists irrespective of the institntion
of speafic myclosuppressive therapy or the level of the pen-
pheral erythroid values (Linman, Korst and Bethell, 1959; L
man, Bethell and Long, 1959). Swnce the erythroposetic factors
do not appear to be elabarated by myeloid elements (Erslgv an
Lavietes, 1954; Linman and Bethell, 19s75), considerable signsfi-
cance must be attached to the icreased plasma actvity demons-
trable in these patients. This finding, which occurs in the abscrfff
of hypoxaa, the apparent sine qua non for enhanced plasma actity
in all other situations, 1s the basis for the thesis that an jmbalance
or derangement in the humoral erythropotetic regulatory mechan-
ism 15 of actiologcal significance m polycythaemta vera. Other
studies suggest that the thrombocytosis and leucocytosis so _{"‘
quently scen in these patients may be due to 2 similar mechanism
(Linman, Bethell and Long, 1959).
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extracts of plasmas from four patients with polycythaemia vera
are shown 1n Figs. 7 and 8. These findings have since been cor-
roborated in groups of rats given comparable amounts of the
ether-soluble or thermostable fractions of plasmas from nine
additional patients with polycythaenua vera.

Thrombecytes Leukocytes
(milllons percu tmm) 2; ‘thousands per cumm)
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FIc 7. Thrombocytosts and leucocytosss i normal rats given
the boiled extracts of plasmas from four patients wath active
polycythaema vera Daily myections were equivalent to 4 ml of
the original plasma per 100 g body weight Average counts
of four anumals m each group recerving the above-described
materals  The leucocyte counts and haematocrits of the
plasma donors arc shown in Fig 8 Each patient had moderate
to marked thrombocytosis (From Lmman, Bethell and Long,
1059, Reproduced from Ann mfern Med by permussion)

The magnitude and umformty of the thrombocyte and leuco-
Cyte increases in reciptents of these “polycythaemic” plasma
extracts together with the marrow findmgs and rapid return to
normal after the injections are stopped would appear to establish
beyond reasonable doubt the presence of thrombocytic and
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in normal rats (sec Figs. 2 and 4) given the thermostable or ether-
soluble fractions of plasmas from donors with anaemic, hypoxic,
ot histiotoxic hypoxia or from patients with polycythacmia vera
They are still discernible in polycythacmic patients during thera
peutic remissions (Fig. 6). Since the thermostable, ether-soluble
plasma erythropotetic factor may be related to batyl alcohol‘, a
substance which exerts 2 sumulatory effect on the proltferative
activity of all myelord elements, experiments were designed to
test the hypothesis that the thrombacytasis and leucocytosis o
frequently observed in polycythaemia vera might be the result of
excessive humoral factor acavity.

To date, we have determuned the thrombopoietic and leuco-
poietic responses 1n groups of normal rats given ten daily mjec-
tions of either the thermostable or ether-soluble fractions of
plasmas from 17 pauents with acuve polycythaemia vera and
seven in therapeutic remussion. The amounts of the datly injec-
tions, in terms of the origmnal volumes of the plasmas, have vaned
from two to four per cent of the recipients’ body weights. The
recipients of each of these plasmas have manifested typical eryth-
yocync Tesponses, Le. erythromicrocytosss, renculocytoss, an
myeloid erythrocytic hyperplasta without change 1n their hagmo-
globuns or haematocnts. In addition, all of these anumals have
developed thrombocytosis. However, daily doses which were
used 1n our early studies and equivalent to only two per cent of the
reciprents’ body werghts did not induce leucocytosss or myelo
granulocytic hyperplasta in normal rats.

Since the studies with batyl alcohol indicated a dose-response
relationstup, the above experiments were repeated with daily
mjections of plasma extracts which were one and a half to two
times larger. These anumals developed leucocytosis, prmantly the
result of an absolute neutroplulia, and myeloid granulocytic
hyperplasia in addition to the erythrocytic and thrombocytic
responses p. ly observed. Examples of the thrombocyfbﬁji-
Jencocytosis, and matrow findings in normal rats given the bode
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parently imparted the maximal stimulus to erythropoiesis and
thrombopoiesis. The increases in erythrocyte, thrombocyte, and
marrow nucleated red cell counts have been comparable in all
recipients irrespective of the size of the daily injection. (3) It has
not been possible to quantify the haemopoietic activity of these
plasma extracts or to relate either the degree or type of response
in the recipients to the magnitude of the erythrocytosis, thrombo-
cytosis, or lencocytosss in the patients. Tt can be concluded, how-
ever, that the myelopoietic effects of these plasmas are not pre-
dicated on the presence of active disease in the donors. (4)
Although normal plasma extracts were devoud of erythropoietic
or granulopoietic activity, these materials appeared to exert a
minimal thrombocytosis-promoting effect in normal rats (Fig. 7).
The significance, if any, of this finding is conjectural. However,
it is compatible with observations on 2 child with chronic
thrombocytopenia (Schulman et al., 1960). Normal plasma has .
tepeatedly but temporarily restored this chuld’s platelet count to
normal, thus suggesting the presence of a thrombopoietic factor
in normal plasma.

The d ration of thrombopoictic and granulog
effects in the plasma of patients with polycythaemia vera indicates
that all of the haematological manifestations of this discase state
are the result of augmented humoral factor actvity. These
findings also provide strong direct support for the hypothesis that
all aspects of haemoposests are subject to humoral regulatory
mechanisms and that a single substance or complex may control
the proliferation of all haemic elements. The possibility of
maltiple factors, each affecting a single cell type, cannot be ex-
‘cludcd. However, the thrombocytic and leucocytic stinuli in

*polycythaemic™ plasmas have not as yet been dissociated from
the thermostable, ether-soluble plasma  erythropoietic factor
whach has been studied.

. The existence of 2 b 1 b poictic regulatory mechan-
ism demands more experimental documentation than is cusrently
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granulocytic stimulatory activity in the plasma of patients with
polycythaemia vera. Several other points of interest have
emerged from these studies: (1) Larger quantities of most “poly-
cythaemic™ plasma extracts are needed to induce leucocytosis in
recipient animals, whereas smaller amounts have consistently
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16, 8. Increased numbers of both granulocytic and nucleated
erythrocytic elements mn the marows of the reapients of the
“polycythaemic™ plasma extracts which mduced the thrombo-
ytosss and leucocytosis depicted 1n Fig 7 Average counts of two
fats given each of the above-descnbed matenals, The donors
haematacrits and leucocyte counts are shown n patentheses. (From
Linman, Bethell and Long, 1959 Reproduced from dnn, aferm At
by permussion )

exerted demonstrable erythropotenc and thrombopoienc effects.
Thus, there apparently exust, at least i the normal rat, varying
degrees of sensivity or responsiveness of the different myeloid
clements to the stimulus contained in these test matcrials, (2) The
smallest daily dosage used 1n these experiments, 1.e. 2 ml. of the
original plisma per 100 g. of the recipient’s body weight, ap-
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gest that these substances may be closely related. Batyl alcohol
induces thrombocytosis, leucocytosis, and an increase in marrow
granulocytic cell counts in normal rats together with erythro-
microcytosis, reticulocytosis, and myeloid erythrocytic hyper-
plasia. Selachyl alcohol, another glyceryl ether which differs only
slightly in chemical structure, is inactive. The thermostable or
ethersoluble fractions of plasmas from patients with poly-
cythaemia vera akso contamn thrombopoienc and granulopoietic
stimulatory activity. These phenomena are in apparent accord
with the concept that all aspects of haemopoiesis may be subject
to humoral regulatory control. It 15 suggested, although not yet
proved, that a single substance may affect the proliferation of all
haemic elements and may clarify the pathogenesis of certain
poorly und dh 1 1 disorders and resp
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available. However, it is suggested, on the basis of data now
at hand, that a thermostable, ether-soluble agent may affect,
although not to the exclusion of other mechanisms, the prolifera-
tion of all elements derived from the myeloid reticulum and may
explain the thrombocytosis and lewcocytosis assaciated with poly-
cythaemia vera, acute haemorchage, certain types of haemolytic
anaemia, ete. Although the entire subject of haemopoietic control
needs further study, the fundamental importance of humors}
mechanisms in the regulation of blood cell production can no
longer be denied. Conttnued basic experimentation slong t}lf“
lines should make possible the elucidation of certain currently ill-
defined haematological disorders and responses.

,;"'Summa.ry

Observations on the erythropotetic actwvity of certain plasmas
indicate that two humoral factors exert regulatory contsol over
erythropoicsis A thermostable, ether~soluble factor, whch i
probably a lipid, appatently stimulates cellular division of eryth-
rocytic precursors. A relanvely thermolabale, ether-insoluble
agent enhances haemoglobmn synthesis, The latter appears 1o bea
mucoprotetn and most probably duces erythrocyue differ-
entiation of the pluripotential myeloid reticulum cells. It 15 s98-
gested that these factors control, individually, the numbes of
erythrocytes and quantity of hacmoglobin produced and that
thewr combuned effects determune, i addiuon, the size and hacmo-
globin content of each erythrocyte. Available data suppost the
thesis that dus humoral mecharusm contnibutes to the mainten
ance of the notmal erythroid steady state and mediates the funda-
mental erythroposetic stumulus 1mparred by hypoxic and certait
types of hypoxia I 1 erychropotetic ﬁctur.:lcﬂ\"l"y
appears to be of aetiologrcal significance in polycythaemia vera.

The chemical and physiological propertics common to the
thermostable, ether-soluble plasma factor and batyl alcoho! sug-
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you would sec some erythropoictin activity in the plasma of such
animals at the peak of erythrocytosis.

Linman: Your suggestion of using #*Fe radioautography is an excel-
lent one and such studies have been planned. The possibility that the
unique response observed in normal ras given the ether-soluble,

h ble erythropoietic factor might rep an unphysiclogical
or imritative effect must, of course, be excluded. However, the vatiety
of clinical and experimental situations in which this particular erythro-
poietic effect can be detected, the failure of normal plasma to induce
szlmihr changes in the recipient rats, the finding of microcytes with

] osmotic behaviour in the peripheral blood of patients with
polycythaemia vera, etc., afford strong support for the contention that
this factor is physiologically actve.

Lajtha: Your experiments demonstrate that it 15 physiologically
occurring. ‘The pomt s, is this erythrocyte-stmulating factor 2 second
type of erythropoietin, or is it a disturbmg factor?

Linman: The marrow findings in the reciprents of the thermostable,
ether-soluble erythropoietic factor establish the presence of increased
proliferative activity of nucleated erythrocytic p Since the
microcytes apparently possess impawed viability, the endogenous
elaboration of the relatively thermolabile factor undoubtedly plays
téle in the maj of normal lobin levels m long-term
experiments. However, the microcytes probably have survival times
of approximately 15 days. Furthermore, reticulocytosis can be
effected after only three daily imjections and at a time when #Fe up~
take is not detectably augmented. It should be emphaszed that the
production of microcytes m recipients of the thermostable factor
dlone represents an abnormal experimental situation. We have yet
to study an acave plasma, regardless of the experimental or chmical
conditions under which it was obtamed, that has not possessed

activity attnbutable to both erythropotetic factors. It is
suggested that their combined effects are needed for the formation of
red cells which are normal in size and haemoglobm content for the
species involved.
Cotes: Have you studied plasma from patients with secondary poly-
CYYI.HCmia due to pulmonary disease, and does this contain the factor
which will increase the platelet count of test rats?
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DISCUSSION

Lajtha; You postulated that the ether-soluble factor might induce an
extra mutosis, or stimulate nutosss, and therefore produce cells W
halfthe haemoglobun content. This would natarally resulemno change
in the 1ron appearance curve, no change in haemoglobum, but an 10
creased red cell count  If this 15 so, I would suggest that you can test i€
quite clearly by giving *Fe, and afterwards giving a single injection ©
your ether-soluble factor. You should get 2 decrease in the g"’”}
count of the appearing reticulocytes as compared to the control. 1
that is not the case, [ would tentatively suggest that this comP"“,"d
may be nothing but a non-speafic toxic agent for the cells, whic
therefore cannat work propetly and some of them just turn into micro
cytes. This, of course, may produce eventually a mild anaemia &f}’
all its consequences: erythroporetn production, reticulocytoss. b’
could also be checked wath a $9Fe uptake study. In the latter case 13y’ g
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in all erythroid values owng to the production of increased numbers
of normal-sized erythrocytes. Mcrocytes are not demonstrable in
animals given both humoral factors. It 1s not suggested that the
thermostable factor causes an extra cellular division but rather that it
15 needed to maintain a uniform number of nutotic divisions during
maturation of erythrocytic precursors regardless of the total output by
the matrow. In other words, 1t 15 proposed that both factors are needed
for the formation of normal cells.

Stohlman: You don't get the extra division 1f you give them both
together?

Linman; When both humoral factors are given to a recipient animal,
the relatively thermolabile factor apparently augments the number of
tubriblasts denved from the pluripotential renculum cells. Since
erythrocytic precuzsors are mereased m this manner, it 15 postulated
that greater amounts of the thermostable factor are then needed in
osder to maintam a constant number of cellular divisions. It is pro-
posed that the well-balanced effects of both factors determme not only
the quantity of haemoglobm and number of red cells produced but
also the size and haemoglobin content of each ndvidual cell. An
extra mitotic davision over those which would occur normally dunng
maturation is hypothesized only 1 those experimental situations
wvolving increased actiity of the thermostable factor alone. The
opposite of this expertmental set-up would be to give the relatively
thermolabule factor alone Theoretically, macrocytes tught then be
expected. This phase of the problem needs further study but certam
prehiminary observations mdicate that such may be the case.
Braunsteiner You said that when you myect your erythropotetm you
get locytosis, , and d d We gener-
ally get macrocytoss with locy and an d re
Your findings are unusual from the chmeal standpomt.

Lonman: Tt should be re-emphasized that the erythroporetic response
wduced 1n normal rats by the thermostable, ether-soluble factor repre-
sents an expenimental situation which does not appear to havea chimeal
counterpart. Since microcytes with decreased resistance to lysis m

ypotomic media are not demonstrable m the presence of mereased
amounts of both erythropotenc factors, these cells cannot be assumed
to reflect a spearfic property of the ther ble factor, The ab 1
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Linman: As yet, we have not had a chance to evaluate the effees of
plasmas from patients with arterial hypoxaemia and secondary poly-
cythaemia on the platelet or white counts of recipient rats. Datan ths
regard are cereainly needed, and such experiments are planned for the
near future,

Cronkite: Is the batyl alcohol synthetic or biological in ongin?
‘Which rat are you using? How are the platelets counted? How s
the batyl alcohol given that produces the thrombocytes?

Linman: We have studied both optically active batyl alcohol from
natural sources and racemic, synthetic preparations. No differenc
have been noted in cither the type or degree of response induced in
reaipient rats by these two forms of batyl alcohol. Wistar strain Fats
have been most extensively used in our experiments. However, 2
number of other strains have been used on occasion and bave
manifested identical responses. Platelets are counted by 2 haemacyto-
meter with a phase microscope. A one per cent solution of ammonium
oxalate is used as the diluent  Baryl alcohol is active both parenterally
and orally, but administration by gastnc tube is preferred. The 13
tolerate darly gastric mtubations without untoward effects, and chis
ronte of admunistration obviates changes which might be secondary ©0
tissue reactions at the sites of subcutaneous injectrons.

Osmond. We had 2 simular experience to yours with batyl and
selachyl alcohol in the smaller doses. We have used doses of 10mg feg-
daily for five days, subcutaneously, made up in arachis oil. The source
of batyl alcohol sn this case was from dog-fish hiver ails, In thus dosig®
we too noticed an mcrease in the penpheral reticulocytes, with 30
crease mn the erythroid and lymphocyte population in the marrow
but at that level no mncrease m the granulocyte precursors We also
found the sclachy! alcohol quite mactive m all respecss.

Stohlman IE I understand correctly, Dr Linman, you suggest that
the heat-labile factor samulates differentiation of 2 stem cell, and the
heat-stable factor sumulates an extra divison If you give fresh
matenal that has not been heated, do you develop a normocytic of
microcytic polycythaemia ? Ishould think you would have to develop
2 microcytic polycythaemia because you would stll be giving the heat~

stable factor. .
Linman: Reaiptents of unmodified actve plasmas develop an increast




SOURCES AND PROPERTIES OF HUMAN
URINARY ERYTHROPOIETIN*

Donatp C. Van Dyre

Donner Labotatory of Medical Physics, University of Califorsia,
Berkeley, Calfornia

TrE widespread interest in the physiology, clinical significance,
and chemical nature of the erythrocyte-stimulating factor (ery-
thropoietin) found in the plasma and utme of severely anaemic
animals and human beings has created a demand for large quanti-
ties of actwve muatersal (symposium on Hematopotetic Mechan-
isms, 1959). At present, erythropoetin can only be obtained in
reasonably large amounts exther from the plasma and unne of
animals made severely anzemic by bleeding or treatment wath
phenylhydrazine (White and Josh, 1959) or from the urme of a
small proportion of patients with severe anacmia.

An occasional patient will consistently excrete such a
high titre of erythropoietm in the urme that admunstration of as
lttle as 1 ml. per day to normal rats for 14 days will make them
polyeythaemic (Van Dyke, Garcia and Lawrence, 1957). Sucha
Patient provides a convemsent source of erythropoietmn for study
since the activity 1s retamed for long periods when the urine 1s
frozen and stable concentrates with faurly high specific activaty
can be obtained by the relatively sumple procedures of adsorption
on collodion gel (“ultra-filration”, Van Dyke, Garaaz and
Lawrence, 1057) or kaoln (Gordon et al, 1959). This report
deals with the sources, one method of preparation, and some of the
properties of human urmnary erythroporetn,

* This work was supported 1 part by the U S Atomue Energy Commussion,
397
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osmatic behaviour is most probably due to alterations in cell size andfor
shape occasioned by an isolated stimulus to mitotic division of dif+
ferentiated erytheocytic precutsors in the absence of 2 compml?k
stimulus to the formation of rubmblasts from the multipotential
seticulum eells.

Craddock: Your observation of elevation of white count and plate-
lets after ESF administration was with polycythaemic plasma, Have
you compared this with anaeruc plasena? i

Linwman: These experiments are now in progress. Prcllm{mr}’ Db"
servations jndicate that phenylhydrazine-induced anzemic zabbit
plasma s capable of evolang thrombocytosis in normal rats, but
definitive conclusions must await further study. Data in regard to the
possible granul is-promoting property of “anaemic” plasma are
not yet avatlable,
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Types of cases excreting erythropoietin

In an attempt to determine the clinical and pathological signi-
ficance of erythropoietin, the plasma and urine of all available
patients with haematological disease have been assayed by the
®Fe red cell incorporation method. Erythropoietic activity has
been found only in the presence of severe anaemia and only in a
small percentage of the severely anaemmc group. There are three
categories of activity found in the urine of severely anaemic

Table I

RESULTS OF ERYTHROPOIETIN ASSAY OF PLASMA OR URINE
IN VARIQUS HARMATOLOGICAL DISORDERS

Number of cases

Duagnosis Positwe Negative

6O0O0HNOOOMO O NWE

Hypoplastic anaemia
Leukzzmu

Haemolytc anaemia
Polycythaema vers
Polycythaemma, secondary

Lron defiiency anaemia

Kidney disease

Hypoxu, alutude

Neoplastic disease

Maturation defect

Myelofibrosis

Anzenua of undetermined ongin
Myxoedema with 2naema
Pemucious anaemia

Patients: those that have no measurable actvity even when large
amounts of urine are extracted, those that have small but definite
activity, and those few individuals whose urne contains a very
hugh tatre of erythropotetin. The latter excrete approximately ten
tumes as much erythropoietin as the mtermediate group. Table I
indicates the types of cases which have shown measurable
erythropoietic activity in the unne. Out of 104 patients (75
anaemuas) with haematological disorders who were assayed, only
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Method of assay and comparison of dosage

The erythropoietic activity of the samples was determined
cither by the #Fe sed cell incorporation assay (Plzak et al., 1955)
in starved or normal rats, as indicated in the tables, or by the
increase in tosal circulating red cell volume after 14 injections into
normal adult female rats fed a complete diet.* The detatls of the
assay as used in this laboratory have been given in a previous pub-
lication {Garcia and Van Dyke, 1959).

The speaific activity of the vanous preparations was estimated
from the previously published dose-response curves obtained by
injecting graded doses of matertal collected by ultrafiltration of
unne from the patient used 1 the majority of these studies
(Garcia and Van Dyke, 1959).

Some basis for comparison of the activity obtammed from various
sources and in different Laboratoties is recognized as being
essential. Goldwasser and White (1959) have proposed & untt
based on the response obtained with a standard dose of cobalt,
and Kerghley’s group at the Califorma Institute of Technology
have distributed samples of a single batch of partially purified
materials from phenylhydrazine-treated rabbit plasma to a numbet
of different laboratories to provide 2 comparison (to be published).
Thus comparison mdicated that 1 mg. of the human unnary
erythroporenn obtaned by ultrafiltration and used for the pub-
lished dose-response curves (Garcia and Van Dyke, 1950) Was
equivalent to seven cobalt unuts. In thus report, where the dose ?m
been estimated 1 cobalt umus, it has been obtained by comparing
the activity of the matertal used to the published dose-response
curve for human unnary erythroporetn and converting to cobalt
units by multiplying the dose n mg. equivalents by seven.

#The diet consists of 67 5% whole wheat, 15% casemn, 10% whole ik
powdet, 0-75% NaCl, 1 5% CaCO, 5 25% hydrogenated vegerable o, nng
2 concentrate of fish oif 1 amount to give 19 U.S P, unus of vitamun A an
205 AO AC (Assoason of Offictal Agncultural Chemists) chuck umts of
‘ntamun D per gram of diet.
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four indrviduals showed a very high titre. One was an infant
with hacmolytic anaemia and splenomegaly and one was a case
of paroxysmal erythroid aplasia with hypogammaglobulmaemia.

The case of haemolysic anaemua with splenomegaly was a Sjyear-cld
Carimeian Eamnale wha had fuead el and 7 penmsnial trashesnesophageal
. d

er
oot

. ’ g
- wz.

Bone marrow aspiration fevealed an increase in erythroid actyity with 2
definnte relanive increase of immature forms. Erythropotests was of the normo-
blastic type. Granulocytoporesis was decidedly reduced and only one mega-
karyocyte was scen on several preparations. Reticuloendothehal cells, plasma
cells and tissue mast cells were quite numerous i this sample. The total as-
culating red cell volume was 8-9 m! /kg. body weight (normal 24-33) Analyss
of plasma radioiron * showed a datly formation of 4-§ g. of faemoglobi
When related to the total body hacmoglobum, whach was 89 g., this 1ndecated 2
mean hfespan of 20 days. In vivo measurements showed accurnulaon and
normal subsequent release of radtotson from the sacral marrow followed by 3
secondary accumufation of radioiron in the spleen and liver, indicating some
splensc and hepatie seqn and 4 of eryth Marow
1 is was wereased ap ly two and a half times, which was

STl 01 e e aemhenmus hiesDan

erythrop

e ey e

Hall, San Francisco.) i
The case of paroxysmal erythrord aplasta with Izypogamm:ghybu!uxzcumE
was a Caucastan male of 19 years at the ume of study. Three paroxysms &
. e s mam e enaiaaeaed 1200 wa g an vears of
Tow haematouit,
8T volume,
- = owedthe
- 2935 B
belore, durmg, and
10). Ascan beseen
found before and

second episode of aplasia were as follows: haemoglobu,
conc g o A, FANE A A

affer rermission. Assay for unnary erythropotetin was done
following remission m the second episode of aplasia (Tzble
from the table, a hugh level of uninary erythroporetin was

# Iron kinetc studies were done by Dr. Myron Pollycove of this faboratory.
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the plasma and urine of four patients with haemoglobin of 3- 5 to
65 g. secondary to hookworm infection (Ancylostorna necator
Americans) and found no activity in either the native urine or
urine concentrated by adsorption on collodion gel.

One patient who had polycythaemia associated with a clear
cell carcinoma of the kidney showed no measurable erythro-
poictic activity in the plasma or urme or saline extracts of the
tumour or kidney tissue. An alcohol fractionation of zoo g. of
tissue, ining approxi ly equal of tumour and

Table I
ACTIVITY OF OF
“POLYCYTHAEMIA-PRODUCING " KIDNEY TUMOUR
(10 rats 1n each group)

Alcokol concentration $Fe uptake
%)
26-35 641
35-49 10-2: 1+6%
49-60 82
So-70 89
70-90} 49
Umninjected control se2k14

# Standard error of mean.
1 5 vol acetone added

what remained of the kidney, was made 1n an attempt to con-
centrate any small amount of erythropotetin that mght be
present. ‘The results of the assay of these fractions are presented
. Table HI. The fraction which preapitated between 35 and
49 per cent alcohol concentration produced a small but defimte
Increase in %Fe mcorporatton,
Tnan attempt to clarify the réle of the kidney in erythropoiesis,
te response to hypoxia of nepl d ammals maintained
Y parabiosis to normal partners has been studied.
Swce one of the members can be mamtamed by the kidneys of
s partner, a nephrectomuzed animal can be kept in good health
indefinitely and one can test its ability to respond to hypoxia
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during remission, but none was found after secovery when the hsemoglabin
had retumed to normal. During the third episode of aplasia, sesial electro~
phoretic studies demonstrated a tise in y-globuln 35 the erythrocyte valss

returned to normal.*

A third case with erythroid hypoplasis, summarized previamly
(Van Dyke, Garcia and Lawrence, 1957), was an excellent sotrce
for two years and then suddenly dropped into the miermediste
category; the activity of her urine fell to one-tenth of what i
had been for the previous two years without apparent change in
Clinical condition. Examination of the uine of this patient by
Dr. K. L Altman} has shown an abnormally hugh level of 3
hydroxykynurenune indicating a derangement of sryptophes
metabolism of the type associated swith erythroid hypoyhsx:} in
erythrogenesis imperfecta (Dalghesh, 1955). & fourth patict
{with paroxysmal nocturnal haemoglobinuria), sunmanz!
previously (Van Dyke, Garcia and Lawrence, 1958}, remain
setive for the two years duting which hus urine was collected, bt
‘was lost to us when he remumed to his home after graduation-
Both of the patents who were consistently good sousees man
tamned a hacmoglobm coneentration of approxim:xtcly s g One
had an almost complete absence of red cell production whereas
the other had 2 high rate of red cell production. The urme 8
chese two cases was the source of erythropoicin for these studies-

Because of the marked dependence of erythroposetin H on
haematocnt or hacmoglobm concentration demonstrated 18
rabbats {Lowy et al., 1959} sheep (Whate and Josh, 1959), dog
(Naets, 1950}, and man {Gordon et al, 1959), we have considere
where 3 large population of patients with haemoglobi of 5g-9F
below mught be found. A large group of severely anacmiic
patients 1 Found mn tropseal areas where hooksworm floussshes:
Through the co-operation of Dr. M. Layrisse, we have asayed

» Case to be reported 1n detasd by De Jaseph Linsk, Atlantie Ciry, New Jerwy+

Unavemsity of Rochester, New York ad
Cases to be published detail by Dr Maguel Laynsse, Banco de Sangre &€

Distruto Feddenal, Casscas, Venezueh
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using the classic technique of Reissman (1950). Inbred rats of the
Fisher strain were used. One member of several pairs of adult
zats which had been parabiosed for one month was nephrectom-
ized. Three days after nephrectomy either the normal or the
nephrectomized partner was subjected to an atmosphere of 10 per
cent oxygen for 12 hours on three consecutive days. On the
following day ®Fe vas given intravenously and 18 hours later
blood was drawn for counting and urea nitrogen determination.
The rats were perfused with saline, and Iver, spleen, and matrow
samiples were taken for counting. The results are summarized in
TableIV. Themcorporation of ™Fe into spleen, liver and matrow
was usually greater in the anmal to whom the jron had been
given whether it was normal or nephrectomuzed, indicating that
this degree of elevation of the blood urea nitrogen per se does not
inhibit erythropoiesis. This has been demonstrated in ureter-
ligated animals by Goldwasser, Fried and Jacobson (1958). The
#Fe red cell incorporation corrected for the plasma sron concen-
tration indicates that the response of nephrectomized rats to
hypoxia was equal to that of the non-nephrectomized controls,
As can be seen from the table, this result depends entirely on the
validity of the plasma iron concenteation which was measured 2t
the end of the experiment, 18 hours after admumstration of the
SFe.

Nephrectomized animals mamntained 1n good health by para-
biosis with normal partners appear to be an 1deal approach to fbf
question of the renal ongin of erythropotenn, One difficulty ‘j’lth
the use of Fe as an indicator of erythropoiesis m such a combina-
tion is the fact that plasma for iron determination cannot be taken
at the ume of admimstration of %Fe n such small anymals without
disturbing the equlibrium. However, the results of the prelimum-
ary studies using such animals, and assumung that the plasma 1ron
level does not markedly change in the 18 hours betwveen admmis-
tration of the ®Fe and autopsy, mdscate that ncphrcctomxzcd’tﬂ“
in parabiosis with normal partners show a normal erythropoietic
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material have demonstrated that, as is the case with urinary
gonadotrophin (Van Gilse, 1955), recovery of the activity results
both from the process of retention of material because of pore size
and from adsorption to the collodion gel of the membrane
through which the urine is filtered.

It was observed that when one of the collodion membranes was
immersed in erythropoietically active urine overnight and pro-
cessed by dissolving in ether-alcohol, erythropoietic activity was

Table V
COMPARISON OF ERYTHROPOIETIC ACTIVITY RECOVERED WITH DIFFERENT
AMOUNTS OF WITH THAT BY ULT
(10 starved rats 1n each group)
Amount Darly e
No. of secovered dose uptake Speafic
membranes {mg) (mg) (%) acivtyx
Ultrafiltration. 240 10 314+ 1ot o9
2z 290 1-21 22-7%2°1 oz
T 190 079 15 oo 4 02
12 60 025 11-3+3°9 o3
4 3s 015 75508 o
Uninyected control 3-9t1-3

* Speafic actinity as compared to the previoudly published doso-response curve
(Gara and Van Dyke, 1959)
1 Standard error of the mean

recovered from the membrane. When various amounts of cal-
lodion (from a quarter to two membranes) were immersed in
300 ml. samples of urme for two hours, the weight of material
adsorbed was proportional to the amount of membrane added
and the erythropoietic specific actvity was constderably lower
than that obtained by ultrafiltration. The results are summarized
in Table V.

The effect of time of exposure of the membrane on specific
activity and amount of recavered material was tested in the
following way. A half membrane was 2dded to each of four 650
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response to hypoxia. This cannot be called a response in the
absence of the kidneys but a sesponse i the absence of hypoxic
kidneys since it is conceivable that the kidneys of the normoxic
parter could be stimulated to produce erythropoictin through
some mechanism other than hypoxia.

Method of collection and preparation

Those patients whose urine was consistently very high in
activity were provided with freezing units in their quarters so that
a large part of their output could be collected. The urine was
frozen tmmeduately after voiding and the frozen urine was de-
livered once a week. One adult patient can conveniently collect
approximately 500 ml. per day or 15 litres a month, from which
one obtains one gram of active powder by ultrafileration. Ap-
proximately 1,500 ml. of urine were thawed and filtered through
coarse filter paper before ultrafiltration. The collodion membrane
was prepared as described by Gorbman {1945). Each mc:mbtmc
was made with 10 ml. of 2 2 per cent nitrocellulose solution pre-
pared as follows: seven parts absolute ethanol, three parts absolute
ethyl ether, one part glacial acetic acid and 51 parts U.S.P. col-
lodion (Merck). After the urine had been forced through the
membrane under 20 Ib. pressure from a mtrogen tank, the mem-
brane was placed 1 a centufuge tube, dissolved in ether-alcohol,
and centrifuged. The supernatant containing the dissolved mem-
brane was discarded, and the residue was washed twice with
ether-alcohal (s0-50), once with ether, dried and stored }mdcf
vacuum. Approxumately 50 per cent of the actvity remains in the
insoluble portion when such material is dissolved in coIdA watet,
but the activity can be brought nto solunon by immersing for
half to one munute in boiling water. It was thus material cthat was
used for all studies excepe whete otherwise mdrcated.

Although the technique of wltrafiltraion has proved to be 2
satisfactory first step for recovermg erythropoictn from humﬂ:{l
utine, attempts to improve the speaific activity of the recovere
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ml. samples of urine with stirring in the refrigerator for 1,6, 11,
and 24 hours; the membranes were then lifted out and dissolved
in ether-alcohol. Tt was found that the greatest weight of material
recovered occurred at 11 and 24 hours, but that within the lmits
of the assay, all fractions had similar specific activity.

From these results 1t appears that to recover erythropojetin
quantitatively by suspending the collodion membrane in the
urine would require long exposure of a large surface area and the
specific actvity of the recovered material would be less than that

Table VI
QF AND FILTERED
Of “ULTRAFILTERED ' SAMFLE BY REVERSING AND WASHING MEMBRANE
(xo starved rats 12 cach group)

Amount Daily HFe .
recovered dose uptake Spmﬁi
Matersal {mg) (mg) (%) actsyety’
*“Ultrafiltration ™ 37 1454 43 22242t 3
Adsotbed 30 125 2 F]
Filtered 8 013 7 o
Unnjected control 5 609

* Specific achivity as compated to the previously published dose-response curve
{Garca and Van Dyke, 1959),
t Standaed error of the mezn

obtained by ultrafiltration, suggesting that ultrafiltration provides
an jdeal method of exposing the urwne to the adsorbent. How-
ever, the matenal recovered by ultrafiltration represents both
adsorbed material and that which 1s retained because of the pore
size. A simple method of separating the two materials 13 ultra-
filtration followed by reversmg the membrane and foramg
through deionized water to wash away the non-adsorbed ma tersal.
Table VI compares the results obtaned by nitrafiltration with
wlecafiltratron followed by reversing the membrane and washing
with deionized water. The washing was concentrated by a
second ultrafiltration. As can be scen from the table, the total



HUMAN URINARY ERYTHROPOIETIN 411

— T T T

Percent Increase

\
[ 20 0 25 =

Days
F;c‘ . ;n:e ‘most marked increase i total arculating red cell volume
obtained 10 monkeys with human unnary erythropoienn. Note that
the red cell volume continued to mcrease for one week after the last

mjection
“Table VIl

POLYCYTHAEMIA IN NORMAL MONKEYS AFTER 1§ DALY INJECTIONS
OF HUMAN URINARY ERYTHROPOIETIN

Daly dose Body , Increase in
———A | weght A,
mg. equiv.* cobaltumts (kg)  Haemoglobin Haematocrit T.R.C.V.t

90 630 66 13 26 61
42 204 270 35 4 78
21 147 20 3 4 35
* As compared to published dose-response curve (Garcua and Van Dyke, 1959).
1 Totl arculanng red eell volume. P
Discussion

?bc types of cases m which measurable amounts of erythro-
poietin have been found have had in common only the fact that
they were severcly anaemic. Many more cases with equally or
Ot severe anaemia have shown no erythropoietic activity. The
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amount recovered was the same (37 mg. for ultrafiltration and
38 mg, for the filtered plus adsorbed fractions) and the activity
was entirely in the adsorbed portion which represented the
majority of the recovered material. The specific activity of the
material recovered by ultrafiltration and washing was consistently
higher than that recovered by suspending the adsorbent in the
urine or by ultrafiftration without subsequent washing.

The technique of reversing and washing the membrane after
ultrafiltration was applied routinely to the urine collected overa
three-week period in order to get an average value for the propor-
tion of filtered and adsorbed material, The filtered materal which
was washed from the membrane was recovered by 3 s:f:ond
ultrafiltration. When cight scpatate processings were combined,
the dry weight of the adsorbed material was two-thirds of the
total. When the two fractions from different patients were
assayed either by the ®Fe red cell incorporation assay or by the
increase 1n total circulating red cell volume after 14 injections, the
erythropotetic activity was found almost entirely in the adsorl?cd
fraction (Table VII). The specific activity of the adsorbed fraction
was, in both cases, too high to be compared to the standard curve
previously pubbished.

Effectiveness in primates

In an attempt to determine how much erythropoietin would be
required for therapeutic tnal m human beings, three dose Tevels
of collodion-adsorbed human uninary erythropoietin have been
given mtravenously, one myection datly, to cynamolgous mon-
keys for 15 days. The total circulating red eell volume before,
during and after treatment was determined by the 3#P-labelled
red cell dilution method (Berhn ez al,, 1949). Fig. 1 illustrates the
most marked response obtamned. In each case the red cell volume
continued to ncrease for several days beyond the ume of the fast
injection. The haematological valucs at the peak of the response
are presented 1n Table VIIL
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hydrazine-treated rabbits. Although no direct comparisons have
been made, the method of kaolin adsorption as reported by Gor~
don and co-workers {1959) appeats to be another simple and
efficient method for the initial extraction of erythropoietin from
human urine,

Ifone is willing to ignore the dufferences in route of administra-
tion and timing and compare the responses obtained in monkeys

-1
3
2
3
/

\

-]

Percent increase
g
f
L

€ W 2 W B 8 20 22

Dose.mg equwvatents /kg/day
Bg 2. A of the fncrease m total arculating red cell

volume of nonkeys and rats 1 terms of dose of htman urmary erythropotetin
per kg. body weight per day ‘The dose-response curve for rats was re-deawn
from the previously published curve (Garaa and Van Dyke, 1959).

with those obtained in rats, the response in terms of dose per kg,
body weight is similar (Fig. 2). The dose required to produce a
50 per cent increase in total circulating red cells 1n exther rats or
monkeys is approximately 8-75 mg fkg. of body weight per day
for 14 days, On this same basis, a 70 kg. man would require
.6°° m%/_ day (or 4,200 cobalt unnsfday) to produce 2 so per cent
ncrease in red cell volume, or roughly o 5 g. per day of human
urinary erythropoietin. Since it takes one month to collect one
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few cases which have shown very high levels of erythrapaietin
have been entirely different diseases and have had no common
aetiologicaf basis which has been recognized. However, the fact
that three of the four had evidence of ofher inbom errors 35
indicated by congenital anatomical abnormalities in one, hypo-
gammaglobulinaemia in another, and a derangement of teypto-
phan metabolsm as mdicated by an abnormally high level of
excretion of 3-hydroxykynurcnine in the third, suggests that
extremely high titres may result from a combination cfmerabcl.ic
defects. An abnormally high production of erythropoietin in
responsc to the anaernia, combined with an abnormality in the
removal of the hormone from the circulation, could be responsible
for the very high levels occasionally seen. Such 2 combination
has been suggested to account for the higher erythropoietin Jevels
scen following phenylhydrazine treatment than followang
haemorshage (Jacobsen, Davis and Alpen, 1956).

The relatively simple procedure of passing the entire urine out~
put from two anaemic patients through a collodion mcmb\.'a.l}c
(ultrafiltration) has provided gram quantites of erythropoietic
concentrate with a minimum effective datly dose 1 rats of less
thano-1 mg. in the®Fe red cell mcorporation assay and 025 mg,
m the 14~day total circulating red cell volume assay (Garcia a‘nd
Van Dyke, 1059). By reversing the membrane and washing with
water following ultrafiltration, 20 to 40 per cent of the solids re-
tamed by the membrane can be washed off and discarded as
inactive. Thus relatively small gam in specific actinty 1s of im-
portance when one 1s dealing with material which was already 9[
sufficient activity and of sufficiently low toxicity to be given it
effcctive amounts to a large variety of species without evidence of
toxacity. A comparison of the activity recovered from t%mt
patients with that obrained from plasma of phenylhydrazine-
treated rabbits {companisons done in collsboration with Dr. G,
Keighley) showed that one very active patient provides as much
ecythropetetins a day as can be obtained from two or three phenyl
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monkeys and man shows that they are remarkably sinmlar,
indseating that extrapolation of dosage from monkey to man may
be justificd. Fig. 3 compares the changes n total circulating red cell
volume during and following exposure to a simulated alutude of
15,09 feet of one of the monkeys {the arger) used 1n the erythro-
paietin assay to the changes found 1n human bemgs moved from
Morococha {14,900 feet) to Lima, Peru (Reynafagge, Lozano and
Valdivieso, 1559).* The sumular rate of fall of the red cell volume
of both man and monkey after prolonged exposure to hypoxia
suggests that the mean Ifespan of monkey erythrocytes s umilar to

at of man. An meidental observation was that bath the human
and monkey data suggest the posubthty that a period of relative
amaemu follows the return of the red cell volume to normal.

It is possible, as in the case of growth hormone (Knobil et al.,
1957), that matennal of primate orsgm must be used 1 order to
obtam a response tn primates. Unid 1t has been demonstrated
that erythroporetin from rabbsts or sheep 15 effectve 1 primates,
it seems worth while to search for the rare human bewmg whe
excretes sufficient erythropoietin m his urme to provide suffictent
material for further investipation At present there 15 no ap-
parent method for decsdng which paniens rught excrete large
amounts of erythroposet other than o assay the urme of all
severely anaemic patients.

Sllmmary

Erythroporetic actvity has been found only m the presence of
severe anaemta and only 1 2 small percentage of severely ansemic
patients,

An occasional anaemic patient wall excrete such hugh utres of
erythropoietin m the wrme that admunsstration of as hietle as x ml.
Perday 1o normal rats for 14 days will make them polycythaemuc,

* The percentage cange 1n human bemgs wis bsed on data gyven by Reyna

fu;hn: compared to the average sea level values from the Donner Laboratary
cUsue (2433 ml fkg body weight)
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gram from one very active patient, then it would take the total
collection from one such patient over a seven-month period to
obtain enough human urinary erythropoietin to expect to pro-
duce a sa per cent increase in total circulating red cells in 2
normal human recpient in 14 days. Swnce a 25 per cent increase

’:EFQCENT CHANGE N TOTAL RED-CELL VOLUME

T T T T T T T
®
g st Resia‘snls 0‘
Moracacha, Pery
. {14900 feet)
4100~ »
L]
- .3
L]
+50 1~
Hypoxia =]
- {15000 feet
smuloted sintude
ool .
(]
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Fig. 3 The changes an total arculanng 1ed cell volume durag end
follawing exposure to 2 natulated slutude of 15,000 fees of one of the
mankeys (the larger) used in the erythopoiehn assay g5 compared (o
the changes found by Reynafane, Lozano and Valdivieso {xg59) m
humans beings moved from Morococha to Lima, Pesis

requires only one-third that dose 1n rats, one might be able o
produce a sigmficant ancrease ;1 a normal human subject with
200 mg./day (1,400 cobalt unis) for 14 days, or the total output
of 2 single active patsent for two or three months.

A companson of the magmtude of responsc to hypoxua of
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Vax Dyz, D. C., Garap, J. B, and Lawrence, J. H. (1957). Proc. Sec. exp.
Bul. (NY.), 96, s541.
an Dyxe, D. C., GAzcia, J. F., and Lawsenc, J. H. (1958). Proc. 2nd Int.
Conf. Peaceful Uses of Atomic Energy, 25, 79. London: HM.S O,
Van Guse, H. (1955) Nature (Lond ), 175, 686,
Warte, W. E., and Josw, G. (1959). Proc. Soc. exp. Biol. (N Y.), 102, 686.

DISCUSSION

Laytha: In those animals which are difficult to handle in terms of the
fron disappearance curve, couldn’t one use the dilution of labelled
erythroblasts with unlabelled cells as an index for mcreased erythro-
poiesis? The rate of feed of unlabelled cells mto the labelled compart-
ment 15 m a sense the rate of differentiation of stem cells mto the
erythron, E. L. Alpen and D. Cranmore (1959. In The Kinetics of
Cellular Prolferanion, p. 290) have shown very nicely that this gets
very steep after bleeding. So if i any ammal, for technical reasons—
weight loss and so on—you cannot do a relable iron disappearance
curve, take serial bone marrow samples after an initial ¥Fe mjection.
Charting of the proportion of labelled pronormoblasts or basophiic
normoblasts will give the rate of feed and therefore the rate of dif-
fcxcnﬁadon of stem cells. This would also eliminate complicating
influences such as destruction of nucleated red cells while they are in
diferent stages of maturation. You will get 2 measure of stem
differentiation.

V;;t Dyke Does that get you away from changes in the general rron
pool

'Lajrha: Yes. It does not matter where iron goes, the mportant
thing is that when you gave the 1ron iutially you should give enough
to get a radioautograph. The rest does not matter,

Craddock: Don’t you have to give a great deal?

Laytha: That depends on the specific activity of your SFe. You

Ve to give something like 15 pcf200 g. rat.

Latmeston: It is a much more difficule Job, of course, than just domng a
blood uptake of soFe,

Stohlman: It seems to me that these differences are so great that it
Would be hard to explain them on a basis of changes m the serum

iron—these are almost tenfold differences.
HAEMO.—14
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The erythropoietic activity of such urine can be concentrated in
stable form by ultrafiltration and adsorption on collodion gel
From one very active patient as much erythropoietin can be col-
lected per day as can be obtained from the plasma of two or three
phenylhydrazine-treated rabbits; this represents approximately
7,000 cobalt units per month,

Human urinary erythropoietin has been shown to be effective
in a variety of species including monkeys. The dose requited to
produce a 50 per cent increase in total circulating red cells in
cither rats or monkeys is approximately 60 cobalt units per kg. of
body weight per day. On this same basis, 2 70 kg. man would
Tequire 4,200 cobalt umts per day for 14 days to produce a 50 per
cent increase in total crreulating red cell volume.
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in Bethesda have reported erythropoietic-stimulating activity in fluid
aspirated from a cystic cerebellar haemangioblastoma, Might it not
be possible that a variety of tissues possess a latent ability to produce
erythropoietin and that alteration in their vascular pattern and degree
of oxygenation or an abnormal change in their metabolic state might
make this ability manifest? Thus polycythaemias are known to occur
m some patients with ovarian tumours and uterine fibrords as well as
subjects with certamn renal invol and cerebellar | gi
lastomas,

Yofley: We need a pathologist to tell us something about the cir-
culaton through haemangioblastomas in general and cerebellar
haemangioblastomas in particular. Is 1t the normal cavernous type of
arculation or any special form?

Linman: Korst and his assoctates have reported m abstract form
(Korst, D. R,, Whalley, B. E., and Bethell, F. H [1959]. J. Lab. clin.
Med, 54, 916) the study of a patient with hypernephroma and poly-
cythaemia, They were able to demonstrate the presence of 2 sub-
stance in the sahne extract of this tumour, as well as in the panent’s
plasma, that enhanced S*Fe mncorporation m recipient rats Followmg
removal of the hypernepl the enhanced plasma erythropoieti
actnty disappeared and the pauent’s erythroid values returned to
mnormal. Extracts of 2 hypernephroma from a second panent without
associated erythrocytosss were inactive in so far as therr abiliy to
enhance 5Fe uptake was concerned.

Stohlinan: In my expenience 1f cercbellar haemangtoma and hyper-
bephroma are removed the polycythaemia dusappears. In most
Instances where we have seen metastatic lesions develop the poly-
cythaemua does not recur.

Yoffey: Was it from the cerebellar tumour stself that the erythro-
Ppoletin was extracted?

Stohlinan: Tt was obtamed from the flud m a cysttc tumour; the
cerebrospinal fluid, blood and unme were pegative, I thnk the
Cha‘mct:nsucs of the matenal were stmilar to that of erythropoietin,
which we gave to the patient from a child with aplastic anaemia

Van Dyke: The tumour was not removed—just the cystic fiud.

Stohlinan: But the fluid was active.

Yoffey: 1 teally wanted to clanfy that because via the tentoral
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Dr. Van Dyke, one thing that concems me is that you saw a 55 per
cent increase in red cell mass in monkeys but no increase in hacno-
globin and haematocrit. Clearly there also must be an enormous
increase in the plasma line. Is there an explanation for this?

Van Dyke: We did not do simultaneous plasma volume measate-
ments but one must assume from the labelled red cell difution messure-
ments cither that the plasma volume increased by 50 per cent or that
the sample dravm did not zrepresent the average body hsematoentt.

Stohlman: Dr. Gold and D, Jacobson suggested that cobalt
was something which was readily available to all of us and that we
might standardize our assays i this fashion. It 1s not quite as desizable
a5 having a standard product, particularly becawse cobalt is a toxic
compaund and if you give too much of it you kil the animal. Mose-
over I am not certam that we are necessanly measurng the same effect
with cobalt as with other materals.

I don’t know how many people are famibar with the fasted assay.
Normally you starve the anmal on day 1 and 24 hours after that, on
day 2, you miect erythroporetin; you repeat the wjection on day 3,
then on day 4 you uject iron, and on the fifth day or 18 bours later
you determine the sron uptake. We vaned this regimen—this 3 only
asingle experiment We started starving a¢ the usual tune and injected
on the moming of the third day; six hours later we gave iron, Erght-
cen hours thereafter we sampled and the valnes were: normal, 10 per
cent incorporation; reaptents of extracts of unne from a patient with
aplastic anaerma, 18 per cent; altrude plasma 17 per cent. In the
routine five-day assay the values are 7, 15 and 27 per cent respectively.
Idon’t see how these results could be accounted for by meressed stem
cell differentiation alone. It seems that m addinon there must be 28
accelerating effect. 'We did not test the cobalt wath these groups but ¢
15 posstble that all matenal may not give the same response as cobalt.
In fact the response is q ely 1if not qual Iy different i ths

peri Consequently I think a srandard preparation of esythro-
poietin mught be berter,

Jacobson: 1 would be very happy to have direct proof on whether of
not the kidney 15 mvolved in erythrapoteun production, Qur evidense
that it is involved 1 production is mdirect.

Gordon* T. A, Waldmansn and E. H. Levin at the Cancer Iusatute
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appear to be elaborated by the marrow, mereased plasma activity
would then be expected in anaemic states due to blood loss whether
from haemolysis or bleeding and in patients with impaired erythro-
cytogenesis secondary to well-established marrow deficiences or ab-
normalities. The latter would include such disorders as Jeukaemia,
iron deficiency, pernicious anaemia, the haemoglobinopathies, cer-
tam types of marrow hypoplasia, etc. Although the number of patients
studied to date has been small and different parameters have been used
to d erythropoietic stimulation, we have detected ncreased
plasma activity in all of these anaemuc states. Patients with anaemias
of unknown aetiology, e.g secondary to uraemia, may, however,
present a drfferent problem since alterations 1n humoral factors may be
of pathogentc sigmficance Your frequent finding of no mcrease in
humoral erythropoietic activity may reflect the difficultres inherent in
the methods available to d changes m erythropoiesis, or
1t may be that these clinical states are not assocrated with increased
plasma erythroporetic activity. If these patients do not have augmented
plasma factor actavity, 1, at least, will have to revise drastically my
current concept as ta the tdle of the humoral mechamsm m ted eell
production

Lagtha: Dr. Gordon introduced the concept of normal ot abnormal
tissues developmg a metabolic disorder, and causing erythropoietin
production. If that 15 so we probably could exclade anoxia as the
particular metabolic disorder in tumour assue, because that 1s very
common m most human and ammal tumours. They have a necrotic
centre when they outgrow their capillary supply, and there 1s good
evidence from radation studies that parts of such tumours are quite
severely anoxic, So if there 152 metabolic disorder it is not primarily

connected with local fissue anoxa—unless 1t is in a particular target
organ,

Stohlman With regard to the urinary assays, our expertence has been
somewhat sumilar to that of Van Dyke, with perhaps the possible
exception of 2 hugher percentage of positive urmes m hypoplastic
anaemuss. We have run into one disconcerting thing  In one patient
with Blackfan-Diamond’s syndrome we have performed perhaps 40
unne assays, and there is a rough correlation between the peripheral
baemoplobin and the amount of erythropoietin, but it is 2 very rough
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notch you are not so ternibly far away from the hypathalamic region
I did not know whether it was actually in the tumour or had been
found in the blood stream,

Gordon: 1 am under the i pression that Wald:  only
iron incorporation and reticulocyte numbers as his criteria for ery-
thropoietic stimulating activity of the cerebellar tumour fuid.

Stohlman: He measured the iron incorporation in the fasted rat, He
did not bave very much of the fuid. -

Gordon: We have made organ extracts and found them occasionally
to be haemolytic.

Stohlman: T am reasonably certain thar Waldmann and Levin
measured the haematocrits in the animals and the haematocrits dsd not
go down,

Gordon: 3t s xmportant to measure othee parameters besides iron
incorporation and reticulocyte numbers in otder to preclude hacmo-
Iytic effects. .

Stohlman: T tatked to Waldmann before he did it and descnbed in
detail the assay method we use. We normally do haematocrts and 1
suspect he did this.

Gordoss* Dr. Van Dyke, would you clanfy your discussion on the
parabiosis experiments? Was iron incorporatton measured in both the
hypoxic nephrectomized paster and the normal one not exposed to
hypoxia? .

Van Dyke: Because of the muxing of the blood, the 39Fe red cell in-
corporation has to be done for the pair as a unt rather than in the
individual aniimal. A footnote mn the table indscates to which member
of the parr the wron was given. Under these condanions it makes no
difference whether the iron was given to the normal or nephsectom-
ized, hypoxic or normoxic, and 1t makes no difference from which
member the sample 15 taken for counting, 5

Linman- I am somewhat disturbed by your Table I berzuss of its

clinucal implications.  The donors, except for these vt 1°° |:

tumours and polycythzemia w--- - Lt
knovled~s *° oo .-

the - . . «v = 18 jogical to surmise that
hun wiut most types of anaemiz would have enhanced

plasma cry;hmpoimc activity.  Since the humoral factors do not
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appear to be elaborated by the marrow, increased plasma actrvaty
would then be expected in anaemic states due to blood loss whether
from haemolysis or bleedmg and in patients with impaired erythro-
cytogenesis secondary to well-established marrow defici or ab-
normalittes. The latter would melude such disorders as leukaemia,
iron defici pemicious anaemia, the | globinopathues, cer-
tain types of marrow hypoplasia, etc. Although the number of panents
studied to date has been small and different parameters have been used
tod erythrop 1 we have detected increased
plasma actinaty in all of these anaemuc states. Patients with anaemias
of unknown actiology, e g. secondary to uraemia, may, however,
present a different problem since alterattons m humoral factors may be
of pathogenic significance. Your frequent finding of no inerease in
humoral erythropoietic actvity may reflect the difficulties mherent i
the methods avatlable to d changes in erythropoiests, or
1t may be that these climecal states are not associated with mcreased
plasma erythropoietic activaty. If these patients do not have augmented
plasma factor activity, I, at least, will have to revise drastically my
current concept as to the role of the humoral mechanism in red cell
production,

 Lajtha Dr. Gordon introduced the concept of normal or abnormal
tissues developmg a metabolic disorder, and causing erythropoietn
production  If that is so we probably could exclude anoxia as the
particular metabolic disorder i tumour tissue, because that 1s very
common in most human and antmal tumours. They have a necrotic
centre when they outgrow their capillary supply, and there 15 good
endence from radiation studies that parts of such tumours are quite
severely anoxic  So 1f there 15 2 metabolic disorder 1t is not primanly

connected with local tissue anoxta—unless 1t 15 m a particular target
organ.

Stohlman. With regard to the urinary assays, our expertence has been
somewhat similar to that of Van Dyke, with perhaps the possible
exception of a lugher percentage of posive urines 1 hypoplastic
anaemuas. ‘We have run into one disconcerting thing. In one patient
with Blackfun-Diamond’s syndrome we have performed perhaps 40
unne assays, and there is a rough correlation between the perpheral
lnemoglobm and the amount of erythropotetin, but 1t 15 a very rough



422 DISCUSSION

correlation, On one or two occasions we found 1o activity when the
haemoglobin was as low as 2+5 g Whether this means that at this
particular time something interfered with the production mechanism
or nat, I don’t know. Certainly before saying that a urine is positive
or negative I think one should ery it on cwo or three occasions. Inthe
hacmolytic disorders we have not found erythropoietin at al, unless
the hsemoglobin gets quite low, as with thalassaemia major. Using
this and some of the notions we developed from studies of tumover of
erythropoietn in animals we suggested that there was utilization by the
bone marrow (Stohlman, E, Jr., and Brecher, G. [1950}. Proc. Sor.
exp. Biol. (N.Y.), 100, 40), 1n which casc the greatest activity would be
seen in those instances where there was linle urilization, ¢ g. aplasic
anaemia, but it would be hard to find in the presence of an active
marrow such as in a haemolyuc disorder.



TRANSFUSION-INDUCED POLYCYTHAEMIA AS
A MODEL FOR STUDYING FACTORS
INFLUENCING ERYTHROPOIESIS

L. O. Jacosson, E. Gorpwasser and C. W. GURNEY

Aee g e etk

Our entry into the study of the control of erythropoiesis was
originally related to our continuing interest in the problem of
Tecovery from radiatjon injury, and we naturally mvestigated any
possible means of smulating the haematoporctic system. Our
first problem was to design an assay system for the plasma ery-
thrapoietic factor(s) (hereafter referred to as erythropoietin) that
tequired neither a vast amount of time or effort, nor a large
volume of plasma or plasma extracts for a single assay.

Until 1955 assay for erythropoietin was confined largely to the
study of the erythropoictic response of normal rodents and
rabbits, A positive erythropoictic response to repeated plasma
miections was considered to be demonstrated by an increase in
reticulocyte, haemoglobin, and erythrocyte values of the peri-
pheral blood, an increase of- the red cell mass, or histological evi-
dence of bone marrow byperplasia. Simultancous use of all of
these barameters was usually not employed by all mnvestigators.

This general approach to assay was ongmally introduced by
Camot and Deflandre (1906), and with certain modifications
continues to be usefol, 1f these parameters are employed the
erythropoietin titre of the sample bemng tested must be high, in

* Operated by the University of Chicago for the United States Atomic Energy

Omrussion,

41
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order to obtain unequivocal differences from control prepatations.
In 1955 we demonstrated that injection of active plasma into nor-
mal rats would clevate the rate of iron-so incorporation into the
circulating red cells. As a segulas assay procedure we adminis-
tered three 2 ml. plasma injections on three successive days; on the
third day, a few hours after the Jast plasma injection, 1pc of *Fe
citrate was injected intravenously, and 18 to 20 hours later a 1ml.
sample of blood was withdrawn and counted in a well-type
crystal scintillation counter. Results were expressed as 2 per-
centage of injected counts per minute incorporated into the total
red cell mass (Plzak et al., 1955). By this method, control rats
given normal plasma or salune had a #Fe red cell incorporation o
about 35 per cent, whercas the rats myected with active plasma
had values of 45 to 50 per cent, Although this assay method was
much less tume-consumung, required relatively hutle plasma foe
test purposes, and was reasonably reproducible, st had one of the
serious disadvantages that was true of the other assay procedures
in use at that time; namely, relative insensttivity.

The influence of hypophysectomy on erythropofesis

Toeeaca v 4 L . - Lt .

undertook the study of the hypophysecromized rat m order to
determine the mechanism of this reduction 1n erythropoiesss We
found that within two weeks after hypophysectomy of the adult
rat the reticulocyte value and the ¥Fe red cell mcorporation of the
peripheral blood was reduced by a factor of nearly ten, and re~
mained thus depressed for several weeks. These hypophysectom~
1zed rats with 2 markedly reduced rate of erythropoiesis showed
increased responsveness to the mjection of exogenous erythro-
poietin, The reticulocyte response and the Fe red cell incotpora-
tion of these anmals injected with anacmic plasma was several-
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fold greater than that observed after normal plasma or saline
injection (Fig. 1).

is exciting observation led us to examine the question of
whether the hypophysis produced a substance that acted directly
on erythropoiesis, We were able to demonstrate that the plasma
of hypophy d rats made ic by bleeding after hypo-

physectomy contained an increased titre of erythropoietic activity,
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Frc. 1. Assay of anaenuc plasma in hypophysectomuzed rats.

comparable to that observed in normal rats subjected to phlebo-
tomy (Fried et al., 1956). Gordon had previously reported that
reticulocytosis would appear 1 hypophysectomized rats in
response to haemorrhage (Gordon ef al., 1955). These results in
our own laboratory and those of Dr. Gordon largely eliminated
the hypophys:s as a souzce of an erythropoietic substance with a
durect action on erythropojesis—a theory which had previously

been advanced and subsequently withdrawn by others (Van
Dyke et al., 1954).
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fn an attempt to exphin the rapid reduction in crythropoiesis
and the marked responsiveness of the hypophysectomized at to
exogenous erythropoictin, we postulated that upon loss of the
pituitary hormotes after hypophysectomy, the metabolism of the animal
Jell cathes abruptly to a lower level and thus the overall metabolic oxygen
requirement was reduced. The red cell mass, on the other hand, fell
slowly after hypophysectomy; and thus before the red cell mass
reached its new, and lower, equilibrium, the oxygen-carrying
capacity or supply was greater than required, Consequently, pro-
duction of erythropoietin fell to a much lower level than normal
and the rate of erythropoiesis was reduced accordingly. This
postulate was strengthened by the observed responsiveness of the
hypophysectomized animal to exogenaus erythropoictin and
suggested that erythropoietin production was controlled by the
relationship between the supply of oxygen available to the tissues
of the body and the tisstte demand for oxygen, We were thus led
to consider other experimental conditions in animals m which
aither the oxygen demand was increased without a change in the
oxygen supply, or in which the oxygen demand was unchanged
but the oxygen supply was imncreased. Accordingly, we studied
hyperoxia (Goldwasser, Fried and Jacobson, 1958), acute starva-
tion (Fried et al., 1957) and hypettransfusion (Jacobson etal., 1957)
and found that m each of these condions erythropoicsis was
rapidly and drastically reduced, while responsiveness to exogen-
ous erythropoictn was markedly increased. The mereased ery-
throporetic response to erythropoietn admunistration in each o
these conditrons was measured by the reticulocyte increase m the
penipheral blood or by an increase 1 #9Fe red cell mcorporatron.
These observations provided us wath illuruating information on
the mechamsm of the overall control of erythropoiesis, as well as
with several relauvely simple assay methods for erythropoictin.
As our expertence with these methods has increased, we have
found that the most reliable of these assay methods used t}'lc
acutely-starved rat and the transfusion-mduced polycy t
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mouse. Attention should be directed to the work of Crafts and
Meineke (1957), who showed that the oxygen requirement of the
hypophysectomized rat is actually reduced. This work lends sup-
port to our original hypothesis on the mechanism of suppression
of erythropoiesss in this condition (Fried et al., 1956)-

Preparation and methods of use of the
polycythaemic mouse for erythropoietin assay

As stated above, the most sensitive test for erythropoietic
activity of which we are aware is the transfusion-induced poly-
cythacmic mouse. The strain of mice used and the weight or age
are not important factors, but we regularly use the female CE
No. 1 mouse, age about ten weeks, weighing 20 to 25 g. Our
routine preparation of the mouse for assay mvolves the intra-
perttoneal injection of 0 § ml. of washed, packed, homologous
red cells on three consecutive days, and repeated on day 5. At the
end of this time, the haematocrits of the mice are m the neigh-
bourhood of 75 per cent. By five to sux days after beginning the
red cell injections, the reticulocytes are at 0-00 per cent, and all
evidence of active erythropolests in the bone marrow and spleen
has ceased. ‘This state can be mamtaned indefinitely by giving
addstional red cell transfusions to mamtam the haematocrit in the
70 per cent range. Beginning on the stxth day, the plasma or
other preparation for erythropoetm assay 15 grven in o-5 ml.
amounts subcutaneously or intravenously for four consecutive
days. The reticulocytes of the perpheral blood are sampled
datly. Fig. 2 shows the response to an assay of 2 puntfied prepara-
tion of anaemic sheep plasma. By two days after the mmal
injection of exogenous erythroporetin erythropoiesis 15 already
active in the marrow and spleen, even though the reticulocyres of
the peripheral blood have only reached about o-2 per cent; the
daily injection of the same dose of erythropoietin mamtains a
relatively constant renculocyte level m the peripheral blood.
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Upon cessation of erythropoietin injections the seticulocyte
value rotums 1o zro in theee to four days.

Normal plasma and saline are regularly used as controls. Oc-
casiomally after four o's ml injections of normal plsma the
reticulocytes reach o- per cent. Saline produces no response.

IHSECTIONS sv.
+ v + +

% RETICULOCYTES

SALINE
o [ 2 3 4
TIME AFTER FIRST INJECTION (DAYS}

Fic 2 Retionfocyte response of polycythaemic
rice o punfied sheep erytheopoictin

If, however, normal plasma is continued darly for six to seven or
more days, a shght increase in retrculocyte response of 0+ 1100 3
per cent is usually observed. Thas strongly suggests that suf?cxem
erythropoietin is present 1 normal plasma to produce a reticulo-
cyte response in this sensive assay system, X
Another method of assay using the transfusion-mduced po{yry/lmmllf
smouse 15 to begin red cell transfusion and the injection of the
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Fic 4. Histological effect of four o s ml mjccrons of rat plasma on splenic
erythropoiesis in mice with a transfusion-mduced polveythacmia  Trssucs taken
& days after first injection of plasima (x 95 )

A Spleen of normal plasma-myected mouse Red pulp 15 devord of erythro-
poretic focr
B Spleen of mouse mjected with

Plasma from anacmuc rat Marked erythro-
poietic activaty mn the red pulp

Jacing page 420
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matenial for erythropoictin assay on the same day (Jacobson ef al.,
1957). This is illustrated in Fig, 3. It 15 of interest to note again
that the response to plasma with an actve erythropoietin titre
levels off at about 25 per cent by six to cight days, whereas
notmal plasma is st about the o2 per cent level and the saline
controls have fallen to zero. Fig. 4 shows the erythropoietic
response of the spleen at cight days.

T T T 7
LN ] LI i e

-]
-

Ratecudocytos (%)

T nime oter st hpction  {doyn)

Fic 3 Effect of repeated mjections of anacrmuc and normal rabbit

plasma on the renculocyte values of mce that receved intravenous

mjections of plasma begmng on the seme day that trnsfissons for
polycythacrma were tutated

Using esther of the techniques described abave, one can sub-
statute °Fe red cell meorp as the indi of d
erythropotetic activity, If this 15 done, then the technique is
essentially the same as that used i the starved rat assay . ie. on the
day of the second or third iny of exog erythropoieti
1 e of ¥Fe atrate is gaven intravenously, and 18 to 20 hours
fater 2 0 1 ml. sample of blood 1s withdrawn. This sample is
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counted in a well-type scintillation counter and the percentage of
8Fc red cell incorporation is calculated as previously described
(Plzak ef al., 1955).

It is of interest to note that Dahl, Blaisdell and Beutler (1959),
working in our laboratories, found that hypertransfusion of the
rat almost invariably produced gastric ulceration and haemor-
rhage. In our original studies on hypertransfusion as a means o
suppressing erythropoiesis we observed that it was dufficult to
maintain the haematocrit at about 70 to 75 per cent in the rat,
whereas the mouse presented no special problem, and in no mice
have we observed gastric or other gastrointestinal ulceration o
haemorrhage, Dahl's observations thus elminate the hyper-
transfised rat for erythropoietin assay. We have no explanation
of this interesting species difference in response to hypertrans-
fusion,

Some studies using the transfusion-induced
polycythacmic mouse

A. The cffect of continued polycythaemia on the capacity
to re-initiate erythropoiesis

One can eastly prolong polycythaemia in the mouse by giving
repeated red cell transfusions, as needed, to mamtam the haemato-
crit between 70 and 75 per cent. In this way 1t 15 possible to
suppress erythropoiesis completely for an mndefimte tme. We
had assumed that if erythropotesis were thus sustamed at 2ero
it would normally appear agam when the haematocrit Wis
allowed to fall to or below the normal range. To test this we
studied 2 group of ten mice maintained with induced poly-
cythaemia for three months, and the resculocyte values 0
each mouse were found to remarn at zero throughout the pestod-
Finally, the haematocrit was allowed to fall and erythropoiests
quickly reappeared when the hacmatocrit reached the normal

range.
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B. Transpl ion of polycyth ic marrow

We also studied transplantation of marrow and spleen cells
from polycythaemic mouse donors to lethally-irradiated recipients
of the same strain and found that erythropoiesis began in the
recipient at the same time after transplantation as in irradiated
recipients which had received normal bone marrow or spleen.
In point of fact, there was no evidence to suggest that such
marrow transplants had any appreciable, differentially beneficial
effect, or the reverse, on growth of any of the cell types of the
transplanted tissue (Table I). Although these findings on the
capacity to re-initiate erythropoesis after a prolonged period of
polycythaemia and upon transpl ion are not pected, they
serve to illustrate that the red cell precursor can apparently remain
dormant for long periods of time, or that erythropoiesis can
originate at any time from the mother reticular tissue or multi-
potential stem cells in response to a suitable stimulus.

C. The effect of an atmosphere containing 10 per cent
oxygen on the erythropoietic response of poly-
cythaemic mice

The exposure of normal muce to an atmosphere having a lower
than normal concentration of O, produces an mcrease m erythro-
poietin nitre and an erythropoietic response comparable to that
observed in rats smularly exposed. Stohlman and Brecher (1957)
have shown that exposure to a simulated high alntude (hypoxic
al;oxia) for 8 to 24 hours increases the plasma erythropoictin titre
of rats.

Because of our mterest 1 the mechansm of erythropoietic
suppression 1 the polycythaemic mouse we studied the effect of
an atmosphere wath a 10 per cent oxygen content on the erythro-
poietic response of transfusion-induced polycythaemic mice. In
Table I the effects of exposures of groups of mice to low oxygen
tension for o, 8, and 12 hours are compared. It is evident that no
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significant reticulocyte response was observed. The most obvious
explanation is that the increased red cell mass effectively com-
pensates for this degree of anoxia and therefore no stimulus for
erythropoictin production occurs. Another possibility is that the
polycythaemic state renders the site of formation insensitve to the
anoxia. If the polycythaemic state alters the sensitivity of the site
of erythropofetin formation then it must be reversible, since upon
rapid reduction of the haematocrit of polycythaemic mice below
the normal value erythroporesis invariably recurs in the expected
time of three to four days.

D. The effect of cabaltous chloride on erythropoiesis in
the polycythaemic mouse

Goldwasser and co-workers (1958) established the fact that the
injection of cobaltous chlonde increased the erythropoietin titre
in the plasma of rats. It was found that a dose of s+ @ micromoles
would produce a mimmal esythropoi ponse m the starved
rat. If the starved rat and the polycythaemic mouse were equally
responsive to cobalt ion, then one would expect the polycythae-
mic mouse to have an erythropoietic tesponse to a dady njection
of o s micromoles or less. We fel¢ that a determination of the
erythropoietic response of polycythaemuc muce to thus injection
of cobaltous chloride mght reveal a munmal reproducible value
that would serve as a bass in estabbshing a umt of erythroposeuc
activity.

As shown 1n Table I, polycythaemic auce wese dwvided 1nto
groups and given daily mtrapersoncal injections of cobaltous
chlonde ranging from o'2 to 45 nucromales, Reticulocyte
counts were made daly but no response was observed for these
quantities. In another expenment reported by Krantz, Gold-
wasser and Jacobson (1959) a dose of 5-3 micromoles for three
days increased the reticulocyte count from o 0 to 0- 1 t0 0*4 per
cent. Admumstration of this dose for longer periods resulted m
death of all the ansmals. In yet another experument (Jacobson f
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Table HI
EmEcT OF mNTM, OF Ct CHLORIE ON THE
RETICULOCYTE RESPONSE OF CF NO I FEMALE MICE WITH A TRANSFUSION-
INDUCED POLYCYTHAEMIA
Number of mice  Amount of CoCl Days of Retieulocyte
wsed (jemole) admimstration response
8 o2 39 ]
10 10 . 24 o
10 15 21 [
1 45 8 o

al., 1959) we administered a dosc of 5 micromoles of cobaltous
chloride subcutaneously to a group of normal mice eight or nine
hours before we collected the blood. The plasma from these
animals, which was essentially devord of free Co*™ ion, produced
in polycythaemic mice an erythroporetic response (reticulocytes)
comparable to that observed from anaemic plasma of known
potency (Table 1V), Furthermore, 1t was demonstrated that

Table IV
EFFECT OF FOUR SUBCUTANEOUS INJECTIONS OF FLASMA FROM COBALT-INJECTED
MICE, AS COMPARED WITH THAT OF NORMAL MOUSE PLASMA WITH COBALT
ADDED, ON THE RETICULOCYTES OF MICE WITH A TRANSFUSION-INDUCED

POLYCYTHAEMIA
Haematocrit Retsculocytes
. (%) %)
Time in days afier firse ° 4 ° 4
plasma injection
Normal plasma with 76 68 ° o
cobalt added.
Plasma from cobalt- 76 6 ° 25
mjected mice

plasma harvested from rats mjected with 250 mictomoles of
cobaltous chloride produces an erythropoietic resp in poly-
cythaemic mice. This fivefold difference in the erythropoietic
response of starved rats and polycythaemic mice to cobalt ion 1s
striking and deserves further investigation. It is possible that the
polycythaemic state renders the site of erythropoietin production
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significant reticulocyte response was observed. The most obvious
explanation is that the increased red cell mass effectively com-
pensates for this degree of anoxia and therefore no simulus for
erythroposetin production occurs. Another possibility is that the
polycythaemic state renders the site of formation insensitive to the
anoxia. If the polycythaemic state alters the sensitivity of the site
of erythropoietin formation then it must be reversible, since upon
rapid reduction of the haematocrit of polycythaemic mice below
the normal value erythropoiesis invariably recurs m the expected
time of three to four days.

D. The effect of cobaltous chloride on erythropoiesis in
the polycythaemic mouse

Goldwasser and comworkers (1058) established the fact that the
injection of cobaltous chloride increased the erythropozetin titre
in the plasma of rats. Tt was found that a dose of 5 0 mucromoles
would praduce a minimal erythropaietic response in the starved
rat. If the starved rat and the polycythaemic mouse were equally
respansive ta cobalt on, then one would expect the polycythae~
nuc mouse to have an erythropoietic response to a daily mjection
of 0 5 micromoles or less. We felt that a determination of the
erythropoiettc response of polycythaemic muce to thus injection
of cobaltous chlonde mught reveal a mimmal reproducible value
that would serve as 3 basis 1n establishing & unit of erychropotetic
activity.

As shown m Table III, polycythaemic mice were divided mnto
groups and given daly inteaperitoneal uyections of cobaltots
chloride ranging from o-2 to 4 5 mricromoles. Renculocyte
courts were made datly but no response was observed for these
quantities, In another experiment reported by Krautz, Gold-
wasser and Jacobson {1959} 2 dose of 543 micromoles for three
days mereased the reticulacyte count from 0-0 to 0°1 10 0 4 pEr
cent. Adminustration of thus dose for Jonger persods resulted in
Jeath of all the anumals. In yet another experiment {Jacobson ¢t



POLYCYTHAEMIA AND THE STUDY OF ERYTHROPOIESIS 437

Third, that both rat and mouse erythrocytes are produced;

an
Fourth, that only mouse erythrocytes are produced.

The responses observed are briefly as follows:

Fig. 5 represents a polycythacmic mouse that received rat bone
matrow after exposute to 800 r. total-body X-radiation. The
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6. 5. Response of polycythaemic X-irradiated mouse to rat bone
matrow (Lving 50 days). This mouse produced both rat granulocytes
and rat erythrocytes.

haematocrit was maintained above 65 per cent for 18 to 20 days.
With the fall in haematocrit, as 1llustrated, the number of reti-
culocytes rose. As far as could be determmed by alkahne phos-
Phatasesmi.nmg, granulopoiesis of rat orgin had already begun by
cight days after the transplantation. This condition stall obtamed
2 42 days It 15 obvious that suppression of erythropoiesis for
18 days after the rat-cell transplant did not nterfere with the
formation of rat red cells when the sumalus for erythropotesis
Was applied. This suggests that specific rat red cell precursors
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relatively insensitive to cobalt fon. On the other hand, we have
learned that it is difficult if not impossible to achieve a signifi
polycythaemia in mice by cobalt ion administration in doses up to
4+ s micromoles for 69 days. This may be due in part to the
toxicity of cobalt in mice.

of polycyth ic trradiated mice

to rat bone marrow

When polycythaemic mice are subjected to a lethal dose of
X-radiation some wll survive if injected with heterologous bone
marrow. This procedure provides a model for the study of the
effect of suppression of erythrapoiesis on the visbihty of 2
heterologous transplant, and of the effect that differentially delay~
ing the growth of a part of a transplant has on the eventual re-
covery of the haematopoictic system of the irradiated recipient.

Mice (CF No. 1 females) were transfused with washed red
blood cells of the same strain. On the seventh day after begmning
the transfusions, when the reticulocyte number bad fallen to zero,
the mice were exposed to 800 r. whole-body X-raduation and 100
mullion rat bone marrow cells were grven intravenously. The red
cell transfissions were continued to mamtamn the hacmatocnt at
about 70 per cent to prevent red cell formation, either by spon-
taneous regeneration in the tissue of the recpient mouse or from
the transplant of rat marrow. The haematocnit could then be
teduced at will by bleeding the anmal or by allowing natural red
cell decay to occur. This allowed us to observe the course of sed
cell formation as the natural sumulus for erythroporests was re-
stored. The results are based on studies in which more than 100
mice were used.

The phenomena relative to erythropoiesis which one might
consider operative as the hacmatocrit falls are:

Ther

3

Farst, that no erythropotests occurs;
Second, that only sat erythrocytes are produced;
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cytes began to be produced at the expected time after the trans-
plant. Rat granulocytes apparently disappeared between the 33rd
and the 42nd day, and only mouse granulocytes were present. In
this mstance it 15 possible that during the period of suppression of
erythropoiesis the mouse bone marrow began to resume its
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FG 7 Response of polycythicmc X-trradiated mouse to tat bone
marrow {hving at 42 days) This mouse produced mouse erythrocytes
and rat granulocytes It was sacrificed on day 163 postarradiation

normal production of mouse red cells It 15 interesting that mouse
granulocytes were not detected until more than ten days after pro-
duction of the mouse red cells had been restored. One mght
speculate that 1n thus instance the recipient destroyed the graft
This aninal was sacrificed 163 days after irradiation.

Fig. 8 shlustrates a response that one might expect to encounter
occasionally at this irradiation dose level Mouse erythrocytes and
granulocytes were produced i the reciptent Cells of rat ongm
Were never detected. For some reason, possibly npn-speaific
Whtation, regeneration of the mouse haematoporetic tissue
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remained dormant for 18 days, or that the production of red cells
originated under these ci s from maltipotential rat cells
present in the marrow.

Fig. 6 reveals another type of response. In this instance, no
additional red cell transfusions were given after irradiation and
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Fi6. 6. Response of polycythaemic X-trradiated mouse to rat bone
marrow (dead on day 44) In this mouse, both rat and mowse granulo~
cytes and erythrocytes were produced.

rat bone marrow transpl 1on, The } rit began to fall

as expected and haematopotesis was observed by the eighth d:!y
post-irradiation. Bvidence for production of red cells and white
cells of both rat and mouse origin was present. It is of interest but
not unexpected that the formation of all rat cells had ceased some
time after the 33rd day. Before death this animal yrescme;‘:i t.hc
usual clinical appearance so charactenistic of “late 1mmune” dis-
ease, and death may be attributed to the crisis of this syndrome.

Fig, 7illustrates another variation mn response. As the haemato~
crit fell only mouse red cells were formed, although rat granulo-
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Establishment of a unit of erythropoietin

The variability in the erythropoieric potency of purified frac-
tions prepared from the same batch of anaemic plasma but using
different methods of extraction and purification is widely recog-
nized. Inaddition, a marked variabihity in the loss of erythropoie-
ticactivity may and usually does occur even when the same batch
of anaemic plasma is processed by the same chemical procedure at
different times.

These facts necessitate the arbrary establishment of a unit of
erythrapoietin in order that various end-products of plasma pro-
cessing may be compared. The work of Goldwasser and col-
leagues (1958) established the fact that cobalt jon produced an
erythropoietic response in animals by virtue of the production of
erythropoietin, On the basis of thus work, Goldwasser and White
(1050) studied the effect of single 5 and 10 mucromole dosages of
cobaltous chloride on the 9Fe red cell incorporation of the starved
tat and observed responses substantially greater than in the salne
control. They established, n addition, that purified fractions from
anaemic sheep plasma gave slopes comparable to that of cobalt in

e same response range. Cobalt therefore was accepted as the
primary standard for low-level responses, wath the 5 micromole
Tesponse designated as one unit (Whate et ol , 1960). At the same
fime, it is ack ledged that the relationship between the re-
Sponses to cobalt and erythropoietin may not hold true at higher
levels or with dfferent njection schedules.

Site of action of erythropoietin
The dfficulty universally encountered in classifying the pre-
cussor cells in the blood-formung tissue remains wath us. Never-
theless, progress has been made 1n delmeanng the site of action
of the erythropoietic hormone. Erslev (1959) and Alpen and
Cranmore {1959) have concluded, on the basis of distnctly dif-
ferent approaches, that erythropotetin acts on the ““stem cells™ of
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occurred and the mouse survived on this basis. Possibly the effec-
tive regeneration of mouse haematopoiesis provided an immuno-
logical bartier to the growth of the rat graft.

"L
~a
ol
AETICLLOCYTES
200 =tes
—
- INSFFICTIVE ;
ek <
= "
g H
g s
2 ah v
= H
L 40
-
19
1o
MOUSE GRANULOCYTES PALSENT ~b
Lo Yo cpecs ety |
) E] o i a8

2
TIHE AFTER X RAY (DAYS)

Fic. 8. Response of polycythsenuc X-irradiated mouse to rat bone
marraw (lving at 55 days). No evidence of 2 transplint was found in
this anjmal,

One may tentatively conclude that (1) “physiological” sup~
pression of erythropotesis tn polycythaenuc mice given lethal
X-radiation and a rat bone marrow transplant does not intesfesc
with the “take” of the transplant since rat granulocytes generally
appear at the expected tune, and (2) although erythroposesis may
be suppressed for at least 20 days, upon release of thus suppression
the production of rat red cells only, of mouse red cclls only, or of
both may begin. The data suggest that the heterologous trans-
plant contains dormant erythroblasts capable of being actvated,
or that erythropoiesis may anse under these circumstances from
a2 mulipotential cell in the rat marrow transplant.
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Establishment of a unit of erythropoietin

The variability in the erythropoietic potency of purified frac-
tions prepared from the same batch of anaemic plasma but usmg
different methods of extraction and punfication is widely recog~
nized. In addition, 2 marked variability in the loss of erythropoie-
tic activity may and usually does occur even when the same batch
of anaemic plasma is processed by the same chemucal procedure at
different nmes.

These facts necessitate the arbitrary establishment of a unit of
erythropoietin in order that various end-products of plasma pro-
cessing may be compared. The work of Goldwasser and col-
leagues (1958) established the fact that cobalt 1on produced an
erythropoietic response in animals by virtue of the production of
erythropoietin, On the basis of this work, Goldwasser and White
(1959) studied the effect of single 5 and 10 micromole dosages of
cobaltous chloride on the $*Fe red cell incorporation of the starved
rat and observed responses substantially greater than m the salme
control, They established, in addition, that purified fractions from
anaemic sheep plasma gave slopes comparable to that of cobalt in

¢ same response range. Cobalt therefore was accepted as the
Prmary standard for low-level responses, with the 5§ micromole
response designated as one umit (Whte ez af , 1960) At the same
tme, it is acknowledged that the relationship between the 1e-
spomses to cobalt and erythropotetm may not hold true at higher
levels or with different 1mjection schedules.

Site of action of erythropoietin
The difficulty universally encountered in classifying the pre-
cussor cells in the blood-forming tissue remams with us. Never-
cless, progress has been made n delneating the site of action
o the erythroposetic hormone. Erslev (1959) and Alpen and
Cranmore (1959) have concluded, on the basis of distinctly dif-
ferent approachies, that erythroporetin acts on the *“stem cells” of
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the marrow, producing differentiation which culminates in the
well-known red cell maturation series. In studying the problem
in our laboratory, Filmanowicz and Gurney (1960) have taken
advantage of the physiological suppression of erythropoiesis which
occurs in the transfusion-induced polycythaemic mouse. In this

% WUCLEATED RED CELLS (R SPLEEN Rep PULP
% BEVICULOLYYES IN PERIPHEAAL BLoDD

Fic 9 Erythropoetic responsé i spleen and
penpheral blood of polycythaemic mice

preparation, which gives no evidence of active erythropoiesis as
judged by the absence of reticulocytes mn the peripheral bloed and
absenice of evidence of proliferation m the crythroblast series of
the blood-forming tissue, the response to purified erythropoietin
previously standarduzed 1n cobalt units can be studied after sngle
and repeated injectons. The erythroblastic response of the hae-
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matopoietic tissue and the reticulocyte response observed in the
peripheral blood can be studied simultaneously. As shown in
Fig. 9, a single injection of 12 cobalt units of purified erythro-
poietin produces an orderly differentiation and maturation of
erythrocyte precursors with a peak renculocytosis at three days.
The reticulocytes have fallen again to zero by the sixth day after
the single injection.

Summary and conclusions

The origin of some current procedures for assay of erythro-
poietin as they developed in our laboratories 15 described. Those
assay systems that usilize ®Fe red cell incorporation or reticulo-
cytes as a measure of the erythropoictic response include the
normal rat, the hypophysectomized rat, the starved rat and the
transfusion-induced polycythaemic mouse. The responsiveness
of the last three subjects to erythropotetin injection is reflected in
the relative or absolute polycythaemua so induced. We have
postulated that these artificial states reduce erythropotetin pro-
duction by virtue of a change in the relationship of tissue oxygen
demand to the oxygen supply available. The assay procedure
using the starved rat is technically the simplest and least tume-~
consuming; that utilizing the transfusion-induced polycythaemic
mouse most neatly represents 2 physiological suppression of
erythropoiesis, and 1s the most sensitive and reproducible. In
addition to 1ts usefulness for purposes of erythropotetin assay, the
polycythaemic mouse lends itself admurably to many physio-
logical studies of erythropofesis.

In the polycythaemic mouse, the entire blood-formung tissue
remamns apparently devoid of erythropoietic activaty, or this func-
tion 15 dormant until exogenous erythroporetin is admi d
or endogenous erythropotetin production 1s restored either by
reducing the haematocnt to 1ts normal range, or by the ad-
mimstration of a samulus such as cobalt 1on. The stimulus may
act upon any one of a number of cells, including the dormant
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the marrow, producing differentiation which culminates in the
well-known red cell maturation series. In studying the problem
in our laboratory, Filmanowicz and Gurney (1960) have taken
advantage of the physiological suppression of erythropoiesis which
occurs in the transfusion-induced polycythaemic mouse. In this

% NUCLEATED RED CEWLS Iv SPLEEW RED PULP
% PBETICULOCYTES In PERIPHERAL BLOOD

Fic g. Erythropoetic response in spleen and
penpheral blood of polycythaemuc mice

preparation, which gives no cvidence of active erythropoiesis 25
judged by the absence of reticulocyres i the penpheral bloot‘i and
absence of evidence of proliferation in the erythroblast series ?f
the blood-formumng tissue, the response to purified erythropoictin
previously standardized in cobalt umits can be studied after sngle
and repeated mjections  The erythroblastic response of the hae-
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DISCUSSION

Yoffey: Did you make any differentral counts of the marrow you
transfused from rats imto muce?

Jacobsore, Yes, and there are, a5 one would expect, all the cell types
{found normally m the bone marrow  One can do differennal stamng
todetermumne whether the growang transplent <omes fom rat of mowss,
Onday 3 we can find what we call stems cells i the marrow and spleen.
Tcan also see stem cells dunng the persod when erythroporesis was sap~
pressed ¥ am not suze 1 can answer the question you rase, but it seems
to me that the stern cells that are m there aze really capable of domg
almost anything, and that they are now making granolocytes and what
‘have you, but no red cells untd the stmalos comes in, The snmulus
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primitive erythroblasts, the red cell precursors, and the mult-
potential cclls in the bone marrow.

The bone marrow of these polycythaemic mice, swhich is ap-
parently dormant or inactive in so far as erythropoiesis is con-
cemed, retains the capacity to initiate erythropoiesis equally a8
effectively as normal marrow, when transplanted into isologous
or homologous supralethally-irradated mice. Heterologous (rat)
marrow may be transplanted to the polycythaemic supralethally-
irradiated mouse and suppression of erythropoiess maintained by
post-irradiation transfusion. Such suppression does ot interfere
wth the growth of other transplanted cell types, and the mous
survives, On reduction of the haemarocrit or red cell mass to, of
below, the normal range, rat red cell precursors multiply and
repopulate the mouse haematopofetic ssue. These studies suggest
that the isologous, homologous or heterologous transplant con-
tains dormant erythroblasts capable of being actvated of that
erythropoiesis may atise under these circumstances from mult-
potential cells in the transplant.

An arbitrary defimtion of one unt of erythropoietin has been
formulated. As a primary standard in the low threshold response
range, one umt 1s defined as the erythroposetic response of the
starved rat tissue to an mjection of § micromoles of cobaltous
chlonde. .

Using the polycythaemic mouse as a subject, the site of action
of erythropoictn has been cxplored and appears to involve prinét-
pally those undifferentiated precursors which may be procrylhm‘
blasts or even still more primutive cells.
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DISCUSSION

Yoffey: Did you make any differential counts of the marrow you
transfused from rats into mice?

Jacobson Ves, and there are, as one would expect, all the cell gypes
found normally in the bone marrow. One can do differential staning
to determine whether the growng transplant comes from rat or mouse.
On day 3 we can find what we call stem cells in the marrow and spleen.
Tean also see stem cells durng the period when erythropoiesss was sup-
pressed. 1am not sure I can answer the question you raise, but it scems
to me that the stem cells that are m there are really capable of domg
almost anything, and that they are now making granulocytes and what
have you, but no red cells unnl the sumulus comes in. The stimulus
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could be, of course, bleeding or hypoxia; we have not used erythro-
poietins in these instances. The differential count of the transplinted
material is not really any different from what others have published on
the same problem,

Yoffey: In guinca pig marrow we get cells scattered through the
parenchyma which we consider to be restng small Iymphocytes—
whether they are stem cells or not we shall have to argue, but I think
Prof. Leblond will agree with me on the cell identification.

Leblond: Yes, they are there.

Yoffey: On the basts of our own studies, the question which at ence
arises is tha in that early regeneration period, if you take sufficiently
close intervals, shouldnt you be able to spot these enlarging cells,
which we see in our marrow regenerating after irradiation, in the sort
of sequence which we have interpreted? Ifour interpretation is wrong,
you might be able to produce a better cell sequence, but at any rate the
material seems particularly valuable for picking out the earliest changes
1 the transformation of the stem cell.

Jacobson: "There is no doubt that you can see the beginning of dif-
ferentiation at 12 hours, and from the histologist’s point of view 1t
gives 2 magmificent opportunity to study the cacly process of differ-
entiation from stem cells into erythroblasts. We also have smears.

T aitha I€wnm aiva seimased thieaidion sn sha acimal cnme nf these

later.

The tatiated thymidine will disappear from the cf
minutes. If you then give erythropoietn, you could observe the
appearing pronormoblasts, and note that either (4} they are labcl!cd
(1e. come from the large labelled cells), or (§) they are unlabelled {i.c.
they come from unlabelled small cells). It may be even better to do the
experiment with labelled amino acids as these would label 100 per cent
of the large cells heavily—you should be able to pick out which is your
pronormoblast precursor.

Yoffey: The pachychromatic small lymphocyte, with well marked
nucleolus and thick nuclear membrane, we consider to be in th.:
inactive, resting phase. In this phase the cell does not label, If this
view is correct, then so long as the polycythaemia is maintained and

lation in a few
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stem cells are not needed the small lymphocytes wall remain inactive.
Should erythropoiesis recommence, however, these cells should enlarge
and become leptochromatic, passing through the stage which we
have termed the ransitional lymphocyte, and then they would label
It would be very interesting to see whether anything of the kind
happens in these spleens.

Cronkite; I concur with most of what has been sad. Periosteum, for
example, which Dr. E, A. Tonna in my laboratory is studying, is an
inactive tissue in the adult mouse—mitoses and labelling are rarely
scen. However, with the appropriate simulus, namely a fracture,
there is no labelling till about the 10th hour; at 12 hours almost 100
per cent of the cells are labelled. In this two-hour pertod a mass of
cells have gone into DNA synthesis and are commencing the cellular
repar, The comment of Dr. Jacobson about observing those cells
2t 12 hours in the spleen is of considerable mterest to us. Perhaps there
is enough information on the critcal timmg to plan the experiment
that Dr. Lajtha su gests.

Yoffey: We have had lots of haematologtcal conferences. 1 would
Iike to have one where we could all get together for a week or two in
Laboratories with microscopes, and each spend two or three hours
locking at one another's preparations. I think it could be very pro-
ductive, particularly when swe have the nght type of material.

Gordon: Dr. Jacobson, in your exp in the polycythaemi
mowse, you employed a plasma extract from phenylhydrazmized
sheep. You will recall, from our studies, that the actvity achievable
with higher doses of human urinary erythropoietn 15 considerably
greater than that produced with any level of the anumal plasma pre-
Pazations, 1 feel, therefore, that your expenments do not necessanly
prove that your larger doses of sheep plisma erythropoietin have
mobilized ali available stem el for duffe into the

roid cell ine,

Jacobson: We have not tried anything else; I don’t know what would
hppm beyond this,

Leblond: The excess material, if any, would go to the urine, it would
not be stored in the blood.

If‘.y'tha: This is 2 very important principle. As soon as you differ-
ntiate 51 per cent per day of the stem cell populanon you will run it
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lotelv (- .

dovn comy ( a 24-hour minimum cycle time for the
stem cells). So there must be, ifone is permitted to think teleologically,
a very important safety device for never exceeding 49 per cent,

Yoffey: If one wants to think teleologically in terms of safety devices
it is very important to have a considerable excess of stem cells too, 50
that there will always be a Jarge number to spare. Lymphod tissse
certainly seems to meet 2 need of that kind, if no other!

Loutit: 1 think on reflection that the answer you got, Dr. Jacobson,
is what one would have predicted. I spoke earlier about the 100 per
cent lethal dose and the 60 per cent lethal dose, but that was probably a
qualitative type of statement and would have been better phrased in
terms of the absolute, the rantgen dose apphied, or rads absosbed.
Certainly wth our own mice there scems to be some sort of critical
level at about 800850 r. We prefer to work well above that, at
around 1,000 r., and then we always get consistent results, but if we
work at the 800-850 r. level, which in our stock is about the LDgy, thes
we could get the sort of result you got. ‘Would you bke to repeat your
experiments at 1,000 r.?

Jacobson: It is very dufficult to keep these ammals alive when you get
up to goo—we tried 1t. If you maintain a polycythacnia such as this
1n order to keep erythropoicsis at zero, and then give them 1,000 %.1
can tell you that the mortality 15 gomng to be so ugh that you will have
attacks of angina pectons ten times a day, because you feel sa badly!
The loss even at 800 1. is very great.

Lanserton: Do polycythaemuc rats succumb to a lower dose than
normal rats?

Jacobson: In the first place go per cent of the polycythaemic rats
develop gastric ulceration, and therefore you cannot maintain poly-
cythaenma very long without getung mnto serous difficuley.

Lamerton: What is the mean lethal dose m the polycythaemic mouse
as compared with normal?

Jacobson: I have not done 1t,

Leblond: But you implied that they are more sensitive than the
normal? .

Jacobson Yes, but I thuk it has to do with the circulstion itself. An
expert on sludging might be able to answer this. .

Stohlian: It 15 also a problem to keep them polycythacnue, e ts
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Jucobson: Yes, You have 1o retransfuse them,

Yoffey: One other quesion has arisen recently in connexdon with an
appatent vudden appearance of these laxger cells dn o suvation where
normally only the small lymphocytes are seen. This atises out of
G.] V. Nossal's work {x9s9. Brit. ] exp. Path , 40, 301) in lymph
nodes with the secondary response to anngen. E. H. Leduc, A. H.
Coows, and J. M. Connolly (19s5. J. exp. Med., x02, 61) have des-
enbed the explosive appearance of plasma cells, not after the fire dose
of amigen but after the second dose of anngen about 1 month laser.
Nossat looked tnto that agam and found that m about 24 hours
you suddenly get Jarge numbers of these pnoutive reucular cells,
whicl is, I suppose, 4 name we all understand, but with no mitoses
1o sccount for them. He attnbuted them then to the sudden enlarge-
ment of 2 Jot of small cell precursors, m thys case small lymphocytes.
Dr. Jacobson, have you followed the hustology carcfully enough i the
arly stages of ths splenic resctivation to wy whether you get large
numbers of mutoses preceding the appearance of those karger reticular

2

Jacabson- § don't chink there 15 any doubt that you have an merease,
but we have not made counts.

Bangham Diacng the day Lhave been collecting *unuts” of erythro-
poretin There s the waue of exythropoenic activity i 2 preparation of
abbat plasma, made by Borsook, which has been used by many in-

but which I und & 15 now nearly fiushed,

Stohlman: That is not 2 uait,

Bangham Wo, 1t 15 a commonly used preparanon, People have
quoted the actinry m wems of this preparation. Cobalt tnits are
apparently widely used, and I think we are i danges of the mtroducnon
of batyl alcohol umts  Then we have two other kinds which are
apparendy umues of brofogical effect, one 15 the hacmatocnicume
renculocyte wut that Dr Gordon has been using, and lastly there is a
waxamal sumalavon vt which Dr. Jacobson has just been telhng us
about I wonder, m view of this collection of thres matenals and two
actrvintes, whether we could ar the question. of an accepted standard
preparation, st could then be used by all persons assaying erythropore-
e actwity 1 osdes to measace thew own preparations There are

cextatn precepts 1 brofogaeal sty and scandard which 1 thunk
nm0 15




that there wall always be 3 large number to spare. Lymphoid tissue
certainly seems to meet 4 need of that kind, if no other!

around 1,000 1., and they, we always get consistent results, but if we
work at the 8oo—g so . level, which 1 our stock 15 about the LDgy, then
we could get the sort of, tesult you got. Would youlike to repeat your
experiments at 1,000 r,?

Jacobson: It is very difficult to keep these animals alive when you get
UP 10 900—we tried 1t, If You maintam a polycythaemia such as this,
1 order to keep erythropotess at 2cro, and then give them 1,000 . [
can tell you that the mortality 15 going to be o high that you will have
attacks of angina pectorss eg, tumes a day, because you feel so badly!
The loss even at 800 r. 15 very great,

Lamerton, Do polycythaenuc rags succumb to a lower dose than
normal rats ?

Jacobson* In the first place go per cent of the polycythaemic rats

evelop gastric ul

as compared with normal?

Jacobson 1 have not done 1t

Leblond: But you mmpled thae they are more sensitive than the
normal?

Jacobson* Yes, but I think 1¢ has o do with the circulation jtself, An
xpert on sludging might be able to answer this, 5

Stohlman: It 15 also a problem to keep them polycythaemuc, isn’t 1t?

e



BIECUSSTON 451

with 2 poteney agreed upon by you, so that all sctivities can be ex-
pressed in terms of the same standard and the same unit,

Yoffey: Thank you very much, Dr. Bangham. Thas 1 2 very gener-
qus offes, and { imagine it is hkely thae you wall be taken up on 1.

Cates: { am concerned about Dr. Jacobson's suggestion that 3 mew
unit of erythropoictic actwity might be that dosage which would
produce the maxd docyte response in polycythaemic mice,
Ds, Bangham and 1 have studied $Fe incosporation o red cells of
raice made polycythaemic by exposuze to hypoxia as opposed to trans-
fusion. We find that two stratas of nuce, Schneder and MR.C. TO,
differ preadly in their responnveness to erythropoictn derived from
phsma of ansemic rabbis or monkeys

Since we all measure erythropotetn by observanon of difierent
parzmeters t vanous test animals, results from different laboratories
can only be compared by reference to the response produced i cach
test system by 2 preparation of defined acuvity. ¥ a standard reference
were avarjable for wide distnbution it would be 2}

wseful,

Van Dyke* 3 think 1e1s absofutely essential 1o ge1 on with some sorz of
standard. A fow patsents who excrete fasge amounts of erythropoietin
could provide encugh macestal 1o serve as a standard  Finding ther g«
going ta be a tremendous ameunt of work. In a airy bke London you
certamly will find a few here and there but 1w wall mean screening
handreds of panents. There are lots of people who have beent sereened
that you don’t hear about because of the neganve results. There isa
great advantage m creatng 2 group whose primary job is to distnbute
the material they collect  Those who are collectng erythropoietin to
stdy 13 physiology and chermustry are not ikely to guve 1 up to be
used 25 a standard.

Stohlman- There 1 a proposal now under consderagon ar the
Nztional Institutes of Health which mght be used for this sort of
thung, at Jeast on a small scale

Cordon 1 would agree hearnly with Dr Van Dyke about the
advisabihey of establishing an agency for the collecnon and distnbunon
of urme contaming large amounts of erythroporeun, The avadabulicy
of sctsve urine depends upon the philosoghy of the phynician attendmg
the anaemue subjeets. In New York City, thete appear to be two
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itis necessary to follow. I i necessary o assay like with like no matter
bow crude or ppatently nonespecific phe materialis, One can imagine
situations where, using a cobalt unjt to assay a biological extract, one

from a large number of anaermic sheep, Altcmauvely, stnce agan it
has been stregsed that some human unne contamns a lugh concentration
of ESF, pethaps one should consider making a collection of 2 large
amount of active urme and Processing this to establish material for 2
standard. These things have been done, for instance wath the jnrer.
national reference Preparation for human menopausal gonadotrophin
3,500 lttres of urmne were Pprocessed. This was o small task since at the
time it was collected there Was a petrol shortage and fatomng in Eng-
Land. Ifwe could find Patients with nghly acnve urine, I am sure we
could arrange for s collection and che Ppreparation of an extract

would be very pleased to, we have d
Lam simply making a Plea that someone should prepare 2 standard
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Reinhards: Dr. Cropkne's and Prof. Lebload’s sutements regarding
the posuble notmal persistence of the thymus sn man, beyond the wsual
age of what is conadered o be the mvolunonal period, may be com-
pared with wark done by me 1 the monkey m Indonesia. Approx-
mately 35 monkeys of each sex, varymg w body weight from that of
the pewbom 1o 8 kg,, were used. With the merease i age of the
indoniduals, as demonstrated by the body weights {f have no actual
data on the age of the animals), there was 3 continvous falf 1 the
thoracic duct output of lymphocytes whch was wstiated at a body
weight of between 2 to 3 kg, that 15, about the penod of sexual
maturanon Thas 15 evidence that an thus pnmzte farm there 13 a lym-
phate tsme mvolution occurmng, as indicated by ths type of measure-
ment,

Leblond* Did you obtan the thymus weight

Reinhardt* Unfortunately no. Ix 15 of mterest that the thoracic duct
ymphocyte output {per kg body weight) of the presumably normal
monkeys fits 1 approxmately at the same level as for man, The data
for the human ace dertved from the work of H. R, Brerman and asso-
@iates, m pasients suffening from termenal disease not of bacmatologscal
ongw. Appatently there 1s a close relationshup between thoracic duct
lymphocyte cutput im man and monkey  The output m wan, monkey,
and dog may be contrasted with that fo¢ rodents {xat, mouse, hamster).
The thoracic duct lymphocyte ontput in sodents is at 2 much higher
Jevel g erms of relauve bady weghts  Although there are many
parameters to consder, I think the evidence ndicates that there 13 a
definite gradient from the rodent through other anumal forms, mdicat-
ing the exastence of a sygnificant difference in the number of thoraac
?uct lymphoeytes entening the blood stream 1 cach of these ammal

oTINS,

Leblond Wese you able to relate thus to body surface?
Reinhardt- 1 did not ery.
Yoffey. ¥ you corapare the monkey and man which ace so dosely
alike 10 othet ways but very different i body suefice, the thoracie duct
453
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points of view. One is that the child with thalassaemia major should
not be allowed to fall too low and should be transfused when be or
she reaches 5 or 6 g. hacmoglobin levels. The second view is that the
child should not be transfused too frequently because of the attendant
pl galy and b iderosis. It is from institutions subscribing
to this latter opinton that we have been able to collect consistently
active urines from children with haemoglobins in the vicinity of 4 g.
and below. Calculationsindicate that overa period of 2 year only about
six of these highly anaemic patients would be required to make
available the same number of units of matenal as 1,500 phenylhydra-
zinized sheep.

Stohlman: In face fusion to maintain normal b lobin or
values much above 7 g. may be dangerous since jt hastens the day whea
haemosderosis will develop, the patients can do quute well at the lower
levels of haemoglobin.
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out any i d i bly. 1 take 1t there was no

8 P 3 Y
increased nestrophy] count m the penipheral blood2

Gordon: Not noticeably m the perpheral blood. In the martow, 251
mentioned, the numbers of myelocytes as well as segmented granulo~
cytes are increased. 'We intend soon to determme with sotopic
methods whether granulopotests 1m actually accelerated in these
matrows.

Everett; Some work at present under way m my hboratory is some-
what granfying for those of us who have been concerned at times
about the metabolic stability of DNA& habelled with tnnnated thymidine,
We have abtamed large numbers of labelled neutrophls from blood of
nats by the sedimentation techarque, and placed these sn Milhipore
chambers whech were then mtroduced 1nto the body canty of the
same animal, We are granfied that our gram counts temam the same
throughout the period that they susvive—z4 hours being the Jongest
that L recalt

We had thought that this mught contnbute to discerning the possible
Lfespan of the neutrophul, but they seem to hve Jonger hete than they
do when ercutanng. Of course they are not subjected to the same
condstions and are not battered around perhaps a5 they are m the bloed
streaan.

A fow people have asked about the sramng of granulocytes m radio-
autographs of bone marrow  The Lashman-Giemsa stain 13 very good
to pravide for the idennfication of these cell types

Jacobson, In the spleen-shneld p when blood fi
3, 10 2 sense, rushing wito the spleen, 1t scems 1o rake precedence over
everything and the white pulp for all practical puzposes will disappear.
This may be a complercly compennve thing, I have never really
explomed it. Thas 13 2lso true 1n 3 Rormal ammal of yon push erythro-
parests as hard as you can wath erythrop he splenic lymphati
tssue will be remarkably reduced. In fucr you can see erythropoiens
comung up night i the muddle of the follicle and the follicte wall
finally disappear, or yust a remnant will be left. I had the evidence that
sight m the mddle of the follicle there was erythroposesss, bur I
wasn't smart enough ar the me to reahze that precursors could have
travelled there and sez up shop In the mouse the spleen happens 1o be
a marvellous argan because 1f you can push erythropoicsis m the
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lymphocyte output seems to be rather greater in the monkey, thovgh
the difference is not as great as onc might have expected. We have
thought 2 great deal abour this variation in lymphocyte production.
‘There may be a rough correlation with the hfe of red cells, but that
brings one back to the old problem: if the lymphocyte is 2 stem cell thys
makes sensc; if 1t isn't a stem cell why is there a difference?

Cronkite: It is interesting that the two animals at the lower end in
their output are the ones that normatly have a low steady-state concen-
tration of lymphocytes in the peripheral blood whereas all of the other
animals have 60 per cent or more of lymphocytes in the peripheral
blood. Perhaps dog and man are similar and the monkey is Lke all the
rest of the smaller animals in respect of the differential count.

Yoffey: Yet the thoracic duce lymphocyte output in the monkey is
not so very different from the human.

Trowell: Que could say there is a rough correlation with the basal
metabolic rate of the whole animal, which s now known to depend on
the fundamental built-in rate of oxygen consumption of the tssues.
Tt is mn fact correlated with the actual cytochrome oxidase content of
the cells, which 15 mversely related to ammal size, I cannot see that it
means anything, but the correlanon does seem to exist.

Gordon: We have been umpressed with the findings reported by
Dr. Jacobson and by others regarding the marked depresston of éry-
thropoiests m ammals transfused with homologous red cells. Mr. J.
LoBue, Mr E S Handler and I have pursued the changes occurring in
the leucocyte elements withmn the marrows of the transfissed poly-
cythaemic rat. We have found that the disappearance of the nucleated
erythroid cells 1s accompanied by an absolute increase in the numbers of
both young and mature granulocytes. Lymphocyte numbers decrease
but not as greatly as the erythrord clements. In other words, the total
mass of nucleated erythrord nssue disappearng 15 replaced by an
equvalent mass of granulocynic aissue. Thus 1s an interesting pheno-
menon and I am wondenng whether depression of one particular F:II
Ine might not set up & signal, possbly humoral 1 nature, which
causes the plunpotental stem cells to probferate along another cell

c.
Trowell: May it not be just an increased storage, a space factor? You
could have an increased number of granulocytes in the marrow Wi



GENERAL DISCUSSION 457

Thave come to think that theee is oaly one sort of reticulum ¢ell, not
tway and that it is the ordinary phagocytic reticulum cell which dif-
ferenniates into the hrgc Iymphocyte (lymphoblast). In :hcsc cultures
one can see all stages in the of typr P con-
taining ngested debris of pyknotic small lymphocytes, rhrough o
Large lymphocytes, mcluding eclls which could be called large lym-
phocytes but for the fact that they sull contam a Iitle debris phago-
eytized at an earlier mge. Thus seems to prove dm one and the same

«ell can be both ph ic and ympt d dly this 15 i
satro, and 1 \\vould notr dmm chat this 15 n:c:s::mly t.‘nc normal mechan-
ism of lymphoy but the mech does exsse. 1 may contri-

bute 1o the discussion of these mystenous stem cells m general, 1
would hike to put forward the simple view that they are fust ordinary
commeon-or-garden renculum cells—acting under the nfiuence of
cettan hormones in certam focations.

Lajtha: Regarding these reticulum cells that Dr. Besws says tansfer
ron 1o pronormoblasts, ¥ don't think there is any evidence that
normoblasts get most of their sron content from retieulum cells. ¥ wane
to emphastze that thes phenomenon exists, bat it 15 open to question
whether the arrow points from the reuculum cells to the normoblasts,
of the other way round In any case the phenomenon 1 zeyponmble
only for a very minor fraction of the sron admunstered  Aftera sugle
mjection of Fe, within minutes, Of 25 50070 23 You can take the speci
men, all the early normoblasts wdl be labelled znd very fow of the
senculum cellswill be labelled, slthough of you take such rencatum cells
wn vitro they are quite capable of iron uptake

Braynstemer That 1s correct, but normally s ¢sve the organm does
not get an myection of ¥Fe. It breaks down its own red cells 1n the
retculum cells You can have the same phenomenon with reticular
<ells and plasma celfs, for smstance you get the debns of phagocytized
matenal and very close you get the plasma cell precumors which gee
graws from the retrcular cells and then bwild up therr ergastoplasmic
structure. It seems a very common thing.

Lagtha. You can wake marrow cells i ertre wathout reticular eells and
these celll are quute capablle of taking up tron from the surroundigs.

Braunstesser 1 thunk they are, but in the normal processes i man
they mught take 1t ftom different sources.
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animal beyond the bone marrow capacity erythropoiesis will increase
in the spleen.

Yoffey: But what happens to the other lymphoid assues, the mesea~
teric lymph node and thymus?

Jacobson: 1 don’t think they are affected.

Yoffey: A few of us, includmg Prof. Reinhardt, were engaged in
some hypoxia experi on the Jungfrau, We found~-again wheher
there was any correlation or not I don’t know-—that there was quitc
definitely an increase in thorace duct lymphocyte output at that high
Ievel (Reinhardt, W. O,, and Yoffey, J. M. {1956} Amer. J. Physiol
187, 493). You could exphin this in several ways: anoxia is known to
cause a marked increase in capillary permeability and there mught have
been an increased flow of lymph, though we did niot notice an ac
increased lymph volume, washing out free lymphocytes, Unfortun-
ately we did not have time to follow that as far as we would have lked.

Astalds Dr. Jacobson, were you able to observe in the centre of your
erythroblastic afeas the p of those phagic or Justord cels
that Bessis called “nutritive cells” and which he showed to be devoted
to transferring the ferrtin molecules mto the erythroblasts?

Jacobson. We are domng some work with the electron microscope 3t
the moment. We thutk we see essentrally the same as Bessis saw.

Astald+ That s what G. Dt Guglielmo showed many years ago ; Di
Gughielmo's discase. He was able to show these histoid cells 1n the
centre of the erythropoietic areas and mterpreted thern as hustord pro-
erythroblasts, Now Bessis has reconfirmed therr existence and he has
also shown ther finction of transfernng iron mto the erythroblasts.
In your central cells, were you able to observe something like that?

Jacobson: 1 ehunk this gives a splendid opportumty to study the stage
at which this process presumably occurs, as Besus has described it
But we have not gone that far.

Braunsteiner There 15 a specaal form of recular cell, 2 cell which
distributes the on parncles, bue obviously does not become 2 pro-
erythroblast or whatever. That is what I asked Prof, Leblond" are
there reticular cells which have the specal function of phagocytizing
and redistnbuting material, and which are completely different from
the other so-called retienlar stem cells?

Trowell: From observations on whole lymph nodes cultured in vitrd
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have mostly been investigated by the tissue cultore method in my
Liboratary, but the problem of haemopoietic differentiaton may
perhaps be investigated in 2 new way, Using these humoral factors
such as erythropoictin and leucopoictin, and others, which have been
discussed here, we may try to obtam haemopoietic differentiation in
vitro, starting from undifferenniated cells, from small {and why not
Lirge?) dymphocytes, and othess, A areful and prolonged study by

method may provide us with further expermental data on
the problem of the stem cell compartment, 1 order to show what
ate stem cells and what ate not: hustoid cells, lymphocytic cells, and
soon.

Yoffey: 1t has been suggested that Lam trying to “'sell” the lympho-
cyte. Tassure youlamnot! Ihold no strong views on the lymphocyte,
but all that has happened 15 that the trend of 2 number of expeniments,
whatever we do, seems to mmphcate the lymphocyte as a stem cell. If
someons can produce another stem cell convinengly I should be de-
hghted, 1 do wish someone would conclustvely settle the problem one
way or another 1 have been hstenung hopefully alf the nme for stem
cell suggesnons, and they are sull vague. The nearest I have got is 2
suggestion about percentage Dr Laytha gave xt as 3 to 4 per centm
human marrow. 1 suggested that m the marrow of smalfer ammals 1
should be double or even a luntde more In that case you have an
appreaable number of cells If you sort out myclograms and ay to
wdentfy 2 stem cell group consutuung 4 to § per cent of the total
marrow cells you can rule out an awful lot of cells. There are not
many cells bendes the lymphocyte left to considez 31t 1s true that the
stem cell is mulnpotential and can go on to erythropotesss or granulo~
potesss, then I would Iike to ask someone Like Dr. Gordon to bombard
the stem cell from both sides, 1w gve prolonged and mtensive doszgc
with both hs and erythroparettn, of whsch h
basavery nch mpply. and see what happens Iroughtto be ywsnblz to
exhawst the stem cell by vczy pawczful stmuls. 1 don tknow v.hc:her
the mixed leuk and }
are not for example duc to that sot of combined stem cell shanulanon.
That 1s 2n expenment which on paper at any rate sounds possshle. I
would like therefore o suggest that wtensive sumulation of a possible
stem cell from both directrons should be tried-
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Lajtha: Quite; they get it from the serume~there is 2 pecfectly good
secum iron pool.

Cronkite: 1 think there can be little doube that what Bessis shows asa
phenomenon really exssts, “The thing that js necessary experimentaly,
and T believe this is probably the case with #Fe, is that it should be in-
troduced inta the poal in a form and m an amount that does not per-
twreb the normal steady state, or you may be studymg not what &
going on s vive under ordmary arcumstances, but 2 perturbation of
the normal steady state. It is obvious, Dr. Braunsteiner, that between
your observations, Prof. Leblond’s and our own, there are apparent
problems that are dufficult to reconcile. Whereas Prof. Leblond prim-
anly looks at the fixed tissuc m sections, we prmarily obscrve blood
and the lymph m smears, and have not attempted seriously to correlite
it with the tssue. For further studtes along these lines, trymg to build
up an entire model, particulasly for the lymphocyte, one should look
not only at the ussues of apparent origin, but also at all the compart:
ments in which there 15 an apparent steady state equilibrum. In this
respect, all of us have further work that must be done.

Stohiman 1spoke with Dr Bessis at some length about ths pro
He feels very strongly that the 1ron 15 teansfereed from the reacular
cells to the normoblasts. However, he does not thunk that this 1s thf
mam source of ron for haemoglobin synthesis, but that most of it
comes from transfernin tron. As ¢o the question of which way 1 goes
Tan sure there are some mature cells that are phagacytized by rencular
cells. There are also some tmumature cells, perhaps the product of -
effecuve erythropotests such as Alpen has shown with radroautography
(Alpen, E. L. and Cranmare D. [1950). Amn NY. Acad. Sci, 77, 753)-
The reticular cell may therefore obtamn its iron either from the normo-
blast or from the mature red cell by phagocytosss, and then 1n tum
transfer it to the developing cells. Thus the reaction may go in exther
Jiection within the bone marrow. Most of the red cells that ate
brokendown, however, are broken down atsites far removed from the
bone marrow digested by reticular cells and the tron 15 carried back

through transferrin.
TR T 5 s e b thm bcente

blern.
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wons of these rumouts? If some fead conld be obtaned in thus ares, it
would provide important information not enly with regard to the
production of erythropoictin but other cell probferation-sumulanng
agents a5 well, 1 am referang to only those cases w which poly-
eythacmia is present.

Raclmlewitz: These are rare!

Stohlman: One mteresting area of development might be the direct
visuahization of marrow after perturbation wsing a tochnuque such as
R Kmosita in the U.S, and Brinemark 1 Sweden are domg. Thus
would be very helpfl. Twssue culture techmques wiich might
support a growth of normal erythroid or myelmd clements over
many weeks, months or years would cectamly help to supply some
answers.

Yoffey: One other problem I wanted to ventlate armses out of the
precursor pool i the fymphod tissue  If we take Leblond’s suggestion
about the poot of eight cells in mucoses, starhng from the rencutar cell
along what we have called the reduction pathway, m the lymphod
tissues there 15 apparently a one-way change  One of the fundamental
problems 1 whether that 13 an nrevernble change or not, or whether
the change can ever, at any part of the pathway, start to reverse. The
second pomnt, since we know thet farge numbers of cells leave the re~
duction pathway at vanous stages 2nd go out mto the lymph, 1 that of
it anirreversible change then wherever they go each cell represents so
many potental smalf lymphocytes, depending on where it goes, and
11t 15 not an sereversible change thete 15 2 posubility of dafferentiation,
One of the questions wiuch further anses 1s whether the easly stages of
differentiation can occur 1n the tymphod tssue and hater changes else-
where There 15 suggestve evidence for this. The plsma cell aspect
was rassed by T Wesslén (1952 Aeta derm ~venereol (Stockh), 32, 265)
when he found his sntibody-formng cells 1 lymph which dd not
zesemble at that stage ryprcal plasma cells. We have heard of Dr.
Bessys” findimg that some of these cells 1n fymph may already, wath the
clectron pe, show the cha Plasma et lamellanon.
One of W. Bloom's expersments (1937, Anat Rec., 69, 90) now falls
into lnest was heavaly cricised then  He gave rabbges repeated
myections of Ascors extract 3nd then found the thoraaic duct lympho-
eytes all developing mro granulocytes J. Medawar (1940 Brit, J.

HAEMO —~16
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Everett: It is apparent that one of our biggest problemsis to try taget
an agreement on what a stem ecll is and what its potentialities are along
a partucnlar hne, I might be feasible, employing the Millipore cultuze
technique, to culture Iymphocytes, or whatever cell we are thinking of
3s a stem cell, within the bone marrow or within what we would
think would be the environment thar would provide for its expected
development.

There also seems to be 2 need for combi.ning electron micrascopy
with conventional light mucroscopy and phase microscopy, and getting
down to a basc understanding and appreciation of the finer structuze
to provide for a bastc agreement about these cells, I myself am not
happy to accepr all electron mucroscopy without relating it to a con-
ventional standard of what we now call this or that cell.

Yoffey* We all look forward to experiments along those lines. The
only thing that worries me about attempts to culture either lympho-
€ytes or any other cells 15 that you can so readily depart in important
paraculars from the environment m which the cell normally grows.
For example how far rught big osallations in specual pressure condi-
tions in the bone marrow, i 2 ngid cavity, influence cell develop-
ment? There may be other biochenucal factors pecular ta bone mar-
row, posubly from some of the smalt amounts of substances in the
marrow fat which appear to have special chemical properties, Oness

would feel happier about watchmg the progress of an experiment of
that kind
Gordon: Dr. Loutit mentioned that pathology may be a rich sovree
of informanen abouthow mechansms operate under normal conditions
and 1 would like to echo that senument

The point was made by me earler that several tissues may have 2
latent capacity to produce erythtopotetin, Might 1t not be a profitable
venture to ferret out the metabolic lesion which causes tissues hike
hypernephromas, cerebellar hacmangioblastomas and possibly ovarian
carcinomas, on occasion, to elaborate erythroporetn? In this con-
nexton, could we mduce a brochemical team to mnvestigate possible
changes in the enzymes resident 1n the cyroplasmic nucrosomal frac-
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scopic differentiation of plasma cells and plasma cell-hke cellsin the
lymphatic duct. It is an old custom in chnical haematology to call all
Kinds of lymphocytes “Blood plisma cells™, We never found plasma
cells in the peripheral blood, or at Jeast not more than one out of I
Jor't know how many. In the thotacic duct, however, there arc un~
doubtedly some real plasma cells which vary in number from zero to
two per cent. When we immuunize anirmals, rabbits for mstanee, after
the second immumzation we can get @ higher number of seal plasma
eclls, not only precussors but fully developed plasma cells These i~
meduately disappeat from the Blood streams you can find them wm the
thoracic duct but you cannos find them afterwards in the blood stream.
"They might go to the fissue and serdde down there.

Yoffey: Lagres, butas to the fate of these plasma cells you will find 2
fengthy paper by A H.E Marshall and R. G White {29s0. Brit. J. exp.
Path., 31, 157) 1 which they show that mhypcnmmumzcd amumals you
get brge numbers of playma cells and almost the maximum of anti-
body formation m the Jungs. Most of these cells were big cclls and the

i tanes were P bly the first ones m which they

P P
were held up

Tichtelins- 1 have read somowhere that the appearance of plasma cells
1n the thoracre duct 15 an artafact. Thereare plasmma cells n the thoracic
duct lymph 1m connexoon with bleeding during cannulation. Other-
wise you never find plasma cells there. Don’t you thnk it 15 very
pecubar that you cannot find them mn the blood, Dr. Braunsteiner,
because all of them reach the blood?

Praunstener Even of 1t 15 untation they should be found n the pen-
pheral blood durmng the nme of untauon.

Yoffey- ¥ have Jooked at a fur mumber of smears of thoracic duct
Iymph m sy time and T think T can state quite defirutely that I would
be 2 hed to see the 1 plasma eell as seen with
2 hight oueroscope. One docs on the other hand undoubtedly sce the
farger basophilic cells which may, sader the eleetron mucroscope, shaw
the lamellation which you descrbed (Braunsteiner, H., Fellinger, K.,
and Pakesch, F. [1os3] Blood, 8, 916} [ thmk when you say plasma
calls you mean that?

Brasnsteiner Yes.

Leblond Dr. Samte-Mane and 1 fech that the resulss in the normal rat
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exp, Path,, 21, 205} repeated it without putting in the Ascaris extract
and did not get any development of granulocytes. It may well be that
already there had been some sort of induction there, not necessanly
even from the small lymphocyte stage but somewhere along the earlies
part of the reduction pathway. I fecl it is time naw that thoradic duct
lymph began to be analysed by modern methods in terms of dfferent
cell groups. By differential sedimentation it cught to be possible to
separate two ot three different cell groups, with the larger lympho-
cytes at one end, the intermedute groups in the middle, and even
ehiminate the small lymphocytes altogether if you felt strongly enough
about 1t T think most of us are agreed that whatever the small lym-
phocyte does, the cells on the earlier part of the regeneration pathway
are cells capable certamly of DNA synthesis, and possibly of different-
ation and development,

Astaldi* For the purpose of separating the different cell groups from
the thoracic duct Ilymph, I should Iike to suggest expenmenting also
with Osgood’s gradient factor.

Fichtelius. Schooley culuvated thoracic duct lymphocytes with the
Mllipore filter technique and by adding bone marrow he got plasma
cell formation from the medium-sized lymphocytes, but without bone
marrow he could not get the plasma cells.

Concerning the separation of different sizes of lymphocytes, [ must
serund you that we do not know whether the cells which are large in
the supravital preparations are the same as those which ace la{gﬂ n
sections and smears. We have wied to separate these fracrions in the
two-phase polymer system (Albertsson, P. A. {1958). Nature (Lond),
182, 709) without success, but the expenment with the counter-
streaming centnifuge has been more encouragmg., We mtend to
analyse the diffecent fractions with regard to the synthesss of ‘DNA‘

Yoffey 1only know of one lymphocyte separati p by
F. ). Keuning and L. B, van der Shkke (1950, J. Lab clm. Mez!.,' 36,
167), wth cells from the minced spleen of anymals that had been given
repeated doses of antigen. They demonstrated that it was the larger
cells that had produced the annbody, and that the small lymphocyte
group did not produce any

Braunstemer: We have yust published a paper (Braunstemer, H., and
Pakesch, F. [1960]. Wien Z. inn. Med, 41, 49) on electron mucro-




GENERAL DISCUSSION C s
pounds may be added then to the ssolated intact organ systess, which
1 think could be fruitful if explored.

Yeffey: That would come nearer than any of the tissue cultute ex~
petiments, 1 apree.

Trowell: The expetience of physologists has been that such pre-
parations are limited to 12 hours at the very outside—~mostly 8 hours,
The physiologists have done thus for years. Ewer since the time of
Ludwig it has been one of the busic techmques of expenmental
physiology, and whule there have been improvements in recent years,
there ate very few organs that can be mawtamed for as long as ¥2
hours, so it would be limsted to the isotope uptake type of experiment.

Lajthas Or to the apprarance of pronotmoblasts such as in Dr
Jacobson’s spleenst

Trowell, Yes, 1 chink you could pechaps get through one stage of
diffezentiation and this mught be good enough for one or two specific
problems. Bur for anything hke normal and sustamed haemopotesis
much more stable condinons would be required  Although the per-
fused organ survives m some shape or form for a few hours, 1t1s 1 fact
gomg downhull night from the start. In this respect 1 dunk the organ
culture techmques offer more hope, for although the emvironmental
conditions are still pretty unphysiologacal, they are at least fanly stable
2nd p bly capable of ump 3

* * *

Yoffey: In closing thus sympossum I feel, fooking round, almost hke
saying “my dear friends”, except that 1t mught make me sound bke o
clesgyman, and I certamly feel no inclmation to preach. 1 want first of
all to thank you very much mdeed for having come  Many of you
have travelled tong distances and at grear wnconvemence, and om
behalf of the Foundation, and certamly en my own petsonal behalf, 1
am extremely grateful 1o you. We hope you have found the confer-
erce an enjoyable one. Speaking for myself it has been one of the most
pleasans conferences T have ever taken part in. We have differed, and
differcd quate radically, but we have agreed to differ and done st quire
pleasantly, and will suaft be parting the best of friends Lam paruculardy
happy sbovt that because the Jymphoryte, of all exlls, seems to cvoke
the most violent emotional reacuons. 1 have recounted how on one
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can be explained in 2 satisfactory manner byassuming that plasmocyto-
poicsis consists of an irreversible sequence of events; that 1s, once the
evolution of the plasmoblast starts, it keeps on gong to the mature
plasmocyte stage.

Under certain conditions, the “initial” stem cell might be an im-
mature large lymphocyte, as pointed out above,

Incidentally, Dr. Sainte-Marie behieves that plasma cells do not die
int situ in the medullary cords of thoracic lymph nodes, but migrate
outside. This would explamn why plasma cells may be seen in so many
locations. But how they mugrate is not known,

With regard to Dr. Fichtehus's remark about the dificulty of
separating the various types of lymphocytes, by centrifugation or
otherwise, I discussed with Dr. Astaldi and Dr. Trowell the po:sibdx:y
of cultivaung single cells and followmng their evolution. Technically,
thus problem seems to be most difficult.

Trowell- I would not say 1t 1s not feasible but I think it 15 certainly
going to be very difficult. I have tried on and off for the best part of
ten years to achieve some sort of lymphopotesis in vitro. I have tried
various systems—isolated lymphocytes as you suggest, whole lymph
nodcs, different species of ammals, thymus and so on, and L have hadno
success 1 have tried all sorts of physical and chemical condstions of the
medrum, extracts of all different organs, and all the known brochemucal
stumuli, vitamuns and so on. 1 am sure someone will do 1t some day,
but a lot more fundamental research is needed first. It 15 easy enough
to 1solate a single large lymphocyte; the difficulty 15 to get 1t to stay
alive, let alone to divide or transform.

Lajtha. 1 would suggest, on the hnes you mentioned, Prof. Yoffey,
that the multeu of thesc cells 15 very important. Perhaps some of our i
vitro experiments did not succeed because the mulren was not guite
nght. The miheu of course may not be nght even if the nissue is cut
up 1nto small bits There will be a diffusion gradient over the cut sut=
face, there will be the matter of 2 metal surface touching the cells, and
so on. But could we go a little fucther 1f we used short-term isolated
organ perfuston experiments® Iam thinking of keepmg mtact spl{cns
and such Itke t organ baths. Irealize that 1n small animals cannulation
problems may be difficult, but nowadays recirculation experzments can
be done with any medinm yau like, mcluding the whole blood. Com-
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occasion—I won't mention names—at a meeting of the American
Association of Anatomists I did hterally see one anatomist foam at the
mouth when it was suggested that the lymphocyte was not 2 muld-
potential cell. That was a warning which I have always taken to
heart.

1 hope that you have enmjoyed the proceedings, and that, either from
the suggestions for further work which have been thrown out or, what
is even more probable, from the off-the-record discussions in the coffee
and sherry intervals, ideas for future work have begun to germinate
which will lead to some further solution of this problem that has
wotried us so very much, the stem cell problem. 1hope that if 1 have
an opportunity of meetng some of you agam, wherever that may be,
we shall be just that litele bit nearer to the solutton of what is perhaps
the most excrting detective story n the whole of modern cytology.

Before I, as Chairman, bid you an official farewell, I would like
once agan on your behalf to thank Dr. Wolstentholme and his very
panent and capable staff for the extremely kind, helpful and efficient
way in which they have made the running of thus conference possible.

Tam now going to declare thus sixticth Ciba Foundatton Symposium
formally closed.
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369-380

Eryth}opoictm

Erytheoporctnt, 325-349

action on guniea p1g, 363-364
acuvity followmng  hypophysecs
tomy, 424, 424-426
assay, of, 407-410, 418, 420, 421,
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effect of erythroposetin, 292, 304
effect of hypoxu, 116
haemoglobin in, 200-201, 295, 293,
301
1n bone marrow, 319
iron uptake 1n, jo1
matunaton of, 121
mutosts yo, 177, 316, 318
mutonc index of, 170-111
proliferation, 110-111, 117
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