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INTRODUCTORY RLMARKS

By Albert § Gordon

Departmentof Brlesy, Gradute Schoal 0/ Aris and Serence,
New Vork Unaersily, New Vork, X, T

1In the conception of this monograph it was felt that its prime purpose
should be 1o cut across broad areas of the problem so as not only 10 include
discussions of the etiologic and therapeutic aspects of the disease process
itself, but also to project a detailed consideration, at a fundamental level, of

the eosinaphil, all of which receive attention in these pages

At the same time, it was felt that contributions from both academicians
and chnicizns might serve to cross-fertilize ideas and concepts that could
ultimately lead to a better understanding of the disease, both with regard to
1ts causes and posstble avenues of treatment It is also hoped that mvestiga-
tors now concerned with fundamental problems relating to the lymphocyte
and reticulum cell denvatives will be stimulated by this publication to apply
their basic information and techniques to the solution of the vexing but chal-
lenging entity of Hodghun's disease,



OUTLINE OF PROBLEMS IN HOIS;}KIN’S DISEASE
f

By Antonio Rottino
Hodgkin's Dusease Laboratory, St Vincent’s Hosprtal, New York, X' Y.

Although interest in Hodgkin's disease has always been great and contri-
butions to the literature on the subject voluminous, progress has been exceed-
I o ’ T ately we now know little

Research in Hodgkin's

he discovery of the amel-

torative effects of X rays and the mustard compounds, has been frustratingly
sterile.

The chief purpose of this monograph is to stimulate those engaged in funda-
mental research nto finding application of their work to the problem of Hodg-
kin’s disease.

1 shall therefore emphasize a few of the many questions in need of resolution
Tirst, there is the important one concerning the nature and cause of the disease,
second, that relating to the function of the system primanly affected, namely,
the lymphoreticuloendothelil system, and finally, that dealing with the
function of the eosinophil.

Also involved are questions that are fund lly genetic and i
logic in nature  While I shall touch upon each of these questions here, they
are considered in detail elsewhere in these pages

Some readers may not have any special interest 1in Hodgkin’s discase per
se, even though working in some capacity with the system vitally affected by
it To reiterate, I hope their interest may become sufficiently engaged that,
as they pursue their own particular studies aimed at elucidating the crigma
of the lymphocyte, histiocyte, or eosinophil, they will bear Hodgkin's disease
in mind and be alert 10 note anything apphicable to its solution

Since I am a pathologist, 1t is logscal and natural for me to begin with the
histopathology of the disease  Although the pathologist has a very good
grasp of the hlslological’ changes and the se‘qu‘ence; of l.hcu occurrence 1n the

natural p1 - . s to
interpret the
small lyr, L ls

also make an early app ¢, but the reticul helal cell 15 the one
whose structure becomes altered drastically At first only a few of them are
visibly affected, and they are mconspicuous and may even be overloohed

The changes that the reticuloendothelal (RE) cell und conist of an
increase 1n total size and 1 the size of s nucleus, whih may assume very
Inzarre forms  Two, three, or even more nucler may persist m a cell  Visihle
alterations occur in the chromatin and nucleolus, the latter may become very
large in size and may be scen as two or more round or lrrv'gulnr bodies  The
cytoplasm of the ccll may become unusually granular  Nothing comparable
to this is seen to occur either i the Iymphocyte or In the eosinophul Al ghyq
has led me to conclude (and this s not an ongmal thought) that the targcr for

4
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the causative agent of Hodgkin's disease 1s the RE cell, and that the prolifera-
tion of lymphocyte and eosinophil perhaps ref purposeful reaction on
the part of the host.

As the discase progresses the number of affected reticulum cells increases.
After a variable period of time, from one year to as many as ten or more years,
the lymphocytes diminish in number and this is follosed by a decrease in the
rumber of Sternberg-Reed cells (abnormal histiocytic cells), Al this is
associated with concomuiant ncrease n reticulum and collagen, and in the
final stages we find the node relatively acellular and replaced by fibrous tissue
In terminal cases fibrosis may affect every lymph node in the body and every
follicle in the spleen. Strangely enough, the Kupfler cells in the liver are not
aflected, which indicates to me that they are of a different species from the
RE cells in the spleen and lymph nodes  The lymphoid system in the stomach
15 occasionally mvolved, but that of the smalt intestine almost never in the
sense described above  Instead, the lymphoid tissue in the mtestime under-
goes atrophy.

The one fact that emerges clearly from the study of the pathological process

PR P SO R SRR PSR ARF S P R R R

impaurs and destroys this function?

Swnce thete 15 3 carrelation between the sequence of the pathological changes
and response to therapy (excellent while the nodes are predominately lym-
phocytic, and not at all when the nodes are universally fibrous) and since,
also, death is the mevitable consequence of Hodghin's disease, it is logical that
we ask ourselves how much of all this can be attnibuted to the destruction of
the lymphoid apparatus

One function of this apparatus is related to immune processes  Although
the poverty of the immunological mechanism mn Hodghin's disease has been
discussed, no one has as yet given clearcut evidence that this poverty 1s a
fact Perhaps the methods described in this publication by J H Heller for
measuning the function of the RE system may prove useful in correlating

d function with jcal change

Another pomnt ments discussion does the lymphoid system have subtle
functions 1n addition to those connected with immumity? Rebuck and his
collaborators, 1n their presentation, suggest that the lymphocy te 15 a storehouse
for protemn, in other words, that 1t 15 a celt analogous to the fat cell IF this
were true we should have a ready explanation for the gradual emaciation which
develops late i the discase  Our own studies {(unpublished data) of the blood
of Hodghin's disease patients show a decrease in the albumm fraction only,
whether thus could be correlated to the lymph node changes, I do not know

Next, let us consider the ubiquitous eossnoph:l present n vanable numbers
throughout the disease The sigmficance of this cell in the reaction of the
host to the disease 1s something to which we should all like to have an answer
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Some investigators interpret its presence to mean that there is an allergic
component in Hodghin's disease. This concept has not been substantiated
thus far by factual data. Of mierest is the belief expressed by R 5§ Speirs
in his paper that the eosinophil contributes to the antibody pool. Speaific
antibodies have not yet been demonstrated in Hodgkin’s discase.

Of great importance in Hodgkm’s disease are the Sternberg-Reed cells.
In my opinion a key to the disease will possibly be found when the nature and
the cause of the changes that are seen as the reticuloendothelial cell becomes
transformed into the Sternberg-Reed cell are finally elucidated What is it
that o profoundly changes the size of the cell and the size and shape of 1its
nucleus® What is the significance of the large pools of nucleolar material?
1 look forward to the day when someone will isolate from these pools the
causative factor of the disease. I hope that research such as that presented
here by M. J. Kopac may be the approach for which we are looking

The search for the cause of Hodghin's disease has engaged worhers ever
since 1t was first shown to be a disease entity.  Many types of organism have
been suspected, as discussed more fully elsewhere in these pages by R. B
Kassel, W. I. Bostick, and A R, Reymers, whose presentations emphasize
the possible role of a virus  Since eventually it may be shown that a specific
virus, as most of us understand the term, is not to be related etiologically to
Hodghin’s discase, may 1 suggest other possible causative mechanisms? For
one, it may be that the disease 1s triggered, not by a speafic virus, but by a
variety of viruses affecting the mucous membranes of the body. Should this
be true, we should then have to search in the patient himself for the specific
set of circumstances that permits Hodgkin's disease to develop in him and not
in others  What these circumstances are 1s the problem requiring research.

A second possibility s that Hodghin’s disease may be similar to disabilities
such as glomerular nephritis or theumatism, in which the body, in response to
some 1nfectious agent, produces an antibody that has a damaging effect upon
a specific substrate 1n our case the nuclear matenal of the reticulum cell.
Since genic material that normally replicates under controlled conditions 1s
included in thissubstrate, under abnormal transformatton and alteration caused
by these hypothetial anubodies replication could become uncontrolled and
the disease set mto motion,

Tor completeness and for the nformation of those not acquainted with the
subject, Hodghm’s <hsease 15 umque m that  attachs humans only, It has
never been induced tn ammals, nor are there reports setting forth 1n clear-cut
manner acceptable cnteria for Lelieving that the disease has ever occurred

. ==~ The nonewstence 1n antmals of a counterpart

+ the hughly speaific nature of the substrate

, . This Ingh speafiuty 1s further evidenced

by the fact that the human disease 1S rare, which indicates that suscepibility
ovcurs 1n a highly select and rare group of about twenty per mitlion' Very
ymportant questions afse (ONCernINg the factors involved 1n this speafiay

That genetic factors play a role 1s attested by the fact that not mfrequently

the diease occurs 1n sy eral members of 4 fanuly, as in mother and son, father

and son, or aunt and nephes.
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Of great interest and still unexplained is the higher incidence of Hodghin’s
disease in the male, with a frequency of two to one as compared 1o the female,
The disease obviously is not sex hinked; nevertheless it may be that the hor-
monal miliey of the male provides an environment more conducive to its
development than does the female hormonal pattern  As yet there are no
data suggesting that the factors involved favor the occurrence of disease more
often 1n the male than in the female

To the clnician, the question of paramount mmportance is therapy; his
chief preoccupation is the treatment of the patient  Although X-ray therapy
mitially seemed 10 offer hope, time has shown the goal of cure to be still distant.
Nitrogen mustard seemed to have great promise, but at, too, leaves much to
be desired  We have not found that X ray combined with the chemothera-
peutic agents now available has increased longevity in these patients

In the period from 1943 through 1916 we treated 83 patients with X ray
alone; 23, or 30 per cent, survived longer than 5 years. In the period 1916
through 1951 we treated 93 patients with X rays and chemotherapy combined.
Thirty-two, or 35 per cent, survived beyond 5 years The chemical agents
used during this Jattes period were nitrogen mustard and triethylene melamine
(TEXM). Allhough thc series is admittedly small, there is no indication 1n
our experience that ¢h h alone or in combil with X ray has
mereased duratjon of hife be)ond the penod resubtng {rom use of X ray alone
Chemotherapy, however, has contributed to the control of symptoms and to
rendermg the patient more. comfurlable, and to this extent 1t is a distinct

2 cure the disease or even to

to the work of the National
Chemotherapy Comimittee, Bethesda, Md With the resources at the com-
mand of this bady, something of value 15 bound to emerge This brings
added 1nterest to the presentation of Sidney Farber, Chairman of the Chemo-
therapy Committee ~Although Tarber makes no announcement of a new
miracle drug, I am encouraged by his enthusiasm and the application of hus
talents to the chemotherapy program.
1 have presented a few of the major problems posed by Hodghin's disease

Reference

1 MacManoy, Beiay 1957 Tpidemiological evidence on the nat Hodgk
case " Caneer 105) 10431638 e ratues of Hodghan's Du-
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Some investigators interpret its presence to mean that there is an allergic
component in Hodghin's disease. This concept has not been substantiated
thus far by factual data. Of interest is the belief evpressed by R. S Spers
in his paper that the eosinophil contributes to the antibody pool Spenfic
antibodies have not yet been demonstrated in Hodghin’s disease.

Of great importance 1n Hodgkin’s disease are the Sternberg-Reed cells
In my opinion a key to the disease will possibly be found when the nature and
the cause of the changes that are scen as the reticuloendothelial cell becomes
transformed into the Sternberg-Reed cell are finally elucidated. What is it
that so profoundly changes the size of the cell and the mize and shape of its
nuclens® What is the significance of the large pools of nucleolar material®
1 look fornard to the day when someone will isolate from these pools the
causative factor of the disease. I hope that research such as that presented
here by M. J. Kopac may be the approach for which we are looking.

The search for the cause of Hodghin's disease has engaged workers ever
since it was first shown to be a discase entity ~ Many types of organism have
been suspected, as discussed more fully elsewhere in these pages by R. B.
Kassel, W. L. Bostick, and A. R Reyniers, whose presentations emphasize
the possible role of a virus  Since eventually it may be shown that a specific
virus, as most of us understand the term, is not to be related etiologically to
Hodghin’s disease, may I suggest other possible causative mechanisms®> For
one, 1t may be that the disease 1s triggered, not by a specific virus, but by a
vanety of viruses affecting the mucous membranes of the body. Should this
be true, we should then have to search in the patient himself for the specific
set of circumstances that permits Hodgkin's disease to develop in him and not
in others What these circumstances are 1s the problem requiring research.

A second possibihity 1s that Hodghin’s disease may be simlar to disabilities
such as glomerular nephntis or theumatism, m which the body, m response to
some nfectious agent, prodi an body that has a d. ing effect upon
a specific substrate n our case the nuclear material of the reticulum cell
Since gemic material that normally replicates under controlled conditions 15
mcluded m thi under al transfc tion and alteration caused
by these hypothetical antibodies replication could become uncontrolled and
the disease set into mouon

For completeness and for the mformation of those not acquainted with the
subject, Hodgkin's disease 15 untque mn that 1t attacks humans only. It has
never been induced m amumals, nor are there reports setting forth i clear-cut
manner acceptable cniteria for believing that the disease has ever occurred
spom:meousl_\' n lovwer amn}als The nonexistence m ammals of a counterpart
of Hodgkin's disease must indicate the highly specific nature of the substrate
necessary for the disease to occur  This hugh speaficity 15 further evidenced
by the fact that the human disease 1s rare, which indicates that susceptibility
occurs 1 a highly select and rare group of about twenty per million! Very
important questions arise concerming the factors mrolved 1n this specificity
“That genetic factors play a role is attested by the fact that not mfrequently
the disease occurs 1n several members of a tamuly, as in mother and son, father
and son, or aunt and nephew.
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Of great interest and still unexplained is the higher incidence of Hodgkin's
disease in the male, with a frequency of two to one as compared to the female.
The discase obviously 15 not sex linked, nevertheless it may be that the hor-
monal mibeu of the male provides an environment more conducive to its
development than does the female hormonal pattern  As yet there are no
data suggesting that the factors involved favor the occurrence of disease more
often in the male than in the female

To the climcian, the question of paramount importance is therapy; his
chief preaccupation i the Lreatment of the patient  Although N-ray therapy
mitially seemed 1o offer hope, time has shown the goal of cure to be sull distant
Nitrogen mustard scemed to have great promise, but it, too, leaves much to
be desired  We hasve not found that X ray combined with the chemothera-
peutic agents now available has increased longevity in these patients

In the period from 1943 through 1916 we treated 83 patients with X ray
alone, 23, or 30 per cent, survived longer than 5 years In the penod 1946
through 1951 we treated 93 patients with X rays and chemotherapy combined
Thirty-two, or 35 per cent, survived beyond 3 years The chemical agents
used during this latter period were nitrogen mustard and triethylene melamine
(TEM). Although the series is admitiedly small, there is no indication in
our experience that ch h alone or in bi with X ray has
increased duration of hfe beyond the period resulting from use of X ray alone.
Chemotherapy, however, has contributed to the control of symptoms and to
rendering the patient more comfortable, and to this extent 1t 1s a distinct
contribution to therapy Howeer, the failure to cure the disease or even to
protong life in the patients is most disappointing

Despite this, we can lock forward with hope to the work of the National
Chemotherapy Commuttee, Bethesda, Md  With the resources at the com-
mand of this body, something of value 1s bound to emerge This brings
added nterest to the presentation of Sidney Farber, Chairman of the Chemo-
therapy Commuttee. Although Farber makes no announcement of a new
muracle drug, I am encouraged by his enthusiasm and the application of his
talents to the chemotherapy program.

1 have presented a few of the major problems posed by Hodghtn's disease
There are many more, but those that I have mentioned are well treated in this
monograph  Should 1t succeed in raising just a little of the fog sucrounding
Just one problem this publication will have served 1ts purpose.

Reference

1 MacManos, Briay 1957 Epudemiological evidence on the nature of Hodgkin's Dis-
ease  Cancer 10(5) 1045-1053



Part I. The Lymphocyte

POTENTIALITIES OF THE LYMPHOCYTE, WITH AN
ADDITIONAL REFERENCE TO ITS DYSFUNCTION IN
HODGKIN’S DISEASE

By J W. Rebuck, R. W. Mon(o, E A, Monaghan, and J. M. Riddle

of Laboralaries and De of Medscrne,
The Henry Ford Hosputal, Detrost, Mich

Iniroduction

The known potentmlities of the lymphocytes are basically threefold lym-
phocytopoetic, trophocytic, and defensive. Although hsted separately, these
functions are often interrelated.

The formation of lymphocyles by lymphocytes. Self-multiplication, or the
formation of lymphocytes by lymphocytes, 15 a homoplastic type of lym-
phocytopolesis consisting of repetitive formation of daughter lymphocytes
Downey and Weidenreich,! working with sections of animal lymph nodes and

LIS -

colacsn char od that matncar Sare s o ocanen - = loos

n mitosis only in the thymus among the lymphoid tissues, and then “but
mfrequently. Pulvertaft and Jayne® culttvated lymphocytes from 2 malignant
exudate and found them capable of mitosis for over 1 week Trawell’ ilus-
trated small lymphocytes in mitosis from his cultures of lymph nodes and more
recently® reported occasional mitoses m farge and medium lymphocytes even
after 6 days 1n a synthetic medium  Moeschlin® depicted mutoses m small
Iymphocytes obtamed from human spleens and has commented on their rela-
tive scarcity Sundbc:g’ observed mitoses in small lymphocytes m films of

t

possession of a cytocentrum complete with centrioles, a nucleolar apparatus,
and mitochondria, The cytocentrum of the lymphocyte, first described by
Weidenreich, has been the subject of further study by Wallgren,' by Acher.
manand Bellios, "' and by Bessis* Thelatter author, lhroggh microcnematog.
raphy, found the cytocentrum to be a dense, relatively rigid element capable
of deformatton of the more plastic nucleus  The nucleus, thrust against the
. Mt msnesemmamt o = or less deeply indented

n were depicted both by
paratus, usually masked
by the dense chromatin masses of the mature iymphocyte m air-dned smears,
1s readily studied in sections or wet smears, as pomnted out by Downey and

8
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Weidenreich,! by Maximow,® and by BloomM  Stockinger and Kellner'® were
able to bring out the nucleolus in smears by staining with mc|hyane b!ue at
#H 19, and supravitally they stained the lymphocytic nucleolus with brilliant
cresylblue  Perry and Reynolds,'® employing pyronin Y, found small amounts
of pink material in the nucleus of adult lymphocytes  Pulvertaft and Jayne!
and Acherman and Bellios' demonstrated the nucleolus of the lymphocyte
with phase-contrast microscopy, and Rinehart” did so with the electron
microscope  Mitochendria, origmally described in lymphocytes by Cowdry,'™
using a weak solution of Janus green B, have been found in mature lymphocytic
cytoplasm with the phase-contrast microscope!':™* and by electron micros-
copy ® ¥ Elongated and spherical forms have been described- 22 17-3
Identifying cristae are present 10 electron micrographs.”?

Additional structural components of the lymphocytic cell body are: azurophil
granules,? which may or may not be present in any given lymphocyte, several
small bodues that stain deep red with neutral red,” an abortive endoplasmic

1 hoplasmi lum),”? a large, refractile, spherical granule
known as a Gall body,™ and a Golgi zone.

Trophocytic functions of the Iymphocyte. The apparent disparity between
the relatve infrequency of mitoses in lymphocytes and the great growth poten-
ttals of lymphocytic tissues may now be resolved through a consideration of 2
further properties of lymphocytes first, therr heteroplastic formation from
reticulum cells, 1n addition to their formation as daughter cells of lymphocytes
and, second, their possession of a long, true life span in contrast to their occa-
sional short sojourn 1n the blood stream

In 1902, 10 her classical description of the cytology of Hodgkin's disease,
Reed™ called attention to the heteroplastic formation of lymphocytes as
follows

“The lymphoid cells, which are sa abundant 1n the young growth, are usvally
of the small, ordinary type. They are quite uniform in size and shape. No
karyohinetic figures were ever observed n such cells. Lymphoid cells of a
larger type are occasionally seen. We consider that the lymphoid cells arise
from proliferation of the mother cells of the lymph nodes, and presumably
also from the endothelial cells of the reticulum, which are analogous The
great increase in the number of lymphoid cells in the early stages of the disease
might evplain, on a mechanical basis, the occasional relative increase m the

number of these cells in the blood  Such a phenomenon could not be constant,
for as the fibrous tissue increases m the glands, as the disease progresses, the
number of the lymphod cells is dimmshed

A decade later, Downey and Weidenreich' established our modern concepts
of the retsculoendothelial ongin of Jymphocytes through painstaking sectional
cytoanalyses of the lymphocytic tissues Their observations on this pomt
may be summanzed as reticulum cells — Jarge lymphocytes — lymphocytes
More tecently Sundbery’ 2 has correlated sectional sinties with the newer
hematological methods of imprint cytology, thereby expanding our knowledge
of heteroplastic lymphocytopoiesis 1o embrace the following. undifferentiated
reticular cell — hematopoetic reticular cell — retscular lymphocyte — 1mma-
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Introduction

The hnown potentiahties of the lymphocytes are basically threefold: Iym-
phocytopoetic, trophocytic, and defensive. ~ Although listed separately, these
functions are often interrelated.

The formation of lymphocyles by lymphocytes. Self-multiplication, or the
formation of Iymphocytes by lymphocytes, 1s a homoplastic type of lym-
phocytopoiesis consisting of repetitive formation of daughter Iymphocytes
Downey and Weidenreich,! working with sections of animal lymph nodes and
spleens, showed that mitoses were most numerous m large and medium-sized
lymphocytes, and that dividing cells, while more numerous m germnal centers,
~ould occur in any portion of the nodes Kindred? found small Iymphocytes
i mitosis only in the thymus among the Iymphod tissues, and then but
infrequently  Pulvertaft and Jayne® cultuvated iymphocytes from a mahgnant
exudate and found them capable of mitosis for over 1 week Trowell* illus-
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lymphocytes obtamed irom human spleens and has commented on their rela-
tive scaraty. Sundberg’ observed mitoses i small lymphocytes in films of
nonleukemic marrows from patients 1n all age ranges, and she concluded that
all lymphocytic cell types are capable of mitoses, but that mtoses are relatively
rare i small lymphocytes. Gowans® depicted mitotic figures m a small pro-
portion of the large and medm lymphocytes in stamed fitms of rat thoracic
duct lymph, but he did not see them in small lymphocytes

The mutotic ability of the mature lymphocyte s further supported by s
possession of a cytocentrum complete with centriles, a nucleolar apparatus,
and mutochondna  The cytocentrum of the lymphocy te, first described by
Wedenreich,® has been the subject of further study by Wallgren, by Acker.
manand Bellios," and by Bessis.2 ™
raphy, found the cytocentrum to
of deformation of the more plastic .
cytocentrum during cellular movement, became more or less deeply indented
Centrioles demonstrable by the iron hematoxylin stain were depicted both by
Weidenreich® and by Wallgren® The nucleolar apparatus, usually maskegq
by the dense chromatin masses of the mature lymphocyte n air-dried smears,
1s readily studied in sections or wet smears, as pointed out by Downey ang

8
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cyte survival of at Jeast 21 days.  The second <low dechne suggested to Hamil-
1on either the reutilization by Iy mphacytes of large fragments of the nucleic
acids or nucleoprateins of their progenitors (sec Gowans® and ‘L roweli™ above)
or alternatively a sceond type of leukerme lymphouyte with a longer fife than
$5 days. Ehrich and Seifter® proposed that lymphocyte breahdown not
only furmshes building substances, but that the purines serve as phosphorus-
transferting enzymes for synthetic processes,

Some insight has thus heen gained for an understanding of the role of the
entire mass of hymphocytes as a labile protein depot  Moreover, the large
nucleic aad content of the lymphotytes suggested 1o Hamilton™ that lym-
phocytes function as a store of nucleic aads, the nucleic acids of the lympho-
cytes senving additional functions as templates for the synthesis of protein

ST e e .

“eta st acarnndame

Defensrve functions of the lymphocyte, The phagocytic atality of the lympho-
cyte,asalymphocyte, isreal, although scant.  Tschaschin™ ¥ and Downey™
demonstrated that small lymphocytes phagocytosed wital dyes. Hertzog'
wncubated blood from buman patients presenting absolute and relative
Iymphocy toses with Staphylococcus anrens and Streplococeus virduns  His
photomicrographs of phagocytic lymphocytes are objective evidence of this
phase of lymphocytic actiaty. Rebuck, Smith, and Marguhis® and, more
recently, K 1 and his asociates® #y i micrographs of phagoecytic
lymphocytes in preparations {rom man,

Lymphocy tes are the most important Llood-borne source of the macrophages,
as demonstrated ongmally by Metchnihoff # ** Monocytes and the vanous
Hustiocy tes of the connectiv e tissues are, of course, addiional sources of macro-
phages, and the number of these cells avarlable determines the importance of
their contribution to the macrophapes formed n an wflammatory area  Re-
buch and Crowley*® reviewed the Iterature pertaming to this function of the
lymphocyte and, maddition, outhned a procedure in which the ceflufar exudate
sn single lesions m man nas sampled hour by hour  Their photomicrographs
depicted lymphocytes present as lymphocytes at 2 10 9 hours, at 9 1o 14 hours
many of the lymphocytes were hypertrophed, at 14 to 18 hours further iy mpho-
cyuc hyp phy tuated 1 ¢ formation  Transf of
the lymphocytes of man into macrophages occurred wuth the following changes
in the lymphocytes as such the division of coarse chromatin into small peces
and increases in parachromatin, nudlear size, wregulanty of nuddear membrane,
chromatm-parachromatin distinction, and size of celf body

Lymphocytes, as lymphocytes, form anubodies  Harns of al 7 Dougherty
et al # and White and Dougherty*® showed that cells of the antibody-forming
ussues, predommantly lymphocytes, were nch i antibodies, whereupon an
extensive literature arose (see Fagraeus® and Coons ef af ) confirming the
ongmal demonstrauion by Kolouch® that antibody formation 1 closely asso-
cated with plasma cell formation  Wesslen,® however, was able to show
that lymphoc ytes from the thoraci duct of rabbits immurized with Satmonella
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ture lymphocyte — lymphocyte. Three distinct experimental approaches
now attest to the validity of this manner of lymphocytogenesis. First is the
type experiment of Harris and Harris,?® who transplanted thin slices of rabbit
Iymph node and spleen to the chorioallantoic membrane of 9-day-old embyro-
nated eggs  After 4 or more days of implantation increased numbers of retic-
ulum cells showed all gradations to newly formed lymphocytes  Second was
the group of experiments performed by Mann and Higgins” and by Gowans?
Yoffey™ had reported that the output of lymphocytes from the thoracic duct
of dogs could replace all the lymphocytes 1n the blood several times daily.
‘The combined output of the 4 major lymphatic trunks of the rabbit was
estimated by Hughes, May, and Widdicombe™ to be capable of replacing the
ymphocytes in the blood 11 times daily, A method for the continuous collec-
twon of thoracic duct lymph from unanesthetized rats devised by Bollman,
Cain, and Grindlay® enabled Mann and Higgms” to establish the fact that
the mitial output of lymphocytes was indeed high, but that with prolonged
drainage of lymph, the daily output of lymphocytes fell progressively to less
than one third of their mtial count. Mann and Higgins suggested that the
loss of a small number of dividing cells necessary for producing lymphocytes
mght explain the dropping output. Gowans® was able to effect continuous
reinfusion of living lymphocytes into unanesthetized rats with thoracic duct
fistulae and thus to prevent the progressive fall in thoracic duct output. Cell-
free lymph or killed lymphocytes were meffectual ~ This investigator suggested
3 ways in which the hving lymphocytes maintamed output from the thoracic
duct (1) they could subsequently die i the lymph nodes, releasing substances
for the production of new cells; (2) they might leave the blood and re-enter the
thoracic duct via the tissue spaces or the Iymph nodes; and (3) the lymph nodes
might be repopulated by the 5 per cent of large and medum lymphocytes
the thoracic duct lymph that were depicted  vifro 1 muosis  In another
ty pe of experiment, Trowell” grew rat lymph nodes in a synthetic medium and
found that after a few days the reticulum cells that still contained the pyhnotic
remains of phagocytosed small lymphocy tes were in process of differentiation
1nto new lymphocytes, thus providing a histological basis both for the reutiliza-
tion concept and for heteroplastic lymphocytopoiesis.

Reminiscent of the delayed awareness of the long survival time of the human
erythrocy te has been the progressive demonstration of the long hfe span of the
lymphocyte  Ottesen™ claimed that by labeling desoxynbonucleic acid (DNA)
with P the blood 1y mphecytes are composed of 2 groups, one with a mean
blood span of 3 to 4 days, :md the maJom) with a mean age of 100 to 200 days.
Osgood and his d the it 1on of P to the DNA
of the lymphocyte in Chmmc lymphocy tic lenkemia and found an average
survival time of 84 days  Hamilton® utilized C'*-labeled punnes in his studtes
of nuclc’lc ac‘xd‘ 'mhes‘ls wn the lymphocytes m chrome lymphocytic leukemna,

phocytes survived for an average of 85 days with a suggested normal lym;;ho—
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cyte surnival of at Jeast 20 days  The second slow dechine suggested ta Hami-
ton either the reutiization by lymphocytes of farpe fragments of the nucleic
acids or nucleoproteins of their progenitors {sce Gowans' and Trowell™ above}
or alternatively a second 1ype of lenkemic lymphocy te with a fonger life than
85 days. Ehrich and Seifter’® proposed that fymphocyte breshdosn not
only fumishes building substances, but that the purines serve as phosphorus.
transferring enzymes for synthetic processes,

Some wnsight has thus been gamed for an understanding of the role of the
entire mass of lymphocytes as a labile protein depot  Moreover, the large
nudleic acid content of the lymphocytes sugzested to Hamilton™ that lym-
phocy tes function as a store of nucleic acids, the nucleic acids of the Iy mpho-
eytes senving additional functiona as templates for the synthesis of protewn
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Defensize functions of the lymphacyte. The phagocy tic ability of the lympho-
cyte,asalymphocy te, 1steal, although scant,  Tschaschin® Tand Downey™:
demonstrated that small lymphocytes phagocytosed ital dyes. Hertzog®
incubated blood from human patients presenting absolute and relative
lymphocytoses with Staphylococens anrens and Streplococcus tindans  His
photomucropraphs of phagocytic lymphocytes are objective evidence of this
phase of lymphocytic actinity  Rebuck, Smuth, and Marguhs* and, more
recently, Roszewski and his associates® * presented micrographs of phagocytic
lymphocytes in preparations from man.

Lymphocytes are the most important blood-b source of the macropt
as demonstrated enginally by Metchakoff 4 4> Monocytes and the vanous
histiocy tes of the connective tissues are, of course, additsonal sources of macro-
phages, and the number of these cells available determines the mmportance of
therr contnbution to the macrophages formed m an inflammatory avea  Re-
buch and Crowley** reviewed the literature pertaining to this function of the
ymphocyteand, maddition, outhined a procedure in which the cellular exudate
in single lesions 1n man was sampled hour by hour  Theiwr photomicrographs
depicted lymphocytes present as lymphocytes at 2 109 hours, at 9 to 14 hours
many of the lymphocy tes were hypertrophied, at 14 10 18 hours further lympho-
cyuc hypertrophy eventuated 1 macrophage formation  Transformation of
the lymphocytes of man 1nto macrophages occurred wath the following changes
in the lymphocytes as such the division of coarse chromaun into small preces
and increases n parachromatin, nuclear size, wrregulanty of nuclear membrane,
ch:ummfn-pamchmxpaﬂh distinction, and size of cell body

e
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extensive literature atose (see I'agraeus® and Coons ¢f al ¥} Cunﬁrm:ng the
ongmal demonstration by Kolouch® that antibedy formation is closely asso-
cated with plasma cell formation  Wesslen,® however, was able to show
that lymphocyies from the thoracic duct of rabbits immunzed with Salmornella
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ture Jymphocyte —» lymphocyte. Three distinct expenimental approaches
now attest to the validity of this manner of lymphocytogenesis. Trst is the
type experiment of Harris and Harris,® who transplanted thin slices of rabbit
Iymph node and splecn to the chorioallantoic membrane of 9-day-old embyro-
nated eggs. Afier 4 or more days of implantation increased numbers of retic-
ulum cells showed ail ) . ) - )
the group of experimer
Yoffey® had reported N ..
of dogs could replace all the lymphocytes in the blood several times daily.
The combined output of the 4 major lymphatic trunks of the rabbit was
estimated by Hughes, May, and Widdicombe™ to be capable of replacing the
lymphocytes in the blood 11 times daily. A method for the continuous collec-
tion of thoractc duct lymph from unanesthetized rats devised by Bollman,
Cain, and Grindlay*® enabled Mann and Higgins? to establish the fact that
the initial output of lymphocytes was indeed high, but that with prolonged
drainage of lymph, the daily output of lymphocytes fell progressively to less
than one third of their imtnl count  Mann and Higgins suggested that the
loss of a small number of dividing cells necessary for praducing lymphocytes
mght explain the dropping output  Gowans® was able to effect continuous
remfusion of living lymphocytes into unanesthetized rats with thoracic duct
fistulae and thus to prevent the progressive fall in thoracic duct output, Cell-

thoracic duct via the tissue spaces or the lymph nodes, and (3) the lymph nodes
mght be repopulated by the S per cent of large and medm lymphocytes in
the thoracic duct lymph that were depicted 1z t1/r0 1n mitosis  In another
& it eman mant Trawell¥ orew rat lvmnh nades i a cmehac.
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Materials and Methods

Cells of the exudate in acute inflammation in man were studied with a pre-
viously reported* p dure by which serial preparations were obtained chrono-
Jogically from a stngle lesion and stained in the same manner as blood smearsor
submitted to appropriate cytochemical analyses, in this procedure the epithe-
lium is scraped anay from a small area on the forearm, After inoculation with
a suitable inflammatory excitant the lesion is covered by a cover slip  Cells
of the mflammatory etudate migrate to the undersurface of the cover slip
When this has been accomplished (30 minutes to 1 hour) the cover slip 15 re-
moved, air-dried, and stained. At the same time another cover slip is placed
over the same lesion and the process is repeated at timed intervals throughout
the eycle of inflammation.

Blood stains employed for permanent preparations were May-Grilnwald-
Giemsa, Wrght-Giemsa, and Leishman’s stains.

Cowdry’s# method for the M. nadi oxidase reaction was employed. Fixa-
tion was over formalin vapor for 2 hours, In addition to the standard test,
the oxidative activity was controlled with an identical tun, except that 10-2
M KCN was added to the reagents as suggested by Brenner ®  All the prep-
arations were studied and photomicrographs made (FIGURES 12 and 3) wm-
mediately after the completion of the fests, as the indophenol biue may fade
Washt 's mod * of the Good method was employed for study
of leuhocytic perotidase actwvity, and May-Grinwald-Giemsa was the counter-
stain (FIGURES 1a and 26~d).

‘The calelum phosphate method of Gomori® for nonspecific alkalne phos-
phatases (F16URFs 3¢ and #) was controlled by similar study of sections of
human prostate  Gomori’s*®® lead phosphate method for acid phosphatase
{F1GURE 3¢) was similarly controlled by apphication of the method to sections
of human prostate  Fixation in both 1nstances was in cold acetone for 1 hour

‘The penodic acid-Sciff (PAS) sulfite leuhofuchsin reaction®® was studied
1n these preparations without digestion {FIGURE 1d) and after 1 hour of diges-

tion at room temperature in a sofution of buifered (phosphate} diastase of
malt (FIGURE 1¢)  Tixation was for 1 hour in buffered formalin.

Sudanophilic changes were outlined by the Sudan black B-May-Grunwald-
Giemsa method of Balhf and Kimbrough ® Fixation was m a mixture of
formalin and 95 per cent ethyl alcohol as recommended by those authors
(r1GURES 34 and ¢, and 4¢ and b).

The 42 lesions previously described* in healthy human volunteers, which
consist of over 250 separate cover shp preparations taken at 175, 2, 3, 375,
5,6,7,9,10,12,14,15, 16,16 5 18, 20, 21, 22, 23, 24, 28, 31, 40, and 47 S hours
of inflammation, served as controls for the mvestgations reported herewith,
In the control groups (PIGURES Sa and ¢, and 6e and ¢), 1n addition 1o the trauma.
of the technique alone, egg white, diphtheria toxoid, tnple typhoid vaccine,
old tuberculin, and first-strength purified protemn denvative (PPD) were
employed as nonpyogenic antigens applied to the lesions i human subjects
not systenucally immunized to the respective antigens
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typhi or horse serum were capable of producing antibodies upon incubation,
although the lymphocytes in the form in which they enter the blood stream did
not contain them,

Lymphecytes are one of the important sources of plasma cells. Wath the
decisive demonstration by Kolouch and his associates® that antibody forma-
tion was assoctated with reticutum cell formation of plasma cells in rabbit
marrow and its subsequent extensive confirmation, the tmportance of lympho-
cytes as a source of plasma cells tended to be overlooked. Downey,’ Mavi-
mow," and Michels® all traced plasma cells to 2 lymphocytic origin, cognizant
that they could arise from the mesenchymatous elements of the connective
tissues, as well. The recent work of Roberts, Dixon, and Weigle¥” has gone
far to resolve many of the apparently contradictory views regarding the cells
responsible for antibody formation. Lymph node cells consisting of 90 per cent
lymphocytes or peritoneal exudate cells consisting of 71 per cent macrophages
obtained from donor rabbits previously immunized with bovine serum albumin
were transferred by these workers subcutanously and jntramuscularly to roent-
gen-irradiated, immunologically inert recipient rabbits The transfer of these
cells caused a typical secondary response in the recipients after stimulation
with the original antigen  Serjal biopsies of the transfer site in the recipients
revealed classic plasma-cell formation by the transferred lymphocytes 1n the
first group of experiments and plasma cell formation by the transferred macro-
phages m the second group, -':nd the cytolog'xcal observations were correlated

PO TR Rr N DA N PP

in response to the sensitizing antigen.

The transfer of culaneous kypersensiivily by the lymphocyle, When Chase™
succeeded in transferring hypersensitivity to tuberculin by means of viable
cells from lymph nodes of tuberculous guinea pigs, the reactvity was thought
to be correlated with the amount of transferred lymphocytes, Working wath

4 [P A RA T A .

h

:chl Rebuck!® d ly ytes — m a large series of
patients. By harvesting large numl?ers of macrophages that had been formed
by the lymphocytes on the cover slip preparations og patients exhibiting hy-
persensitmty to tubercubn or tularin and transferring the macrophages to
control subjects, they were able to show that the a}nhty of the lymphocyte to
transfer cutaneous hypersensitivity is also transmitted to the macrophage 1t

forms .
Tt is the purpose of this paper to explore the chain ot;cylochemncal events
¢ lymphocyt

te to 15 acc
by which the t of P t P 1
x:acute inflammation in man and to determine the nature of the failure of

effective leukocytic defense in Hodgkin’s disease.
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shps had been previously prepired by applymg switable quantines of neutral
red i absolute ethyl alcohol to thew surfaces from winch the aleohol wasaliowed
t» evaporate  Edges of the cover shps were sealed with parafka, and the
preparations were studsed in warm-stage enclosures at 375° € Erudatne
celts from 4 blisters m 3 subjects were so stuched (rrounes 7 and 8)

Resuils
deute viflummation w man controls  Cover-slip preparations from single
festons in the skin of the forearm and stasned wath ordinary bloodstains served
as contrals, For a detaded descniption the reader 1s referred to the previous
report of Rebuck and Crowiey ®* Four of many stages from one such lesion
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The major portion of the present work comprised a study of 135 separate
cover slip preparations in 25 different lestons as follows® the M. nadi reaction
was studied at 2.5, 4, 6,7, 7.5, 9, 10, 12, 13, 14, 15 5, 16, 22, 24, and 29.5 hours
of inflammation in 3 lesions in control subjects; peroxidase activity was studied
at3,5,8,9.5,10,12, 14, 14 5, 18, 27, and 34 hours of inflammation n 3 lesions
in control subjects and at 3, 6, 9, 12, 13, 235, and 27 hours of inflammation
in 2 lesions in patients suffering from the granulomatous stage of Hodghin’s
disease; alhaline phosphatase activity was studied at 35, 7, 10, 12, 14, 25,
and 26 hours of inflammation in a lesion in a control subject; acid phos-
phatase activity was studied at 3.5, 10, 12, 14, 25, and 26 hours of inflam-
mation 1 a lesion in a control subject; glycogen content was ascertained at
6, 12, and 24 hours in 2 lesions 11 a control subject; sudanophilic propertres of
the leukocytes were studied at 3, 6, 9, 12.5, 14, and 21 hours in 2 lesions in 2
control subjects and at 3, 5, 7, 9, 12, 14, 24, 29, and 32 hours in 2 Jesions in a
patient suffering with chronic lymphocytic leukemia

Phagocytic actwvity of the lymphocytes was studied in 2 bone marrow aspi-
rates from patients suffermg from kala-azar and histoplasmosis respectively
(F16UREs 4c and d).  In addition, serial preparations studied at 3, 5, 7, 10,
12, and 24 hours in a lesion 1n a control subject were tested for phagocytic
actvity by the addition of a small amount of India ink to the lesion at the
seventh hour (FIGURE 4f)

‘The response to nonpyogenic antigens was studied at 3, 4, 5.5, 6, 7, 85, 9,
115,12, 13, 14, 22 5, 23 5, 24, 24 5, and 27 hours of inflammation 1n 9 lesions
n 5 patients with the granulomatous stage of Hodgkin’s disease (FIGURFS
2b and d, 5b and d, and 65 and d)  Four of the patients had been previously

treated with lymphocytolitic agents (steroids, mtrogen mustard, or roentgen
{hemneds ~nlee 4 meabions fremerme S0 had e bon .

m x - y e
undenatured pertussis antigen  Sodium actd urate served as the excitant
in the phosphatase studies

arm of human volunteer controls as tollows a mxture of powdered Chinese
canthandes and petrolatum was appled to a arcular area of skjn measuring
about 15 cm in chameter  This mixture was covered with adhesiye tape so
as to exclude air  In about 7 hours a blister forms in the area with 0 5 cm
elevation of the epidermis Al‘ lhl‘S same time 005 ml of stenle egg white

SYLIgE. 1 uwimiwis v o . s e auss wn
blster fluid. A few drops served to prepare supravital preparations  Cover
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of small fragments shed into the exudative fluids. FIGURE d¢, taken at the
same m:gmﬁa\uon, lustrates 3 monacyte of the peripheral blood for structural
and size comparison. At 14 hours of inflammation (mukﬂ 65} in the sime
lesion, the lymphocytes have gamed another micron in diameter, the increase
being largely cytoplasmic in nature. In addition to the superimposition of
catorless organelles over the nuclear chramatin, there appears to be a true
ncrease in p)mchmm:nm distinction At 24 hours in the same lesion (FinuRe
{x) the ﬁem is ﬁnod«l vmh till arger monanuclears with the characteristic
* -f -eofe ~--zophages or histiocyles, the resultant
.- : ot in inflammation in man By the
welith hour of inflammation the small exudative lymphocytes shawed en-
hanced acuwity in the form of as many as 60 blue, cytopfasmic granules after
treatment with nadi reagent. There is general agreement in the literature
that lymphocytes in the peripheral blood are telatn ely deficient wn this activity,
a finding confirmed by us for the lymphocytes in the blood of the subject whose
lesion is depicted here. The posxme gmnules in the 12~hour lymphoc) tes
(ricores 1o and B) were ord the
cytoplasm  The blue grmuh:s were at times concentrated about cy mphsmm
vacuoles and occasionally in clumps N huils were strongly poutive at
12 hours At later stages hypertrophied Iy mphocyxes and macrophages were
moderately positise.  The addition of 107 M KCN to the standard test re-
sulted in complete absence of the blue nmnuk-s in the lymphocytes, of thewr
larger forms, and of the P of the pr
Perondase 1n the Iymphocytes of man tn geute snflammation At 275 hours
of nflammation the rare lymphocyte obsersed showed a negatively reacting
cefl body At 3 hours the predomi cells wete tis, and thewr cyto-
plasm was flled with dark blue pranules A few tssue macrophages and
iymphocytes were present, and these fatter ceil types now contained fine, biue-
stammng granules i thexr eytoplasm At 9 5 hours and 10 hours the peutro-
philic feukocytes stained as before for perovidase A smail number of round
free cytoplasmic fragments were packed with perovidase-positine granules
Almost one fourth of the cdls were now Jymphocytes  Most of the lympho-
cytes (FIGORE 22) posiive granules diffusely
distnbuted throughout ther cell bodxes An occasional {ymphocyte was
devaid of posiive granules or contained only 2 or 3 of them  Tissue macro-
phages contained numerous positne blue granufes  Sometimes 1t appeared
that a phagocytosed n:u\r\)phlhc c}loplasm:c bud within the Jymphocytic
cytoplasm had c 3 3 area of p positave granules
to the cytoplasm of the ly; mphocy!e (see cel} 1n lo“ er right corner of FIGURE
2¢) At 12 hours of wflammation (F1GURE 1c) the shightly larger tymphocytes
present numerous biue granules in their cytoplasm At 13 5 hours (F1GoRE 2¢)
further lymphocytic hypertrophy tevealed some diminuunn n the positw 1ty
of their reaction  The tissue macrophages and owasiona) monocytes showed
a sumdlar degree of positivity  The posttivity of the graduaity enlarging mono-
nuclears persisted at the 17- and 20-hour stages  The cells depicied in FICURES
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an 1on texpertment H-19) (s and
with elongated from the y evudate Al X 2000
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7

1 which the mflammatory excaitant was 005 ml 1.1000 tuberculin (0.T.)
are depicted 1n FIGURES 5¢ and ¢ and 62 and ¢ They will serve as reference
ponts for the cytochemical studies described below and as comparative exu-
dates for the abnormal responses ehcsted in the vanous diseased states studied.
At 9 hours (FIGURE 5a), a considerable number of lymphocytes were found
among the numerous neutrophils i the lesion  Except for therr wrregular
outlines, a feature of all exudative cells arrested in therr natural activities, the
Iymphocytes appear unchanged with the ordinary b]unn!slnms used here and
measure about 10 m diameter At 12 hours (FIGURF 5c) in the same Jesion
the lymphocytes arc more numerous and shightly larger (12 » 1n drameter)

Thenr cell bodies are larger and show an increase of basophilic substance and
colorless material  The latter unstained portions appear (o represent negative
1mages of unstained organelles and were referred to a;anl\un rease in hyaloplasm
in our previous {eporls_ Su?h unstained colorless flecks ﬁv?rlle the lympho-
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described for FIoURES Sa and ¢ and 6a and b in the rontrn] series, and for BGTRES
1 and 20 and ¢ in the series stamed for perovidase actisity,  In 1 of 2 lesions
studied serially in 3 patient suffesing fom chronic Iy mphocy tic leshemia a
definite depression of sudanophilia was obsersed  Tisugs 48, taken from this
patient av 12 hours of inflammation, depicts 2 lymphocytes, 3 macrophage,
and several neutrophils almost devoid of sudanophilic conststuents. This
exudate should be compared with the 3 preceding evudates obtained from a
cantral subject anvk stmilarly stained.

Inereased phagocytic pow ers of the Iymplocytes 1 inflamsmalson.  As outlined
1 the discussion aboe, the phagocytic potentizhities of the Iy mphocyte, as a
lymphocyte, although poor, are real  Fioure dc depicts Lashmama donotani
phagoeytased by 2 medwm lywphacyte, and FGURE 4f depicts Histoplasma
capautatum phagocytosed by a small lymphocyte from the masrow of a patient
so infected.  FIGTRE 4e at the same magnification as w6 TRES e and o, Hlus-
trates 3 monocyte with an ingested erythrocyte taken from the blood of a pa-
tient suffening from a drug-nduced pancytopenia,  The uue monocyte from
the blood of man possesses a targer cell boxdy and a Jarger nucleus than any of
the Jymphocytes described 1 this paper  Moreover, the monocytic nucleus
1s Tobulated and possesses a distingt threadiibe chromaun pattern TiorgEes
e through ¢ were talen at the same magnificavanr (X 1273), hence the mona-
cyte m FIGURE 42 may be used a5 3 reference cell {or comparison wth the other
exudatne cefls.  Fiovrr 4/, tahen at 10 hours of mflammation in a contra!
subject, iltustrates the marhed 1ncrease sn phagocytic abality attained by smafl
and medwm lymphocytes after even a short exposute to the wfammarery
environment  Three hours prior to the study i FIGERE 4f 2 stenle bactenal
is0p had been touched to India tnk then applied to the lesion The increased
phagorytic abduy paraflels the aforementioned cytochermcal changes and
nereases m proportion o the cytoplismic grawth of the lymphocytes in these
preparations

Lenkocstic cycles 1 orute inflammation i man as modified sn the granstomatons
stage of Hodghin's disease *  Tymical of the ceries of preparatsons obtatned from
9 leswons 10 5 patients in the granulomatous staze of Hodghin's disease 1s the
cycle of changes depicied sn FICURES 35 and 66 and 4 from our Case 1 This
patient, a white female aged 28, wassuffering from a sexere, generahzed form of
granulomatous Hodghin's dicease of 2 5 years’ duration  Four months prior
to study she had received a course of mtrogen mustard therapy. and at the time
of study she swas recening both adrenocorticotropic hormone {ACTH) and
predmsane  The white blood cells numbered 18,139, «1th 79 per cent neutro-
phuls, 18 per cent fymphocy tes, and 3 per cent manocytes  Two lesions were
stathed At 3 hours of snflammation, 2 few edematous neutrophuls were found
At 6 hoors numerous neutrophils were obsened and a few macrophages had
made thesr appearance At 9 hours of inflammanion in the same lesions (F16-
LrF 3b) moderate numbers of swollen neutrophus, some macrophages, and a
vare monocyte nese obsenved, but the lesion was laching in lymphocytes (com-

* Ve are ndelsted 10 Michael Brennan, Diswton of Oncology, The Henry Ford Fos
for periizman to study three of these patients e fiern Ford Hotpuea,
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1cand 2a and ¢) were from different cover-slip preparations from the same lesion,
003 ml. diphtheria toxoid serving as the inflammatory excitant. These cells
were counterstained with May-Grunwald-Giemsa and, therefore, can serve as
examples of the progressive over-all changes undergone by the lymphocytes,
they are also illustrative of the peroxidase positivity attained by lymphocytes
1n acute inflammation 1 man,

PAS (periodic acid-Schiff} reaction in lymphocyles tn inflammation. Prep-
arations from 2 lesions were studied. In the first serics the cover slips were
stained after prehminary fixation in buffered formahn without prior digestion.
At the important 12-hour stage of inflammation (FIGURE 1d) both lymphacytes
and newtrophils show a granular PAS positivity. At the same 12-hour stage
1n the second control lesion (FIGURE 1¢) whose preparations twere subjected to
prior diastase digeston, it is seen that almost all PAS reactivity has been
deleted in lymphocytes and neutrophils

Nonspectfic alkaline phosphalases in lymphocytes in inflammation. A series
of preparations from a single lesion was studied with Gomori’s® calcium phos-
phate method. FIGURES 32 and b show lymphocytes from the tenth hour of
acute inflammation  Both cells show the black areas indicative of enzymatic
activity 1n their cytoplasm A nenspecific nuclear localization of the precipt-
tate is also visualized.

Aad phosphatases wn lymphocytes e inflammation tn man. An additional
sertes of preparations from a single lesion was followed with Gomori’s* Jead
phosphate method for acid phosphatase, The precipitated lead salt of the
liberated phosphate is visible as transformed black lead sulfide in FIGURE 3c.
The 4 lymphocytes, the monocyte, and the 2 macrophages depicted amid the
neutrophils in this figure present a nuclear localization for the activity noted.
The exudate was obtained from the twelfth hour of inflammation in man.

Lymphocyles in acute mflammation after stawning with Sudan black B and
May-Griomwald-Giemsa.  Following the exposure of the evudative cells of the
cover-shp preparations (obtained from 2 lesions in a control subject) to Sudan
black B according to t}te method t:f }Zml]!i and Kimbrough® stniking changes

apl;e;;.rzmce in the lymphocyu‘c cytoplasm at the side of and OVErly;;lg Alil‘é
nucleus, Many of these small staiming bodies may be seen clustered about the
cytocentrum of the medium-sized 'l).'.mphocyte in FIGURE 3d At 125 hours

CYLOPLASIIL divay wp -0 1 : s e v osuni
v eemtamtae deructed 1 FIGURE 42 these black stamning bodies are not only

he cell body, but are so concentrated about
ssette of Sudan-stamable bodies  As in the
peroudase studies, these cells nere alsa count 1 with May-Grunwald
Gtemsa and are confirmatory of the progressive lymphocy tic transformatjon
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studied in our Case 5, that of a 15-year-old white female suffering from far-
advanced Hodghin’s granuloma of 1 year's duration. This patient had been
the recapient of extensive roentgen therapy to the Jeft thorax, mid-dorsal spine,
and nght cervical area, and of a long course of chlorambucil* (600 mg. tota!
dosage). During the peniod of our study she receved roentgen therapy to her
neck. Her white cells numbered 13,200’cu mm at this time, but consisted
of only 5 per cent lymphocytes and 93 per cent neutrophils  As in Case 2
there was almost complete absence of peroxidase activity noted at the 12- and
27-hour stages. The lymphocytic hiatus was again present, as it was i all 9
Yesions studied in ths group

Drrect and contintous obsertation of hiing lymphocytes from aente tnflammation
1 man; apphcation of supravilal lechmgues + Four blisters were prepared
 the arms of the 3 control subjects as described above in the section Malerwals
and Methods. 1t should be noted that at the time the blister had formed (7
to 7.5 hours after application of cantharides) 005 m! of sterile egg white and
005 ml of 1:10,000 neutral red in phystological saline were injected into the
blister. In this way the exudative mononuclear cells were at all times exposed
to neutral red.  Any evudative cell functionally capable of segregating neutral
red was thus afforded full opportunity to do so 12 tte The addition of egg
white to the bhister fluid brought forth increased numbers of exudative mono-
nuclear cells of all types

At 1075 hours, 125 hours, and 23.5 hours after application of the canthar-
wdes, aspirations of flmd were made from the same blister  Supravital prepara-
tions were studied immedately in 2 or 3 separate warm-stage enclosures after
each aspiration

From the 7.5-hour aspirate, numerous motile neutroplils were obtained.
Inasmuch as they have been well described previously as to motihity and speaific
granular uptake of neutral red, we devoted most of our attention to a study of
the agranular leukocytes and tissue cell types present n the preparations
Neutrophils were frequently found with extremely tenuous processes such as
those depicted in Ficures 8zand;  The actual processby which thecytoplasmic
portion contaiming spectfic granules was shed 1nto the exudative flurd was never
observed by us  However, numerous free portions of neutrephilic cytoptasm
(FIGURES 73 to % and &), were observed in these preparations At this stage
the exudative mononuclears were of 2 types lymphocytes and macrophages.
The lymphocyte depicted 1n FICURE 7a was drawn from this preparation It
possessed scant cytoplasm, a round nucleus, and no neutral red vacuoles The
same cell 15 depicted 1 FIGURE 7b as it appeared 15 minutes later A few
neutra! red vacuoles are present, and a portion of the nuclear membrane ex-
hibits marked activity. The same cell 30 minutes after 1t was first observed
1s deprcted 1n FIGURE 7e. A deep mdentation had appeared in the nucleus,
9 neutral red vacuoles had appeared, and the cytoplasm was mote abundant.

*Cl b # (d1-2-chloroethy 1) henyTbuty ric acid, a cancerolytic drug
$The e of 4 lestons 30 atachan s reported by the semor author {J W Rebuck) i a

;};gs;!suhnﬁ)l‘l;d to Hal Downey, The Graduate Schaol, Unisersity of Mintesota, Minneapolis,
inn , i
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pare the lymphocytic mfiltrate at this stage mn FIGURE 5a). The over-all
cellularity was numerically tferior to that of the controls At 12 hours (not
illustrated) the scant exudale in these lesions consisted of a mixture of neu-
trophuls and macrophages, and again lymphocytes were rare mn the lesion. At
14 hours in the same lesions (FIGURE 6b) the exudate was again scant and con-
sisted of moderately sparse numbers of neutrophils and some macrophages,
lymphocytes were absent. This Iymphocytic deletion is the more striking
when compared with the 14-hour stage of controls as shown in FIGURFS 2,
4a, or 6a. At 24 hours m the same lesions in Case 1 the defective exudate
persisted (FIGURE 6d), consisting only of focal collections of now somewhat
larger macrophages and an unusual preponderance of neutrophils (compare
with the complete macrophage response in control FIGURE O¢ at 24 hours),
TF1curE 5d, which depicts 11 5 hours of inflammation in Case 3, has been
interposed for the same stage in Case 1 because the 33-year-old white female
represented 1n Case 3, although diagnosed by cervical lymph node biopsy §
months before our study as suffering from the granulomatous stage of Hodghin's
disease, had received no therapy  This patient’s white bload cell count some
time prior to our study was 6000/cu mm, with 59 per cent neutrophils, 33
per cent lymphocytes, 6 monacytes, and 2 eosinophils  Her early exudative
cells again consisted of a few swollen neutrophils At 11 5 hours (riGUrE 5d)
the sparse exudate consisted largely of macrophages with a few neutrophils
and lymphocytes mterspersed  The lymphocytic fault 1s striking when com-
pared with simular control stages in FIGURE. 1¢ and c or3¢,and Sc.  Thss htatusin
lymphocytic partictpation 1 the leukocytic cycles as observed 1n Hodghin's
disease bore a striking resemblance to the near absence of lymphocytes in sim-
ilar lesions studied 1n a patient with true agammaglobulinemia (FIGURE 4g)
At 22 5 hours numerous macrophages were found, a few lymphocytes and ncu-
trophils were also present
Fioures 2b and d are from exudates obtained from 1 of 2 lesions studied in
our Case 2 This case was that of a 22-year-old white female with Hodgkin'’s
granuloma dating to 13 months prior to study  One day prior to our study
this patient began her first treatment, roentgen therapy to her mediastinum
At the time of study her white cells numbered 11,000, cu mm, consisting of
88 per cent neutrophils, 7 per cent lymphocytes, 1 per cent each of basophils
and eostnophils, and 3 per cent monocytes A study of peroidase acuvity
Lhe exudative cells of this patient revealed almost complete suppression of the
reaction FIGURE 25, taken at 9 hours of inflammation, reveals some of the
numerous neutrophils and macrophages present in this lesion together with an
occasional monocyte However, peroxidase actmity is almost completely
laching  This figure should be compared with FIGURE 2¢, which shows the
strong positive peroxidase reaction obtained 1n a control lesion at the same
stage. At13 hours of inflammation 1n the same lesion in Case 2, macrophages
were numerous (FIGURE 2d) and some edematous neutrophils were found, and
the suppression of perovidase actvity (compare FIGURE 2¢, a similar positive
reactivity 1n a control leston) persisted as 1t did through 23 5 hours of inflamma-
tion 1n this lesion. Perouidase actvity was further tested forin 1 of 2 lesions
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studied in our Case 5, that of a 15-year-old white female suffering from far-
advanced Hodghin’s granuloma of 1 year’s duration. This patient had been
the recipient of extenstve roenigen therapy to the left thorax, mid-dorsal spine,
and npht cervical area, and of a Jong course of chlorambucil* (660 mg. total
dosage)  During the penod of our study she recesved roentgen therapy to her
neck. Her white cells numbered 13,200/cu mm. at this time, but consisted
of only 5 per cent lymphocytes and 95 per cent neutrophils  As in Case 2
there was almost complete absence of peroxidase activity noted at the 12- and
27-hour stages  The lymphocytic hiatus was again present, as 1t was in all 9
lesions studied in this group

and Methods It should be noted that at the ime the blister had formed (7
to 7.5 hours after application of cantharides) 005 m!. of sterile egg white and
005 ml of 1:10,000 neutrat red in physiological saline were injected mto the
blister. In this way the exudative mononuclear cells were at all times exposed
to neutral red  Any exudative cell functionally capable of segregating neutral
red was thus afforded full opportumty to do so 1z tre.  The addition of egg
white to the blister fluid brought forth increased numbers of exudative mono-
nuclear cells of all types

At 1075 hours, 12.5 hours, and 23.5 hours after application of the canthar-
wules, aspirations of fluid were made from the same blister  Supravital prepara-
tions were studied immedately in 2 or 3 separate warm-stage enclosures after
cach aspiration

Trom the 7 5-hour aspirate, numerous motile neutrophils were obtained.
Inasmuch as they have been well described previously as to motility and specific
granular uptake of neutral red, we devoted most of our attention to a study of
the agranular levhocytes and tissue cell types present m the preparations
Neutrophils were frequently found with extremely tenuous processes such as
those depicted in FiUres 8:andy  The actual processby which thecytoplasmic
portion containing specific granules was shed into the exudative fluid wasnever
observed by us  However, numerous free portions of neutrophilic cytoplasm
(FIGURES 72 to k and 8¢), were observed in these preparations. At this stage
the exudative mononuclears were of 2 types lymphocytes and macrophages
‘The Jymphocyte depicted 1n FIGURE 7a was drawn from this preparation It
possessed scant cytoplasm, a round nucleus, and no neutral red vacuoles  The
same cell 15 depicted 1n FIGURE 7b as it appeared 15 minutes later A few
neutral red vacuoles are present, and 2 portion of the nuclear membrane ex-
hibits marked actiity  The same cell 30 rainutes after 1t was first observed
15 depicted mn FIGURE 7¢ A deep indentation had appeared i the nucleus,
9 neutral red vacuoles had appeared, and the cytoplasm was more abundant.

*Cl 35§ tdr 2-chl hy heny [but: aad, a canceroly tie drug

1 The first of 4 lesions sa studied was reported by the senior author (J W Rebuch) i a
thess su\m;:)u;d 10 Hal Downey, The Graduate School, University of Minnesota, Minneapols,

1on , 1
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Figures 7e and f depict another lymphocyte in active motion, presenting the
“hand-mirror” shape with an active antenor cytoplasmic atea and a passive
cytoplasmic tail, The neutral red vacuoles, few in number, are tucked into a
slight indentation of the posterior aspect of the nucleus. Ficures 74 and g,
irom the same preparation, depict typical macrophages with large, blunt
pseudopodia, little migratory activity, and few to many scattered neutral red
vacuoles,

From the 10,75 hours’ aspiration both depolarized (rounded) and polarized
{migratory) lymphocytes were obtained, as well as phagocytic histogenous
macrophages The lymphocyte depicted in FIGURE 74 was first observed at
11 hours and 20 minutes of inflammation At 11 hours and 39 minutes this
same lymphocyte had come in contact with a free bud of neutrophilic cytoplasm
that contained both specific granules (red) and a few phagocytosed particles
of egg white (blue), as shown in FIGURE 7i. The lymphocyte cytoplasm at this
time also contained 3 particles of egg white within vacuoles and two neutral
red vacuoles. At 11 hours and 40 minutes the neutrophilic cytoplasmic bud
had broken free from the lymphocyte, but 1n so doing had separated into a
smaller and a larger portion  Six munutes later, at 11 hours and 46 minutes,
this same lymphocyte (FIGURE 7%} was again in contact with the 2 neutrophilic
cytoplasmic buds. Suddenly the larger of the 2 buds was repelled from the
lymphocyte  We are not certain as to whether the smaller bud was ingested
1 lolo by the lymphocyte. In any event § minutes later at 11 hours and 51
rminutes (FIGURE 7{) this lymphocyte now possessed more than 15 neutral red
vacuoles, as well as several ingested particles of egg white At 12 hours and
5 minutes 1t appeated as in FIGURE 7m  One minute later the neutral red
vacuoles, greatly increased in number, had formed a rosettelike arrangement
about the cytacentrum mn the region of the now deeply cleft nucleus of this cell
Hotwever, this cell, only 46 minutes previously, had been the small lymphocyte
depcted 1n FIGURF 7k,

Under continuous direct observation, this lymphocyte had not only exhibited
1ts phagocytic abity by the ingestron of the foreign protem (egg whete) and
portions of the neutrophilic cytoplasmic bud, but 1t had elaborated a great
number of neutral red vacuoles that arranged themselves about the cytacen-

trum  The cytocentrum 1tself was tn the neghborhood of a deep cleft that

Vo miesal
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an ocular micrometer

FIoURE 70, from this same preparation, depicts another lymphocyte that
was depolanized, and just a few microns to the left of the lymphocyte depicted
n FIGURE 78 The lymphocyte depicted in o of the same figure during the
46 minutes of observation had no contact with reutrophilic cytoplasmic buds,
yet 46 minutes later it too had elaborated a rosette of neutral red vacuoles
(HEYI[Z;I::;}ZP;(] depicts 2 macrophage from the same preparatton  The macro-
phages have now assumed the phagocytic function, as evidenced by several
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ingested particles (blue) of egg white within their abundant cytoplasm. Neu-
teal red vacuoles are more numerous and hkewise have arranged themselves
in the form of a rosette about the cytocentrum

neutral red vacuoles were arranged in the form of a rosette about their cyto-
centra  Macrophages, one of which is illustrated in FIGURE 75, now present
a dispersion of their neutral red vacuoles. Marked irregulanty of the nucleus
of these histogenous macrophages is a nearly constant feature as depucted in
FIGURES 74, ¢, and 5.

A few lymphocytes were still obtained from the aspirate of 23 5 hours, but
most of the cells were hypertrophied forms  The lymphocyte of FIGURE 7/ at
23 hours and 45 minutes was migrating, as depicted Eight mnutes later it
‘had settled down, rounded up, and increased m size to become the cell shown
m FGURE 7#.  From time to time lymphocytes that exhibited no functional
or structural transformation were held under observation for varying periods.
Ficures 7v and w depict such a lymphocyte with drawings 7 nunutes apart.
The lympheid cells are somewhat Jarger at this stage as shown in FIGURE 7x
and 8, and they show an increasing tendency to a rosette arrangement of the

supravital “monocyte.” These cells would migrate in the “hand-murror”
shape charactenstic of lymphocytes (as depicted m rFIGURES 7f and 85)
However, from time to time, long, slender, pointed psendopodia would dart
out from the active anterior psuedopodial area of such lymphocytes and would
be rapidly withdrawn mn a manner highly suggestive of the pseudopodzal form
and action of the typical supravital “monocytes” depicted 1 FIGURE 8g
Another of these hypertrophied lymphoid forms 1s depicted 1n FIGURE 84

However, many of the cells at this stage are larger macrophage forms ex-
hibiting the charactenstics of supravital “monocytes” (FIGURES 8, € to g) or
macrophages (8)  The cell shown in FIGURE 8¢ exhibited under direct obser-
vation all the charactenstics typical of a large supravital “monocyte ” There
was constant undulation of the cell border and, at the same time, numerous
thin, dehicate processes were thrown out as pseudopodiain all directions, from
all sides  The cell body was large, the nucleus was hidney shaped, and the
neutral red vacuoles had aggregated n the region of the nuclear bay. The
cell shown 1 FIGURE 8%, on the other hand, 15 a typical macrophage with almost
no migratory activity. It possesses larger, blunt, more sluggish pseudopodia,
large vacuoles, and dispersed, giant neutral red bodies

A review of FICURES 7 and 8 depicting cells observed at vanous stages in our
type experiment reveals that as the mflammation grew older the exudatne
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mononuclear cells, which at first were lymphocytes, gradually hypertrophied
until the macrophage stage was reached As they did so their neutral red
rosette of vacuoles became larger and more conspicuous until finally, when the
Jarge scavenger-cell stage was attained, the rosette once more was dispersed.
Not depicted is the gradual change observed in types of locomotion  Lympho-
cytes possess a “hand-mirror” type of locomotion, and the hypertrophied forms
retain the lymphocytic type of locomotion but, in addition, present the long,
slender, darting pseudopodia of “monocytes” Eventually the constantly
undulating, multipseudopodial activity of the supravital monocyte is attained
‘This 1n turn merges into the sluggish, blunt-pseudopodial activity of the macro-
hage

B "Three more blister preparations were similarly studied, and continuous ob-
servation of additional lymphocytes yielded sumlar transformations, It
soon became apparent that those lymphacytes with defimte undulatory move-
ments of their nuclear membranes, no matter how scant thesr cytoplasm, were
the most promising candidates for functional change and structural growth as
described above.

IDiscussion

In the simplest cycle of acute inflammation in man, when the exating anti-
gen is a nonpyogenic one to which the control subject 1s not systemically im-
munized, migration of lymphocytes 1s prominent by the minth hour (F1GURE
5a). At from 9 to 14 hours the lymphocytes increase in number and undergo
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pamcl;mma\in 1n the enlarging nucleus  An mncrease in the wrregulanity of the
nuclear membrane also accompanes lymphocytic hypertraphy At 14 to 18
hours further lymphocytic hypertrophy eventuates in macrophage formation.
Structurally, then, lh‘e ma{mty oleyn‘aphocytes 1n the s;:;,wm we have used
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Cytochemucal analyses of the transformational process were rewarding
Within a short time after arnval at the inflammatory site there was a gradual
acquisiion by the lymphﬂcyle\s a‘f o"(ldasf (FIEURFS 1a and b) and peroudase
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mssing 10 the lymphocytes as they are transported by the blood &7 Qnly
acd phosphatase™’® and glycogen,™- 17 as depiied in Figures 14 and ¢
and 3c in the lymphocytes of inflammatory sites have also been reported as
being present to varying degrees in the lymphocytes of the bload  I'urther-
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more, the changes from mactne (o cytod active lympho-
cytes occurred at the hey stages just priot to and during lymphocytic hyper-
trophy. Townsend and Campbell,* using Kolouch's™ techmque 1o study the
inflammatory feukocytic cycles in the mouse after whole-body iradition,
found that the hypertrophying Jymphocyte (their intermediate polyblast of
lymphocytic origin} was the most radiosensitnve of the mflammatory cells, the
fymphocy tes and macrophages showing no apparent structural changes i the
milammatory connectine tssue spreads. FPertinent to these eytochemcal
thanges in the lymphocyte in inflammation as it transforms mto the macro-
phage are the recent obsenvations of Sierack® who, working 1 our laboratory,
has devised a permanent mitechondnal stain for the ewdative cells of man,
Modifying the onginal Tain-Wolle* technicue, be found that ss the lympho-
cytes became hyperirophied there was a refam e and absolute increase in mito~
chondrsa  Most of the increased numbiers of small and granutar mitockondna
were observed near the nuclear indentation or scattered above the nuclens
Dubreuit® sas among the first 1o correlate granular mitochondal changes s
4 ing the d of the 1 {rom lymphocytes  More
recently Telix and Dalton® following the transformation of fymphocytes to
macrophages in the stumulated peritoneat fluds of ntce, also ofiserved that the
mitochondria became finer and more numerous  Employing phase micros.
copy, these watkers were able to foliow thinming of the nuclear membrane as
sts uneveness in the lymphocytic stage became smoother with ncreasing cell
gronth  They alzo noted that, as the transformation to macraphage occurred,
there was nucleolar enlargement and that the chromatin masses became Jess
dense

Sunce Sehrt’s™ report of parallel destruction of sudanophiha and mdophenol
oxdase activity it has become questionable whether enzymatic action 15 ac<
tually ivohved in the stable reaction # * Gomon® beheved that the forma-
tton of indophenot blue in the M nad: reaction could be explained for the granu-
locytic senes by the presence of {31 peroudes  Liihe and Burtner,® however,
after a lengthy series of comparative testing of oxidase, peraxidase, and sudano-
philic activsties of the lewhouytes concduded that it was improbable that leuho-
i gudase was a farty and peroude  We have observed the desteuctive
action of 172 M KCN on the activity 1 question m the neutrophils, in the
fymphocytes, and w therr transformational products m aur exadatne prepara-
o Although KON has also been reported as destructive of blood granulo-
cytic sudanophiha® the sudanophihia of leukocytes nself bears further study
because of demonstrable differences n reaction from those of true fats and
hipods #

The enzymatic status of lenkacytic perovidase ss less open fo question
Agner” solated a green enzyme with charactenstic absorpuion: bands and pee-
oudase effect from leukocyte-nch matersal  Agasn, hosever, Gomor®
«autianert that the reaction obtained histochemually may be due 10 2 nonpro-
e catalyst as well as an enzyme I the presence of perovidase m Jeuhocytes
15 established, sts function theresn s not asyet clanfied  Agner” and Chance®

* Unpublished data
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bath noted the similarity of the absorption spectrum of verdoperoxidase and
cytochromes of Type A, but the latter author has also demonstrated that they
are not identical.

The question of endogenous or exogenous sources of leukocytic oxidases and
perotidases raised onginally by Wallbach® after mjecting horseradish and ev-
tracts of leukocytes into the subcutaneous tissues of mice is of interest in that
positive granular matenal i the exudative lymphocytes of our preparations,
although usually distributed irregularly, was at times concentrated about
cytoplasmic vacuoles and occasionally in dense clumps, suggesting an alterna-
tive origin through lymphocytic ingestion of posttively reacting neutrophilic,

3
teral ohserved actwvity in the Iymphocytes 1n foci of chronic inflammation.
The cytoplasmic activity noted in the lymphocytes of our preparations (es-
pecially FIGURE 3a) confirms this. The artifactual nature of nuciear Jocatiza-
twon in this method has been stressed by both Gomori®® and Wachstein,”!

Haight and Rossiter™ deduced that the acid phosphatase activity of leuko-
1

cytes 1s chiefly . the lymphocytes  Rab h and And i
T T s e s e T ion of
. blood cells
round cell
ould have

staned by diffusion. Wachstemn™ also questions nuclear localization far this
activity.  Weiss and Fawcett® and Goldstemn and McCormich? have reported
cytoplasmic acquisition of reactivity of monocytes as they transformed into
‘ *mome ot om dfemie 2 abis wac she b tens y orkers also reported
hzation for the mono-
, e darkest staining lo-
calized in the region of the centrosphere and Golgr apparatus, comnading 1
pattern with that of the saliva-resistant PAS-positrve matersal, They further
gpested that, smce pl segregate mngested foreign material 1n this
region, the acid phosphatase found there may patticipate m the digestion of
the phagocytosed materal It 1s interesting in thus connection to note that
(he PAS-positive matenal m the lymphocyte at the 12-bour stage of inflamma-
f1on 10 man (FIGURF 1d) does not resist digestion (FIGURE 1g)
As mentioned above, many workers have l.)een‘ struck by the similanity of

"

stnuti, e

There appeared to be 2 striking cotrelation between the mitochondnal pattern
of these cells as observed by Sieracht™ and the mcrease i lymphocytic sudano-
philic cytoplasmic particles found 11 puT preparations
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In this discussian we have been larl; d with the acq
by the inflammatory Jymphocytes of properties not readily demonstrable in
the lymphocy tes in the blood. It should be emphasized that the study of
lymphocytic structure and cytochemistry in the lymphocyte-forming tissues
may also yield evidence of activities not manifest in the lymphocy 1es of the
blood. Tor example, Grafi™ found that lymphocytes of the follicles of spleen
and lymph node in animals and man were nadi positive, and Ackerman and
his associates™ have shown a small number of PAS-positive and sudanophilic
granules and weak alhaline and acid phosphatase activity i the lymphocytes
of nonneoplastic human lymph nodes

Inview of the gradual depletion of the lymphocytes in the lymphocytepoietic
tissues as described by Reed® above and the progressive lymphopema ob-
served by most investigators,* our finding of near lymphocytic depletion of
the leukocytic cycles in Hodghin's granuloma was not unexpected {FIGURE
26 and d, 5b and 4, 6 and d). Although 4 of the 5 patients studied 1n this
senes were under treatment with lymphocytolytic agents, the lymphocytic
huatus in their exudative response did not differ with the different theraptes
nor from the same lymphocytic depletion i the untreated patient (FIGURE
5d)  Similar lymphocytic abeyance has been observed in the exudative lesions
in man after systemuc ACTH® and topical cortisone,* and in hypogammaglob-
ulinemia®™ (FIGURF 4g). Although the destructive effects of roentgen rays
for lymphocytes has been well documented,?-'® their effects, when studied on
the inflammatory leukocytic cells of the mouse and the rabbit,? showed an
over-all decrease 1n the number of infiltrating cells, the hypertrophying lympho-
cyte at 12 hours being the most radiosensitive  Ackerman and his associates!™
noted marked diminution of phosphatase activity, nbonucleic acid {(RNA),
and the reactton for sulfbydryl 1n the lymphocytes of lymph nodes from rats
aiter total-body X radiation  The depression of perovidase activity (FIGURE
A eanatoellto— 1 oA - P S -

been few reports of cytochemical analyses of the lymphocytes in this condition

When one considers that lymphecytic transformation to the macrophage 1s
preceded and or accompamed by the long list of structural and chemical
changes discussed above and suramarized below, the failure of a given experi-
mental system'™ to yteld transformation of continuously observed indmvidual
lymphocytes may bel appreciated  When one further considers that the
RIS S VA DY D S Y R e PN

the deleterious aircumstances of the intlammatory environment 1n which the
ongnally poor-bodied lymphocyte finds itself may well militate against lympho-
cytic transformation or even survival itself Under the conditions described
above we have observed the living, individual lymphacytes as they progressively
teansformed into small hustiocytes or macrophages, assuming a rosette of neutral
red bodies, ncreasing cytoplasmic size, and ingesting foreign material mnto their
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cell bodues as depicted n FIGURE 7a to ¢, k to 1, o to ¢, land 7). Single cells,
lymphocytes by every criterion, have been seen to enlarge, to undergo structural
reorgamzation, and to change bodily into small phagocytic histiocytes or supra-
vital monocytes, and they have done so while under continuous observation

Summary

A review of the literature concerning lymphocytic potentialities reveals 3
basic although interrelated functions: lymphocytoporetic, trophocytic, and
defensive,

Lymphocytes can be formed by lymphocytes through their nutotic ability
Lymphocytes possess nucleoli, centrioles, and mitochondria as key cellular
organelles

The trophocytic function necessitates an understanding of the role played by
the entire lymphocytic mass as a labile protein and nucleic acid depot  The
first property in this connection possessed by lymphocytes 1s their ability to
be formed heteroplastically from mesenchymatous elements (reticulum cells),
as well as from other lymphocytes This has now been demonstrated experi-
mentally by the transfer of lymphocyte-forming reticulum cells to the chonoal-
lantoic membrane of the chick and by the growth of lymph node m tissue
cultures It 1s supported by the observation that failure of the Iymphatic
trunks to deliver their lymphocytes to the blood stream results in a progressive
fall m lymphocytic output  Studies of nucleic acid synthesis of the lympho-
cytes have shown a long hife span for these cells

The defensive functions of lymphocytes are phagocytic and antibody-form-
1ng, both as lymphocytes and as the macrophages and plasma cells into which
they are capable of transforming

The present studies have shown that transformation of Iymphocytes into

Dt 1n acute mnfl Lion 1n man was accompanied by the following
functional and structural changes in lymphacytes as such increase 1n cytoplas-
mc size, merease 1n phagocytic ability, assumption of 4 Ppositive perouidase
reaction, assumption of a positive nadi reaction, assumption of alkaline phos-
phatase activity, manifestation of constantly mcreasing sudanophilic cytoplas-
mic constituents, an absolute increase in mitochondria, presence of
PAS-positive cytoplasmic materal, presence of nuclear acid phosphatase, an
1ncrease 1n nuclear size, an increase 1n nucleolar size, an ncrease 1n irregulanty
of the nuclear membrane followed by a thinning und smoothing of the nyclear
membrane, a division of the coarse chromatin masses into fine, angular pieces,
and an mncrease 1n chromatin-parachromatin definition I addition, individual
living lymphocytes from stimulated cantharides blisters were continuously
observed as they transformed into small histiocytes or macrophages, assum,;
rosette of neutral red bodies, increasing cytoplasmic size, and hgesting foresgn
mﬂ;:‘::‘ne lesions studied 1n five patients with Hodghin’s granulomq there
was quantitative depression of the ]euko(‘);]uc 1Hﬁ]lmle and almost complete
depletion of lymphocytic participation 1 the n an;mall:)ry x'e“]“’c}“c cycles,
a depression of leukocytic peroxidase activity was also observed.
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CONTROL AND TUNCTIONS OF THE LYMPHOCYTE*

By L.D Hamiltont
Dimistons of Clinecol and Experymental Chemothera y, Stoan-Ketiering Institute
for Cancer Research, New For

Previous studies on the utihization of purines and pyrimidines for polynu-
cleotide synthesis 1n human leukemic leukocytes have shown differences in the
pattern of nbonucleic acid (RNA) and desoxyribonucleic aad (DNA) turnover
of leukemic granulocytes and lymphocytes ' ¢ In granulocy tes, RN.A and
TINA turnosers appear to be almost identical; this is the pattern of such rapudly
dividing tissues as bone matrow and mlesline. Consequently, myeloid tissue
is assumed 1o be rapidly dividing  In contrast, in lymphocytes the turnover
of DNA is much less than that of RNA  This relationship of DNA to RNA
is scen in slowly dividing tssues such as resting liver, lymphatic tissue, taken
as a whole, thus appears to be stow dividing  Information on the sunvival
time of leuhocytes, dermved from analyses of DNA turnovers, is in accord with
thisidea. Il the assumption is made that DNA, once formed in a cell, persists
essentially unchanged for the Ife of that cell, the average suniral time of
that cell can | be calculated from the DNA-turnover data. Such calculations

h e o

RN e

As noted earher,” these assumptions are subject to Limitations when apphed
to leuhocytes  Nevertheless, with these reservations, we have made calcu-
lations as others have done “Average surval ume” comprises the time
from the ongm of the leuhocyte 1n bone marrow or lymphatic tissue to its
demise. The objectives and assumptions underlying these studies on the in-
corporation of purines and pyrimdines wnto the nucleic acids of leuhocytes
have been detailed elsewhere ' ¥ Analysis of data on the incorporation of
adenme-8-C* into the DNA of leukocyles of a pauent with 2 leuhemod re-
action gwes 9 days as a first approximation for the average surswval time of
polymorphonuclear leuhocytes  The corresponding calculations on the DNA
of leuhemic polymorphonuciear leukocytes show that they survive about 23
days Interpretation of the lymphocyte DNA data 18 comphcated by the
decline, i two phases, of radicactivity i lymphocyte DNA first, an imtial
rapid decline, then a slow decline having a very long half time  Calculations
from the DNA of lymphocytes in chromic lymphatc leukerma before the slow
decline show an average survival tme of 85 days  Seme approuimate calcu-
lations on data from the results of double-labeling following ad
1 adenine and C* orotic acid suggest that the sunival me of lymphocytes
15 shorter 1n other patients with chrome lymphatic leuhemia,

1f 9 days 15 the survival time of the normal palymorphonuclear leuhocyte
m man, as mdicated by Ottesen’s data® as well as by my own,” and the av-

e b mork reported unths paper has been aded by a grant from the Commans exlth und,
ew York,

t Scholar of the Amenican Cancer Society, Inc, New York, N Y,
39
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phatic ducts of unanesthetized rats, Mann and Higgins* found that the lym-
phocyte count from thoracic or intestinal lymph fistulae fell progressively over
a 5- to 6-day period, accompanied by decreased urculating lymphocytes 1n the
blood. This decrease 1n output was independent of the rate of lymph flow
(providing free continous flow was oblained), and was not affected by starva-
tion, dehydration, or sham operations  These investigators were unable to
maintain lymphocyte cutput by the reinjection of fresh lymph, but the poor
condition of therr reinjected rats compared to that of controls indicates that
their lymphocytes were moribund. 1f lymphocytes are long lived cells that
recirculate, extensive losses via thoracic duct drainage would necessanly be fol-
lowed by a lymphopenia,

Gowans™ confirmed the findings of Mann and Higgins,™ and by careful
handling of lymphocytes prevented the fall in lymphocyte output upon re-
turming to the animal all its lymph and lymphocytes  Gowans developed an
apparatus to reinfuse lymph and lymphocytes intravenously at approuimately
the rate at which they had flowed from the thoracic duct. The wviability of
seinfused lymphocytes was judged by their mobility tn 1110, In contrast, lym-
phacytes damaged by ultraviolet irradiation or by heating to 56° or 45° C
{treatment that apparently resulted 1n their delayed death within 7 hours when
incubated 11 tifro) or cell-free lymph did not prevent the fall in output, We
conclude that entrance of living lymphocytes into the blood 15 essential for
maintaming the output of lymphocytes from the thoracic duct. The rein-
fused lymphocytes presumably heep thoracic output up by leaving the blood
and returning to lymph nodes or lymphatic vessels  The simplest interpreta-
tion of these results is that lymphocytes recirculate.

Another hine of important evidence helps resolve the apparent contradiction
between the short blood span calculated from thoracic duct cannulation data
and the longer life span calculated from 1sotope data. Let us consider the to-
tal mass of lymphoid tissue and lymphocytes in the body, the ratio of bleod
lymphocytes to thoracic duct output, and daily production 1n relation to aver-
age survival imes  The calculations here presented are not novel 1n the past
other nvestigators?®# have made sunilar calculations, but these have not been
widely accepted Lecause they have often been shrouded with details concealing
ther ment Recently, Patt® ¥ straghtfornardly discussed the myelowd-
erythroid balance in man, this sumulated me to make similar calculations on
tymphocytes i several species  These calculations are tentative However,
the order of magnitude of the results scems reasonably consistent with current
knowledge and 1t provides, as discussed below, a possible solution 1o the prob-
lem of how long lymphocytes survive

To start, Patt’s calculations™ on erythropoiesis i man give figures for red
cell prod based on a well-established survival time. In a 70-kg man
with a blood volume of 7 5 per cent and erythrocytes 55 X 10° cefls/mt , the
total erythrocytes m uirculation are 29 X 107 Since the average survival ime
of the erythrocytes 1s about 120 days, erythrocyte production must equal
24 X 10°° cells per day, that 1s, 10 X 10° cells per hour  From the cells pro-
duced per hour, and knowing the mitotic time 1n hours and the number of mi-
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erage survval time of leukocytes of both cell types is 13 days,’® 2 9 the nor-
mal lymphocyte clearly has a survival time greater than 13 days Ly rough
calculation, assuming that lymphocytes constitute one thitd of the leukocytes,
their survival time must be at least 21 days Ottesen, who studied the in-
corporation of P* mto the DNA of both cell types, suggested that some lym-
phocytes have a short survival time (3 to 4 days), and others a longer time
(100 to 200 days); in one patient 22 per cent of Jlymphocytes were shact lived
and 78 per cent long hved; in the other, 11 per cent short lived and 89 per
cent long hved,

Evidently lymphocytes, whether normal and leukemic, hive much longer
than previously suspected; Janeway™ stated, “So far as is known the usual
fate of normal lymphocytes i man 1s to survive a very few hours.” The idea
that lymphocytes are short-lived cells have been based largely on Iymphocyte
counts and measurements of flow in the major lymphatic channels of the body,
all with the tacit assumption that lymphocytes do not recirculate ? From
the very Jarge numbers of lymphocytes that regularly enter the blood by the
thoracic duct and the obvious conclusion, that since their number 1n the blood
remains fairly constant they must be disappeaning from the blood at the same
rate, average life spans of lymphocytes of between 2 to 12 hours, depending
on the species, have been calculated ' * 3 £ Tius line of reasoning fails to
distinguish between the time spent by the lymphocyte ntravascularly and
the true hfe span (or, as I prefer to call it, the average survival time) of the
lymphocyte  True life span includes the time during which the maturing cell
undergoes an unknown number of divisions m lymphatic tissue, plus the ac-
tual time spent intravascularly, as well 2s any time spent outside the vascular
bed Nevertheless, the observation that in most animals the thoracic duct
output of lymphocytes 1s sufficient to replace all the lymphocytes in the blood
several times daily® has prevented this distinction from being drawn even by
thoses aware of the necessity In the rag, for example, Gowans" estimated
that blood lymphocytes were replaced about 11 umes daily by the output
from the thoracic duct alone Smce lymphocytes enter the blood by other
rautes, this represents 2 mummum figure of the daily replacement rate  For
the dog, Yoffey gives a mmimal “daily replacement factor” of 2 06, and about
40 for the gunea pig® In the rabbut, Hughes ef a/™ estimated that the
Iymphocytes m the blood were replaced about 11 times daily of the outputs

of tharacic, cervical, subclavian, and nght lymphatic ducts were combned
pes PRI U SRR ) - P

" warda v £

N
span®

How are we to reconcile the thoracic duct cannulation data that suggest that
lymphocytes survive for only a few hours and the 150tope data that suggest
that lymphocytes are relatively longer lived cells?
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If we accept the figure of 14 X 10" lymphocytes in the 70-hg man, and
assume an as erage sun ival time of approximately 21 days, then the production
of lymphocytes would be 65 X 10% cells daly. This 15 approximately 6
times the number circulating in the blood at any one time, and a litide over 3
times the daily thoracic duct output.  This does not imply that 21 days 1s the
established fife span of the normal lymphocyte in man, however, our calcuta-
tions from 1sotope data indicate that the life span of the lymphocyte must be
of this order rather than hours, Nevertheless, of indeed we accept the idea
that the lymphocytes in the penipheral blood are only a very small proportion

the mean body weight of 27 rats was 172 gm. and the blood volume was 86
ml. With a lymphocyte count of 8 X 10%cu mm, the tatal number of lym-
phocytes in the circulation was 68 8 X 10% and thoracic duct output 768 X
10° cells/24 hours ™ On the basis of 1 per cent lymphatic tissue, the 172-gm.
rat has a total lymphocyte count of 3 5 X 10° cells, this 13 to be compared with
the circulating lymphocytes 7 X 107 cells and a thoracic duct output of 77 X
10%/24 hours

Taking 35 X 107 cells as the tota} lymphocytes i the rat, we can caleulate
the daily lymphocyte production, assuming a survival time of about 16 days,
denved from nucleic acid turnover of all lymphaid tissue exclusive of the thy-
mus? Thus, with this survival time, daily lymphocyte production ts 22 X 10*
cells, which is to be compared with 7 X 10" arculating lymphocytes and a
thoracic duct output of 7.7 X 10° cells/24 hours  Daily lymphocyte produc-
tion 1n the rat comes out as about one third that of thoracic duct output,
but three times greater than the number of lymphocytes in penpheral blood

T have made similar calculations on Yoffey’s 400-gm guinea pig wath a
blood volume 7 5 per cent of the body and a lymphocyte count of 4730,cu mm
In the guinea pig, lymphocytes in the airculation totaled 142 X 104 cells and
thoracic duct output was 480 X 10% cells/24 hours  Assuming again that the
guinea pig has 1 per cent lymphoid tissue, total lymphocytes in the body would
be 8 X 10° cells, which compares with 14 X 107 cells in the arculation, a
thoracic duct output of 48 X 107 cells per 24 hours, and a total of 3 X 10°
Iymphocytes that Yoffey has calculated are in the marrow of a 400-gm guinea
Mg Swmilarly, we can calculate from a total lymphocyte count of 8 X 10°
cells the daily production of lymphocytes in the guinea pig with the arbitrary
assumption that they have approumately the same survival time as lympho-
cytes in the rat, that 15, 16 days  With this assumption, daily lymphocyte
production would be 5 X 10* cells, which may be compared with 14 X 10*
Iymphocytes in the urculation and 48 X 10° cells ‘24 hours of theracic duct
output  Thus 1t would appear that daily production 1n the guinea pig ap-
prouimates thoracic duct output

One can cakulate the lymphocytes 1n man and the relation of the blood
Iymphocytes to this figure in another way  Osgood™ estimated that there were
3gm of lymphocytes n the cirenlating blood  Outside the blood, m lymphoid
uissue, there are approuimately 100 gm of lymphocytes (Osgood)® and 70
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toses per precursor cell, we can calculate the number of precursor cells in the
marrow as follows:

Number of precursor cells tn marrow (&) = cells produced per hour (F)

mitotic time in hours (1) n
mitoses per precursor cell (M)

According to Japa,” the mitotic index for the erythroid senes in marrow is
3 3 per cent, and from general data 43 minutes seems a reasonable 2ssumption
for the time of mitosts. Thus, ~
s -
AN = QMOIDLJ‘;(H = 230 X 10° nucleated erythroid cells in marrow  (2)
Similar calculations can be made for myelopoiesis 1n man  Since the distri-
bution of mitosis 1n myelord and erythrord tissue was 45 to 53, it can bLe
estimated that granulocyte and erythroid production will be in the same propor-
tion 1f the time of mutoss is the same 1n both series  The number of granu-
locytes produced per hour wiil thus be 8,2 X 10° cells  The number of pre-
cursor cells 1n the marrow may be calculated as follows
» R
N = ggz_goloolﬂz = 613 X 10" myeloid cells in marrow 3)
It will be seen that the number of myeloid cells, 615 X 10°, compared with
nucleated erythroid cells, 230 X 10% gives a reasonable M:E ratio The to-
tal polymorphonuclear production per day is 200 X 10° cells Taking the
average survival time to be 9 days for the granulocyte (this includes 3 to 4
days maturation time 1 the marsow ), the total of polymorphanuclear cells at
any one time in the body equals 1000 to 1200 X 10° cells In the arculation
at any one ttme there are about 23 X 10° cells, that 15, there are roughly 50
times as many granulocytes in the body as there are in the pertpheral circula-
tion These calculations are consistent with leuhophoresis in man®and the size
of the vascular pools, for example, 1n the lungs ®  Assuming the number of
granulocytes mn the penphery to be 50 tunes more numerous than those in the
pertpheral blood, we can calculate the proportion of lymphocytes m the pe-
ripheral blood to total lymphatic tissue.  All lymphatic ussue in the body can-
tatns large numbers of lymphocytes, and 1t 1s almost imposstble to survey a
tissue section under high-pow er magmficatton without encauntering one or two
lymphocytes per field There have beenv various esumations of the total
amount of lymphoid tissue Andreasen? gives extensive data for rats and estr-
mates total lymphoid tissue to be between 0.5 to 1 per cent of total body
weight. Yoffey® considers 1t possible that total lymphoid t1ssue 1s about 1 per
cent of body weight  If we accept 1 per cent of body weight as 4 reasonable
(Fsgoods?
cretore, the
mately one
s fig-
red with the 11 X 1u° cens cicuiaung ue uie periphera) blood

be compa
ure s to D with a daily thoracic output of 16 8 X 10° cclls in 24 hours

at any one time an
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ments of lymphocyte nucleic acids or nucleoproteins mediated by phagocytesis
Trowell reviews these observations in more detail elsewhere in this monograph.

The intimations of reutilization of lymphocytes provoke one to speculate
how their nucleic acids function. If nucleic acids provide templates for the
construction of different proteins, it would be reasonable to expect that the
presence of much nucleic acid in lymphatic tissue, which is an important site
of protein-antibody synthesis, imples the same role in these cells. Nucleic
acids in [y mphocytes would thus serve as templates for making antibodies and,
presumably, each of the numerous nucleic acids might make a different anti-
body.

D’ﬁpile our qualms, this hypothesis accounts for transfer of immune reac-
tions by the transfer of lyi mph nudcs or cells from lymph nodes Both the

hy nity' and h after cell transfer are too rapid
(o he caused b) lhc lmns(er nl lhc ongmul anugen with the ccl[s Since anti-
DN S P

body with time in the recipient,! !* 1t is likely that some self-replicating mech-
anism has been transferred.  If we accept a function of lymphocytes to be that
of depots of specific nucleic acids for production of antibodies, these observa-
tions can be readily interpreted as a transfer and reutifization of viable tem-
plates

The reutilization hypothesis would thus make less mystetious the appearance
of antibody long after himited contact between tissue and antigen. What-
ever the explanation, there is, as Medawar has pointed out, an *  extra-
ordmary feat of memory embodied 1n the secondary or ‘anamnestic’ response.”?
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gm in bone marrow; the latter figure is extrapolated from the guinea pig
(Yoffey's data)* to man. Osgood,” on the basts of 10 Iymphocytes per oil-
immersion field, suggested a further 1300 gm of lymphocytes in the rest of the
body. I we are very conservative and take one tenth of Osgood's figure (that
is, one cell per oil-immersion field), this gives 130 gm. of lymphocytes through-
out the tissues. That the total of lymphocytes outside the blood would be
300 gm., as compared with 3 gm 1n the blood (that 15, 100 lymphocytes outside
the bloed to every 1 within 1t) appears to be a conservative calculation. All
this is assumption, and all these figues are very uncertain, but one can use the
formulas for erythroid and myeloid production to calculate the percentage of
mitosis in lymphoid precursor cells. From calculations for the rat, mitosis m
all lymphoid tissue comes out to 0.1 per cent at any one time  This seems a
reasonable figure in the hight of Trowell's ebservations (personal communica-
tion) *! + cn - fen s nneT s ST . .,
1 per r
cent r

[ TRRISE ¥ IV T S,

how one may have large thoracte duct outputs and much lymph‘ocyte bmduc-
tion and still have lymphocyte survival consonant with 1sotope data,

The Reutilization Hypothests

What does the prolonged retention of radtoactivity following the admni-
stration of C** adenine and C* orotic acid in all four bases of the nucleic acids
of lymphocytes mean?'® 7 In our calculations on the survival time of lym-
phocytes this part of the curves has been 1gnored It 1s concevable that the
slow decline (with a half ume of nearly one year) represents a second type of
leukemic lymphocyte living much longer than our estimated 85 days Or,
might this slow decline represent the reutilization by lymphocytes of large
fragments of the nucleic actds or nucleoproteins of their predecessors®  Pres-
ent evidence, even with all four bases labeled and their radroactivity declining
1 patallel, does not permit decision between these alternatives

This postulated reutlization, if real, must include reutiization of large
fragments of nuclerc acids or nucleoproteins, as has been discussed pre-
viously ' ™ The unusually protracted retennion of radicactivity n Tympho-
cyte RNA, as well as in DNA, suggests that (here 1s reutilization of lympho-

tes
cyozher Linds of data speak mn favor of such a reutihization  The phagocytosis
of lymphocytes by reticulum cells n lymph nodes and the differentiation
of these reticulum cells into new lymphocytes bave been observed re-
pe.ﬂgd]y‘ 18 25 Trowell” recently described cells intermediate between re-
ticulum cells and large lymphocytes that still contain pyknotic remains of
phagocytosed smail Iymphogy}ci Others have m‘ade strmlar obSch:ulgns with



SOME PRORLEMS OF LYMPHOCYTE PRODUCTION*

By J, M. Yoffey, G, A, Hanks,
Department of Anatoney, Unisersity of Bristal, Bristol, England

Lola Relly
Dunner Laboratorv, Uni-¢rsity of Califormia, Berkeley, Coltf

Though lymphacyte production has been studied for many years, it still
presents a number of unsolvedt problems  One of the first, pethaps, is to de-
fine what a lymphocyte really is  Having done this, we should like to hnow
(1) where lymphocy tes are produced, and (2) in what numbers.  Furthermore,
the questions of the role of the lymphocyte and its ultimate destination also
become involved in the study of lymphocyte production.

What Is ¢ Lympliocyte?

Tor many years the Iy mphocy te has been studied with the ordinary miro-
scape, both 1n fixed preparations and i the living state.  In addition, in re-
cent years it has been studied by phase-contrast and electron microscopy, and
its absorption of ultraviolet light has also been the subject of attention A full
discussion of the structure and properties of the lymphocyte may be found
elsewhere (Voffey and Courtice, 1936}, 10 this paper we shall only touch Lnefly
upon some of the features that have been attracting our attention mn the last
few years

The gradation of sizes among the small, the medium, and the large lympho-
cy tes makes a rigorous separation of the 3 groups very difficult  Size measure-
ments are most readily made 1n fived smears, and here, as 15 well known, the
size depends upon the speed with which the smear 1s made as well as upon the
flud 1 which the cells are suspended  Thus, for many years 1t has been our
practice to prepare smears of thoracic-duct lymph only after resuspending it 1n
serum, preferabl orh It 15 generally stated that the
majonty of lymphocytes in thoracic-duct lymph are smail (se¢ Reinhardt and
Yoffey, 1957)  Although we have not made accurate measurements, we fre-
quently have the impression, when examining smears of thoracic-duct lymph
and comparing the lymphocytes with red blood cells, that they are 1n fact
rather medium 1n size than small

Whether medium or smali, howerer, 3 very distincine feature 15 the high
ratio of nucleus to eytoplasm (N.C), so that the cytoplasm may form only a
small tuft at one pole of thecell  This 1s especially marked in the thy mus and
the bone marrow, and in fact we now desenbe this type of cell as the “polar”
lymphocyte  In the marrow this polanty 1s a particularly mportant mor-
phologic criterion that 1s frequently mamtamed even when the cefl has en-
larged considerably and passed through a stage that has been interpreted
{Yoffey, 1957) as intermediate between the small lymphocyte and the blast cell

* The werk reported 1n this paper was suj rted 1n part by t [ \!
& Colman, Lid ,T;;ull, Enghndp et was suppo nr > @ grant from Mewrs Reclat
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see Conway, 1937) and at the most active phase of the cycle there is great mi-
totic activity in the germnal centers, so that 1t is difficult to regard them as
other than centers of lymphocytopotesis

However, the presence of numerous mitoses does not necessanly mean that
lymphocytes are leaving the lymphoid tissues; they could concervably multi-
ply and rapidly die tn site The data of Kindred (1942) gave some quanti-
tative indication of the extent of lymphocyte destruction in lymphoud tissue in
the rat, although on balance this destruction was very much less than the new
formation ‘e PYSTEE s ornem e

content of lymph draining a node It was shown that, after the injection of
this change was associated, after a short time (4 hours), with increased forma-

i an;' correlation could be established in stormal amimals between the structure
of lymphaid tissue and the rate of lymphocyte production It was thought to
be particularly desirable to work wath perfectly healthy arimals since, 1n these,
the mterpretation of the germinal center as a reaction center seemed far less
Iikely than in animals that had been given injections of antigen

For the purposes of the present study we selected the male guinea pig of the
Dunkhin-Hartley strain weighing approximately 400 gm , since we already had
accumulated, over a number of years, a good deal of quantitative information
about the hemopoietic system in this animal  With progessive improvements
mn techmque, the later results are in all probability much more accurate than
the eatlier  In the anesthetized animal, thoracic-duct lymph 1s denived mainly
from the abdomen (for full discussion, see Yoffey and Courtice, 1956) From
the work of Mann and Higgins (1930) 1t appearsthat this holds good even in the
unanesthetized ammal, at least m the rat Consequently, the lymphod
tissues from which thoracic-duct lymphocytes would be Likely to anise are (1)
the Peyer’s patches and solitary nodules 1n the intestine, and {2) the glandula
mesenterica magna, the large lymphoid mass at the root of the mesentery

Accordingly, 1 a series of 15 male guinea prgs of the Dunklin-Hartley strain,
weighing about 400 gm , the thoracic-duct lymph was collected by the tech-
nique already described (Remnbardt and Yoffey, 1957), and its lymphocyte con-
tent estimated over a penod of 2 hours The ammals were then sacnificed,
and the abhd ¢ tissue was h 1! after fixation
m Zenker-formol, sectmnmg at 3 g, and subsequent staining with Dominici’s
eosm-orange G-toludine blue, or hematoxylin and eosin

‘The data on lymphocyte output are presented n TABLE 1
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There is no other cell occurring diffusely throughout the body in large numbers
with the high N:C ratio of the [ymphocyte

Another distinctive property of the lymphocyte is its characteristic type of
movement, Ehrlich and Lazarus (1898), in conformity with the earlier views
of Ehrlich, were impressed by the fact that lymphocytes (1) possessed no dis-
tinctive granules, unlike those that Ehrhich (1879) had described in the gran-
ulocytes after the introduction of differential stawming, dnd (2) were incapable
of movement These investigators therefore concluded that the lymphocytes
were a distinct cell group, completely unrelated to any of the other celis 1n
the blood, bone marrow, or connective tissue.  Subsequently 1t was shown not.
only that lymphocytes could move, but that they did so very characteristically,
the nucleus forming a rounded head and the cytoplasm a short stumpy tal
(see Lews, 1931, 1933, De Bruyn, 1945) Rich (1936) and others have used
this typical movement to differentiate lymphocytes from other cells, though
De Bruyn's (1945) work has cast doubt on the validity of such a eniterion

The presence of a nucleolus in lymphocytes has been disputed by many, and
this has been thought to fit 1 with the concept that the small lymphocyte 1s
a mature cell, whereas the presence of a nucleolus has been regarded as evi-
dence of immaturity, Nucleoli tend to be obscured in air-dried smears,
though they can often be seen surrounded by an irregular coating of (DNA)
desoxyribonucleic acid (Pathak, Remhardt, and Yoffey, 1956). In supravital
preparations the nucleolt stain readily with brilliant cresy1 blue and frequently
appear to be perfectly spherical  Stockinger and Kellner (1952) obtained a
similar appearance m fived preparations, staining with methylene blue at pH
49. Pulvertaft and Jayne (1933), as well as Ackerman and Bellios (1955)
have observed nucleoli 1n iving lymphocytes by means of phase-contrast mi-
croscopy  Nucleol have also been seen in lymphocytes examimed with the
electron miucroscope (Bernard ef al. 1955, Pease, 1956)

Where Are Lymphocytes Formed?

As far as we know, lymphocytes are formed m the various members of the
lymphoid complex 1 erther diffuse or nodular lympheid tissue (the problem of

the germunal centers It 15 clear that germimal centers are not essential for
lymphocyte formation, and that this formatton can occur actively i the ab-
sence of these centers, which as a rule put i therr first appearance in early
postnatal life {Gyllensten, 1950, Gyllensten and Ringertz, 1934) 3 Even m the
adult there may be a considerable amount of diffuse lymphoid tissue, devord
of germunal centers, 1 which lymphocyte formation nevertheless 1s proceeding

actwvely . LU I
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Ficure 1 A group of nodules from expenment No 70, which had the hghest lympho-
cyvte output of the series  These are not as active as the group of nodules from the same
Iymphnode shown 1n FIGLRE 2 X90

flow there may have been httle discharge of cellsfrom thegland, and i fact they
could accumulate 1n 1t, but subsequently, perhaps even at a time when the
germinal centers were mactive, a large lymphocyte discharge might occur 1n
association with a copious flow of lymph  The most convincing experiment
therefore would probably be one 1n which there was a sustained high output of
iymphocytes over a considerable period This would allow time for stored
Iymphoacytes to be discharged, so that in the later stages one could be sure of
dealing with active lymphocyte formation

Such an experiment 1s No 70, m which, although there was a high lympho-
cyte output, the gland (¢IGURES 1 to 6) contained large and active nodules,
with abundant mitoses, but often very few surrounding small lymphocytes,
these Jatter must therefore have been discharged from the gland almost as rap-
aly as they were formed It 1s difficult to see how appearances such as those
found 1n this expeniment could be explained on any basis other than that active
formation of new lymphocytes was in progress

One gets the impression that these bulging, rounded, active centers may de-
velop considerable tension, and this view 1s further strenghened by the com-
pression of the surrounding framework of reticular fibers (see Comway, 1937,
Plate 3, and compare Rohlich, 1028) It 1s of interest that 1t was this type of
center that Heiberg (1933) d as ble of cytop , since the
surrounding nim of smail lymphocytes was missing  From an experiment such
as that just cited 1t 15 clear that 1t 1s precisely such a center that may be most
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Tavie 1
Troracic Ducr Lymprocyte Ovreur 1v 15 HEarmy Guinea Pics oF Tie
DuxaLw-HARTLEY STRAIN

First bour Second hour
53 436 | 0 94(—12%) 12 50 1 10(~13%) 9 00
55 450 | 1 14(+7%) 3310 1 00(—20%} 21.20
57 430 | 094(—12%) 15 20 0 83(—3%) 13 30
58 120 | 078(-21%) 11 00 1 39(+26%) 3070
61 397 | 1 11(+4%) 11 50 1 13(—10%) 7 30
63 420 | €70(-35%) 503 0 54(~57%)
3 419 | 1 46(+36%) 17 10 1 65(+31%) 18 70
70 470 | 0 98(—8%) 18 80 1 50(+19%) 29 80
78 408 | 0 75(—30%) 540 0 96(—21%)
79 410 | 129(+21%) 16 40 1 33(+10%} 13 60
8t 380 | 126(+18%) 12 90 2 03(+61%7) 15 00
89 10 | 121(+13%) 16 20 1 55§+zs%) 22 60
107 394 1 06{—1%) 10 60 0 84(—349%)
110 103 | 1 71(+60%) 18 50 1 75(+39%) 17 90
113 372 | 077(-28%) 16 50 1 09(—13%} 3330
Average | 416 | 107 144 116 153
(SE*=07) | SE=17) | SE =11 |(SL.=27

*SE = standard error of the mean

Correl Between Hislol 1App and Lymphocyle Output
ymphocy! i

Some obvious difficulties of mterpretation anse at the outset  Thoracic-duct
Iymph would contain only indirect-entry lymphocytes, that 1s, those that
reach the blood stream indirectly after first entermg the lymph stream  Di-
rect-entry lymphocytes (those that find therr way to the blood stream directly
by passing through the walls of blood capillanies in-lymphoid tissue without
entering the lymph stream) could be numerous, but no indicat:on of this would
he obtained from an examnation of thoracic-duct lympb  Such examination
can throw lLight only on the indrect-entry lymphocytes

We do not know how to decide, from histological examination of lymphoid
tissue, the relative proportions of direct- and indirect-entry lymphocytes that
1t 15 producing, although the data on DNA turnover that we report Jater
thns paper suggest that the durect-entry cells may considerably exceed the indi-

rect-entry ones .
However, even 1n relation to indirect-entry lymphocytes, obvious difficulties
2 e LA asa Tal -

25 WE DELEVL, LU viln we sixwsmes . . .2
(1937), 18 correct, and germinal centers undergo cyclic changes 1n activity, it 1s

possible that during a period of active Iymphocyte formation with poor lymph
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Fiorze 7 From expenment No 53, which had a low lymphocyte output  Note the
numerous Iy mph sinuses, the dumens of which are filed with small ly mphocytes, X35

AR YU TSRS VUN S VP LI N

true that the centers all appear to be tense and the cells rather tightly pached.
F1GURES 7-10, on the other hand, are from experiment No 53 in which there
was a lower cell output  The contrasting appearance of the germinal centers
betneen this and the previous expentment 1s most sinking  The centers here

B T

' . -
wl - \

and large lymphocytes

Lymph stnuses filled with lymphocytes may be scen 1n glands from ammals
wath exther hugh or tow lymphocyte output, but they tend 1o be more numerous
1n cases where the output 1s low and the flow of lymph less than normal  In
such cases the lymphocytes could stagnate and accumulate 1n the intraglan-
dular sinuses, forming a lymphocyte store that would be quickly mobilized:f the
flow of lymph were increased (FIGURFS 7 and 8]

Ve interpret FIGURES 9 and 10 as representing 2 stage of which active lym-
phocytopoiesis 1o the germinal center has come to an end. The center ap-
pears loose and but scantily filled, with large intercellular spaces. There are
but few lymphocytes in the centers, and hardly any miteses  The surrounding
nim of small lymphocytes 1s neither thick nor closely packed
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Ficure 6 A portion of an active germinal center A macrophage with an adjacent
medium 1y mphocyte in mitoses  The macrophage 1s sharply demarcater] from the sutosed.
g lymphocytes X840

active mn lymphocyte formation, but this may be obscured if the newly formed
lymphocytes are removed immediately from the periphery of the germinal cen-
ter (FIGURES 3, 4, and 5). Active nodules such as these are frequently sur-
rounded by dilated and almost empty lymph sinuses Presumably, as soon as
small lymphocytes enter the sinuses they must be washed away by the current
of lymph

In the guinea pig the lymph channels surrounding the nodules are usually
devoid of a sinus reticulum such as is found so conspicuously m the dog and
other mammals, and this makes 1t very easy to observe their Iymphocyte con-
tent It 1s not clea” hrv theemendl bl 0 o .
germinal center find
lymph sinuses  In R .
be able to migrate  Furthermore, in many centers there 1s often a zone of
active mitosis m the penipheral part of the center, close to the sinuses Spec-
ulations of ths nature do not take into account the occurrence of direct entry
This 1s difficult to observe histologically, for 1t means fiung lymphocytes in
the act of passing through the endothelium of the blood capllary  Even if
they were passing through at the time of fixation, the shrinkage and distortion
of the fixation might well complete the process

1t is in closely packed areas of large and medium lymphacytes that the most

umerous mitoses are to be found (FIGURES 3-6), and 1n such areas there are
often few or no macrophages present (FIGURE 6} Even when a few macro-



Ficrze 10. A part of the same center as that shown in 11GLRE 9, but at higher magmfi-
cation  Compare with the active center thown at the same magmfication in TIGURE 3, tn
which there are many tightly packed medium and farge lymphocytes X400

In summary, one may say that it 1susually, though not invariably, possible to
establish a fair degree of correlation betw een the histological appearance of the
glandula mesentenica magna and the lymphocy tesin thoracsc-duct lymph.  The
broad correlation betwcen the lymphoid nodules and lymphocyte output in the
normal animal 1s in accord with the view that the germinal centers are definitely
assoctated with lymphocyte production, whateyver other role they may or may
not have in the reaction of the body to notious substances

While it 15 true that lymphocyte formation can take place in diffuse lymphoid
ussue, even 1n the absence of germinal centers, 1t nevertheless seems to be nec-
essary for these centers to be present if peah levels of lymphocyte production
are to be attamed. They would thus seem to constitute a mechamsm for
boosting lymphocytopoesis to heights that it would otherwise not attain.

1t is of course also possible that there may be qualitative differences be-
tween lymphocyles produced 1n germinal centers and those formed elsew here
The changes occurnng n lymph nodes 1n response to antigenic stimulation
afford ample scope for speculation along these lines. However, the data here
presented have no bearing on this aspect of the problem

Peyer's palches. Although se have not attempted tomake quantitative est-
mations, the lymphoid tissue in the Peyer’s patches appeared to be at least as
active as that 1n the mesenteric lymph nedes, and occasionally more so (f16-
URES {1 and 12) The germinal centers tend to be larger in the Peyer's
patches than 1n the lymph node, while the mitoses are especially numerous in
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the peripheral part of the center, as is not infrequently the case in lymphoid
nhissue,

Cydie changes and 1ariation in Iymphocyte production It bas been evident for
some time that lymphocyte output, at any rate as measured by thoracic-duct
Iy mphocytes, 15 subject to great vamation (Yoffey, 1936). This could be ex-
plained most readily on the assumption that lymphocy topoiesis occurs in cy-
cles, (he great vanation thal is 10 be found in the histological appearances of
lymphoid tissue fits in admirably with such an interpretation,

Degencratire Changes i Actite Lymphord Tissue and Their Signtficance
A problem that always anses when one studies the histology of lymphoid

inclusim‘xs‘, descnibed bly Tlemming th 1885 as the “ungible Korper” have been
genenally interpreted as the remains of dead lymphocytes that have been -
gested by the macrophages.

There is no doubt that these macrophages can be well marhed in actisvely
growing tissue (see Kindred, 1942), and they have been interpreted as con-
vinaing evidence that the so-calfed germinal centers are n fact regions where
lymphocytes are dying mn large numbers (Ehrich, 1946, Dougherty and White,
1945)  Howeuer, the later experiments of Ehnich ef ¢l. (1949) i which theap-
pearance of enlarged germinal centers 1s associated with increased outflow of
lymphocytes from the node argue strongly against this  In the present ob-
servations, too, appearances such as those in FIGURES 1 to 6, indicating particu-

tehus (1951 and 1957) on the biphasic appearance of radicactive lymphocytes
in the blood after the admimistration of P2 Hanulton (1957) further suggested
that lymphocytes might thus serve as carriers of specific nucleic acid templates,
especially those concerned with antibody formation, and 1n this way one coutd
explain the capacity of the orgamsm to preserve its powers of antibody forma-
tion over many years It should perhaps be noted 1n this connection that our
knowledge of prolonged mmunity 15 sull beset with numerous uncertain-
ties, and other viens have been advanced

Thus, Burnet and Fenner (1953) inclined to the view that the production
of antibody was imuated by the entry of antigen into phagocy tic cells (macro-
phages), and that from these cells modified antigen was then transferred to
“reticulum” cells or other relatively undifferentiated mesenchymal cells i the
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Fiouxe 31 A part of a Peyer's patch from experiment No 70, which had a very high
n

lymphocyte output  Judging from the b gical the 1y
the Peyer's patches 1s at least as high as 1t 15 1n the lymph nodes X 90’
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Ficure 12 A field from FIGURE 11 at a higher magnification X400
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Fioore 13 A germunal center from the most active lymph node seen thus far, from a
guinea pig that had received injections of horse serum on altenate days for a fortnight
X150

cells, and with no indication of transformation into them (FIGURES 6, 13, and
14)

Qur most mteresting material 1n this connection 1s illustrated n FIGURES 13
and 14, taken not from a normal guimez pig, but from one that had been gnen
repeated intraperitoneal 1njections of horse serum every other day for a fort-
mght  Theglandula mesenterica magna of thisanimal contans the mast actwve
germinal centers we have seen  They are tightly pached with cells, and con-
tain mitoses. M: h are large and ct it
several of Flemming'’s stainable bodies  These may or may not be the remains
of lymphocytes, but 1t is by no means obvious that they are

In general, the tightly packed lymphocytes of the active germinal centers
show hardly any sign of cell death It will be noted further that here, too, in
this very active center, the zone of surrounding small lymphocytes 1s scarcely
n evidence (FIGURES 13 and 14) Tt seems clear that in the most active cen-
ters the small lymphocytes do not accumulate either mn or around the center,
but rapidly leave to enter lymph sinuses or blood vessels. Agamn one may
note that the macrophages m these active centers stand out very distinctly,
sharply demarcated from the lymphoid cells, with no indication whatever that
they may be transformed into them
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immediate vicimty of the macrophages Under condittons mducing active
antibody formation a varying number of these cells become active i protein
synthesis and take on the staiming qualities characteristic of plasma cells
There could possibly be genetic mutations in individual stem cells of the anti-
body-formmg series, giving rise to specific cell strains that might persist in the
organism for many years and perhaps throughout life.  Alternatively, one may

One further pomnt should be noted in connection with the reutiization hy-
pothesis, If the dying lymphocytes are the bearers of nucleic acid templates
needed for the synthesis of new antibody protein, one might expect them to be
most abundant and conspicuous in regions of active antibody formation  How-
ever, as has been elegantly shown by Coons and his collaborators (Coons, Le-
duc, and Kaplan, 1951; Coons, Leduc, and Connofly, 1955; Leduc, Coons, and
Connolly, 1935; White, Coons, and Connolly, 1935}, by means of the fluorescent
antibody techmque, the chief site of antibody formation in lymph nodes is in
the medullary cords, whereas the cortical nodules, m which the reutilization of
dead lymphocytes 15 thought to occur, are hardly involved in the process

It should also be emphasized that the presence of dead cells in areas of ac-
tive cell prohferation 1s by no means a phenomenon specific to the germinal
centers of lymphoid tissue  As De Bruyn (1948) points out, “mitotic activity
15 frequently accompanied with biotic ph in devel 1 proc-
esses,” He cites several observations to ths effect, including the review by
Ernst (1926), who “made a study of cellular degeneration and cell death dur-
1ng development and found it of general occurrence ma great variety of tissues
and organs throughout the vertebrates ™ The latter investigator inclined to
the wiew that dividing cells might generate a mitotic pressure that would dam-
age cells m ther vicimty  While De Bruyn (1948) thinks such a mechamsm
untikely, one undoubtedly frequently has the impression of tension developing
in germinal centers, and the disposition of the surroundmg reticulum fibers,
as noted by Conway (1937), seems to be explcable most readily on the basts
of their comp by a rapidly enl germinal center 1n a phase of active
growth It 15 pertnent 1n thus connection to refer agan to the studies of
Kindred (1942) who, with quantitative methods, found on occasion 2 surprs-
ingly high number of dead cells 1n the germunal centers

The hypothesis of lymphocyte reutihization sounds quite plausible  How-
ever, as Trowell (1957) emphasizes, no quantitative correlation has been estab-
lished between the number of macrophages present in germinal centers and
tymphocyte formatton. In this situation macrophages are very vanable in
their distsbution  On the rcuull‘zanlan‘ h}"PUlheSlS, tLhe more active the ger-

avtive e

and 4} ! .I-:ltlrlh'ermore, even when one sees these macrophages m actinve ger-
unal centers, they stand out distinctly, sharply demarcated from the Iymphoid
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Syovall (1936), who first clearly formulated the concept of a circulation of
Iymphocytes, thought that they absorbed toxins (both endogenous and exo-
genous) while in the tissues, and then returned them to the lymphoid tissues
where these toxins would be neutralized  Lymphocytes freed of toxins could
1hen re-enter the blood to start the cycle of toxuin-fixation once again,

Sjovall’s view s but one of many variations on a theme, first developed by
Virchow (1860), that lymphoid tissue is essentially defensive in its function
The history of this idea, and the way in which it has repeatedly assumed new
forms as older ones were shown to be untenable, is a fascinating instance of the
tenacity with which 1deas persist once they have taken hold. The literature
in relation to bactenal invasion and the production of antibodies has already
been reviewed elsewhere (Yoffey and Courtice, 1936). In recent years the
Iymphocyte has also been assigned a role in relation to the immunity to tissue
grafts (Medawar, 1945; Scothorne and McGregor, 1935, Algire o al., 1957,
Darcy,1949)  Weaver (1957) has descnibed how target cells, in porous chambers
10 which lymphocy tes hive access, seem to tie after the lymphocytes have been
m contact with them  This would suggest the lymphocyte as a mobile and the
plasma cell as a stationary source of antibody. Recently Hasmlton (1957) and
Trowell (1957) have given a new twist to the idea, as has already been noted,
and stead of recirculation of lymphocytes to fix toxins, they advanced the
concept of continuous reutilizatton to subserve antibody formation

This 15 2 somewhat different concept from that of Carrel (1923), who sug-
aneodd thqs cm gt 2 . r

PR B

oo
. [ e K :
tems “As punnes have been shown to be ponerful stimuli of phosphorylation,
or more precisely, since they act as phosphorus-translernng enzymes, our re-
sults may be interpreted to mean that lymphocytolysis furmshes not only
building stones, but also energy for synthetic processes "

When Sjovall (1936) first put fornard the idea of a lymphocyte circulation
be compared the lymph vessels and lymphoid tissues to a particle-containing
take and argued that if at any time there were more particles m the water
leaving the lake than entering 1it, this did not prove that the particles were nec-
essanly formed in the lake, but merely that they were present in it when the

conctuded that there was a shght rearculation of lymphocytes 1n the cat and
dog  Their data suggested that, for every 30 lymphocytes entening the blood
stream from the Jymph, 1 would find s way back 10 the lymph stream  To
the extent that the total lymphouyte output is greater than the lymphocytes
found 1n the thoracic duct, the ratio of arculating to noncircutating lympho-
cytes could be proportionately even less  The findings of Goodall and Paton
(1905-1906) and of Baker (1932-1933) indicate that in the cat and dog a sim-
tlar state of affawrs holds good for mntestinal lymph, the mamn source of thoracic-
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Reutihzation on any appreciable scale would also appear to render unneces-
sary the extensive synthesis of new DNA  In fact, however, lymphoud tissue
shows continuous and rapid DNA synthesis, as measured by the incorporation
of P®, This has been demonstrated by chemical estimation, as in the earher
work of Andreasen and Ottesen (1945) and 1n our own data It has also been
shown very clearly 1n radioautographs, such as those of Gyllensten and Rin-

canm=in 1A Nantnn 2t ] JANTAY wharn 1 hn cpnfinuila mlmpenloneal
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RN ne phenomenon

from another approach; namely, the passage of newly f_ormed lymphacy tes into

the blood (see also Hamilion, 1957, Osgood e/ al, 1952, Ottesen 1934)  The

concept of lymphocy te reutilization must therefore be regarded as a speculation
that 1s intriguing, but far from proved

The Problem of Lymphocyte Circulation
At various times the view has been advanced that the produc tion of lymphe
cytes in large numbers 15 more apparent than real and that, in fac1, the majority
)(,lhe ymphocytes are continuously recirculating between the blood siream,
Zn the gne hand, and the lymph vessels and lymphaid tissues on the other
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without any apparent effect either on the general condition of the patients or
the composition of the blood, whereas in the case observed by Courtice ¢f al.
the fistula was associated with impairment of the general condition and lower-
ing of the plasma proteins

Trom the point of view of the hypothes:s of a lymphocyte airculation, the
most interesting experiments have been those performed on animals. Mann
and Higgins (1950) maintained a thoracic-duct fistula in several instances for
6 days, Shrewsbury and Reinhardt (1952) for 4 days, and Glenn f ol. (1949)
for periods up to 12 days. More recently Gowans (1957) maintatned fistulae
for 4 days In all these experiments the thoracic-duct lymphocyte output
showed a steady decrease, while at the same time there was a fall i the blood
Iymphocytes At first sight, results of this type scem to fit n very well with
the concept of a lymphocyte circulation, but fuller analysis of the ways in
which lymphocytes can reach the blood mdicate that the situation is some-
what more complex than 13 at first evident.

Channels Through Wineh Lymphocyles Enter the Blood

The problem of lymphocyte production was for many years regarded as
synonymous with thoracic-duct Jymphocyte output, but an increasing body
of evidence is accumulating to indicate that this is not the case  There ap-
pear to be 4 major paths by which lymphocytes may reach the blood after
their formation  These are (1) the thoracic duct, (2) the right lymph duct
(3) other and probably smaller lymphaticovenous communications m the
thorax and abdomen, and (4) direct entry into the blood stream through the
walls of the blood capillanies in lymphosd tissue  We may refer to paths 1-3
as indirect-entry lymphocytes, since the lymphocytes reach the blood only
drrectly and must first enter the lymph stream, in contradistinction to those
reaching the blood by path 4, which are direct-entry lymphocytes

Most experimental attempts to assess lymphocyte production have con-
centrated on the indirect-entry (lymph-borne) lymphocytes  The mam lymph
ducts provide a convement bottlenech, where the lymph from the greater part
of the body can be collected and 1ts lymphocy te content esimated  Unfor-
tunately, the only duct that has been readily accessible 1s the thoracic duct
Tew direct observations have been made on the night lymph duct, while the
venous because of therr irregulanty i size
and distnt are pl unknown in this respect. Ev-
wently, thoracic-duct lymphocytes, if they are newly formed, are only a part
of the total lymphocyte output (Yoffey, 1936) However, how big a part?

Information about the number of lymphocytes reaching the blood via the
right lymph duct 1s scanty  Some abservations made by Warren and Drnker
(1942) in the dog suggest that at tumes the number may be quite appreciable
Since the cannulation of the night lymph duct presents considerably greater
techmical difficulty than does that of the thoracic duct, mformation concern-
ng 1t has also been derived from experiments in which the thoracic duct has
been cannulated after prelimmary hgation of the night duct and allowing time
for the enlargement of anastomoses between it and the thoracic duct  Hughes
et al (1956) found that 1n an expeniment of this kind in the rabbit the cell
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duct lymph in the anesthetized animal. Allen (1945) obtamed results of the
same order with diaphragmatic lymph in rabbits, but also thought that the
tissue fluid, exemplified 1n this mstance by the peritoneal fluid (Allen, 1936;
Maurer ef ! 1940), contained 4 to 5 times as many cells as peripheral lymph
Nit (1932) in the leg lymph of 10 rabbits found a mean count of 2230 cells
per cu. mm., of which 4.14 per cent were erythrocytes, the range being 1100
to 3550 Okaue and Hojo (1935-1936) found, in 15 rabbits, counts of the
same order m leg lymph, but a considerably higher count in testicular lymph,
the mean on one side being 2853 cells per cu. mm. and on the other 3541 per
cu. mm , about 90 per cent of the cells being lymphocytes It 1s possible that
there may be more cells entering penipheral lymph in smaller animals than
in larger ones, and this may contribute to the fact that the thoracic-duct lym-
phocyte output tends to be higher in the smaller (Yoffey and Courtice, 1956,
their Figure 83, page 343) If lymphocyte production 1s also increased, then
the ratio between cells in peripheral and central lymph need not be markedly
affected,

In view of the relatively low lymphocyte concentration in peripheral as
compared with central lymph, one must assume that if an extensive circula-
tion of lymphocytes occurs, 1ts most likely site would be in the actual substance
of the lymphoid tissues themselses, as suggested, for example, by Farr {1951)
and by Fichtelius (1953) However, 1t 1s very difficult (o see how the struc-
ture of the lymph node would accord with the concept of lymphocyte circu-
lation on an extensive scale.

In terms of the structure of the lymph glands, the lymph sinuses are the
obvious counterpart of Sjovall’s lake, and 1t 15 true that on occasion (FIGURES
7 and 8) one sees i mtraglandular vessels accumulations of lymphocytes that
would accord with the analogy of a lake However, this appearance 1s in-
frequent, and 1s presumably due to a temporary stagnation of lymph  When
an active current 1s resumed, the “lake” would rapidly clear Apart from
the lymph channels, the diffuse lymphoid tissue and the germinal centers ap-
pear to be areas of active cell‘ growth, not cf cell storage The evidence of

the work of Gyllensten and Ringertz (1954), and Gyllensten ¢ a! (1956)

showing by radtoautographic methods the rapid uptake of DNAP? in germnal

centers, seems difficult to explam on any other basis than that of acuve cell

multiplication, and this 15 further substantiated by the data on DNA syn-

thesis of Andreasen and Ottesen (1945), Fichtelus (1953), and those that we
present later m this paper

In recent years the concept of a lymphoc}"(e Cl:’culallon has recerved its

main support from exr based on f i ge of lymph from

the thoracic duct  Such prolonged drainage has been made possible by the

O mantam (\fann and Higgins, 1950; Shrewsbury and Remnhardt,

ats, Glenn et ol , 1949, with dogs, Courtice

1, 1933, n man) In the experiments of

was draining quite freely for 2 to 11 days
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output of the thoracic duct was approximately doubled. As agamst this,
Glenn et al. (1949) found in the dog that higating the right Jymph duct made
very little difference to the cell content of lymph from the thoracic duct. Al-
though these results are not therefore conclusive, they do suggest that one
must seriously reckon, at any rate in some ammals, with the possibility that
Jarge numbers of lymphocytes occasionally may enter the blood via the right
lymph duct.

Ths is not a very precise conclusion, but the posttion is even more obscure
with the 2 remarning groups of lymphocytes: those reaching the blood through
lymphaticovenous channels other than the thoracic or right lymph ducts and
those entering directly. The obvious way of overcoming all these diffi-
culties is by a study of lymphocyte formation at 1ts source, tn the lymphoid
tissue itself, and this has been ¢~ o o o
(1942) and of Andreasen and N
over, as has been done by +
Ringertz (1954), and as reported in this paper. Kindred (1942) made his
calculations on the basis of both 1-hour and 30-minute mitotic cycles. In
the former case he estimated there was a total lymphocyte production of 2.8 X
10% per 100 gm. per hour and, in the latter case, 69 X 10% per 100 gm. per
hour, This compares with a figure of 1 1 X 10% derived from counts of tho-
racte-duct lymph (Hungerford, Reinhardt, and Li, 1952). Working with
Kindred’s data, Leblond and Stevens (1948) calculated that the lymphocytes
in lymphord tissue must have a mean doubling time of about 48 hours. An-
dreasen and Christensen (1949), who also studied mutotic activity 1n the lym-
phod organs of the rat, worked with 1solated nucler and used the atric acid
techmique to obtam their nuclear suspension

‘The alternative to a study of mitoses in sections 15 the determination of
DNA turnover The evidence derived from turnover studies suggests that,
including the thymus and the itestinal lymphoid tissue, the total output of
lymphocytes m the guinea pig may be about 2 5 times as great as the thoracic-
duct output, Even 1f 1t should therefore transpire that a large number of the
cells 1 thoracic-duct lymph are recirculating and not newly formed, and even
1f this holds true in the case of the other indirect-entry lymphocytes, the data
on DNA turnover nevertheless indicate the massive formation of new lym-
phocytes on a large scale, and one would then have to postulate that these
enter the blood directly. ‘Therc woul(‘l ‘be a daily x:eplaceme_nt factor (DRF)

wnditect-entry lymphocytes are rearculating  However, in either ¢gse we
must assume, on the basis of the DNA turnover figures, that the direct-entry
lymphocytes are considerably more numerous than the indirect-entry ones
In the case of the guinea pig the direct-entry lymphotytes would appear to
be approﬂmi\lely 2 to 3 times as numerous as those reaching the blood via
the thoracic duct The D 1rano(that s, the xa}\o of direct-entry to mndirect-
entry lymphocytes) presumably could be even higher, and 1t may be, in cascs
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such as these, that one finds a lymphocytosis developing during the course
of an experiment in which the thoracic duct is cannulated and its lymph di-
verted to the exterior (Sanders e a! , 1940). A high rate of direct entry makes
it impossible to calculate the index of lymphocyte replacement on the basis
of the thoracie-duct lymphocyte output, as was attempted in earher work
(cf. Yoffey and Courtice, 1956). Furthermore, 1t renders much more dif-
ficult the quantitative study of lymphacytosis and lymphapenia, although the
more himited knowledge of thoracic-duct lymphocyte output mght still be of
some value as an indication of trends in lymphocyte production, if 1t could
be established that the D:1T ratio is approximately constant,

Assessment of Lymphocyle Production by Means of DX A Turnoter

In view of the difficulties of assessing lymphocyte production by studying
the cell content of thoracic-duct lymph, or even those of the thoracic duct and
the nght lympb duct combined, it was decided to mvestigate Jymphocyte pro-
. ' S e e, . . o

mto DNA only when 1t 15 being newly synthesized. The incorporation occurs
during interphase n preparation for mitosis, and therefore the rate of DNA
synthesis as measured by isotope mcorporation is a direct measure of the rate
of mitosis, that 1s, of new cell formation (Leblond and Walker, 1956; Thomson
el ol., 1953)

Some excelient work on DNA turnover in lymphoud tissues has already been
done by Andreasen and Ottesen {1944, 1943) 1n rats In therr first studies
{1944) labeled phosphate was admmistered subcutaneously and was estimated
1n the DNA of lymphod organs 2 hours and 42 hours later  The activity of
DNAP¥ was then compared with that of plasma phosphate, The data of
these investigators showed that 1f over a period the newly formed nucleic acid
in the thymus = 100, then intestinal lymph nodes = 15 6, lymph nodes of
lungs and skin = 175, spleen = 163, and Peyer’s patches = 105 Thus
they found DNA turnover much greater m the thymus than in other lymphoid
tissues  Their 1945 study confirmed this  “A large nudeic acid turnover 1s
observed in the lymphoid organs The greatest renewal takes place in the
thymus, the rate of renewal 1n the mature anmmals being 5-6% during the 3
hours’ expenmental period  The corresponding figures for the lymph nodes
and spleen are only 1,?% ”

T .
:\t\‘re review by Leblond and Walker, 1956) the general principle became es-
tablished that all cells, with some munor exceptions, contain the same amount
of DNA, and it therefore became possible to calculate cell production from
DNA synthesis. In the present paper there are presented the preliminary
results of an attempt to assess in this manner the production of cells in lym-
phoid tissue. However, 1t should be emphasized that the results are only an
approtimation, and later may need revision.
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Experimental detarts, Tor the determination of the rate of DNA renewal 16
male guinea pigs (mean neight, 412 pm ) were injected intraperitoneally with
90 wc. of NadIP"0,. One hall of the animals were sacrificed at 2 hours
and the remainder at § hours. In dissecting out the lymphoid tissue an at-
tempt was made to include as many of the macroscopically visible nodes as
possible,  Mean weight was 0 38 per cent of body weight.  The group entitied
“cervical” inciuded the nodes from the nech. region and also the aviilary and
ingumnal nodes. The group entitled “mesentenic” ncluded the nodes at the
roat of the mesentery, the tenal, hepatic, and tumbar nodes, and also the
medustinal nodes. ‘Thymus and intestinal lymphort tissue have nat been
inctuded, The specific activity of the acid-saluble phosphate and DNA phos-
phate were determined alter isolation by 2 modified Schmidt-Thanchauser
techmque. The cell numbers 1n the various groups were determiped in 4
ammals by analyzing for 1otal DNA content by the method of Schnerder (1945)
and dividing by the average amount of DNA per cell obtained by the same pro-
cedute on a suspension contammng a known number of cells
. The percentage renewal per hour for DNA was calculated by the fallowing

formuta

(DNA S-hour SA* ~ DNA 2-hour SA) X 106
Average SA of aad-soluble phosphate 3 hours

A summary of the results 15 given m TABLE 2, and 2 number of comments
must be made The splemc contnbution is unexpectedly ngh.  1f one com-
pares our resufts with Kindred’s {1942) estimates in the rat, his figure of
676 X 10* lymphorytesper 100 gm per day ona L-hour mitotic cycle, of 166 X
10* on a hatf-hour cydle, 15 stdl well below the present figure based on DNA
turnover, namely {m a H00-gm gunea pig) 1320 X 10%  one includes the
splemc component, 984 X 10° 1f one excludes it As far as the Bristol figures
are concerned, the thoraciluct output per day (TaBLE 1) = 358 X 10%ona
purely mbred stram, the Dunkin-Hartley (mean weight 416 gm). The
Caldornia figutes (Tanie 2), based on DNA turnover, were obtaned with 3
mixed colony of unknown strams and of approximately the same mean weght
as the Bastol serjes (raprr 1),

The splenic output of new cells, as just noted, is surpnsingly large 1t
may be that 1 part ths 15 due 10 7 hrmted production of erythrocytes, not
of lymphacytes The precse estimation of splemic lymphocytopoesis has
always been a source of difficulty (Yoffey and Courtice, 1936}, and the presence
of four of erythropoiesis and granulopoiesss in the smaller laboratory amimals

dditional c when attempling to estimale it on the
basis of the DNA turnover However, wn the guinea pig this splemc hemo-
potesis does not seem to be 4s ntense as in the rat or mouse

The dady formation of new lymphocytes as measured by the DNA turn-
over in the “'mesenteric” nodes s 600 X 10¢  This compares with a thoracic-
duct sutput (tarir 1) of 356 X 109, which would not be draining al) the me-
diastimal nodes  This correspondence between the 2 methods of estmating

T8 A specific activities  These ase calculated as counts per munute {cpr; NA
phosphorus . 106, dinwded by rpm myccted pet gram {epm) pee g D
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TaB1E 2
Lyarrom Tissue RENEWAL 1N GuiNEA Pics
(Male mean weight = 412 gm )

PV | spean acu sotub Catculated cell
activity® Mean acid soluble ‘alculated ce!
Mgt il o | Touten | St

ot

2 hours | S hours

“Mesentenc” 62 | 120 130 15%/he | 17 X 100 | 25X 10
nodes

“Cervical®nodes | 40 | 80 127 119%/hr | 13X 105 | 16 X 10¢

Spleen 411 79 119 110/me [ 13X 100 ] 18X 10¢

* Specific activities are calculated as counts per minute (cpm) per mg DN A phosphorus
times 100 divided by cpm injected per gram

lymphocyte production might mean that the direct-entry lymphocytes are not
so numerous after all, and also that the bulk of the thoracic-duct lymphocytes
are newly formed  On the other hand, it could still be argued that the tho-
racic-duct lymphocytes are recirculating, while the newly formed lymphocytes
enter the blood directly
In order to measure exactly the rate of DNA synthesis one would have to
know the specific activity of the immediate precursor. As an approximation,
the data 1 TABLE 2 are based upon the specific activity of the acid-soluble
phosphate It 1s exceedingly probable that the true values do not differ from
this by as much as a factor of 2, but this 1s a major source of uncertainty in
our calculations
Finally, 1t 1s to be noted that the data 1n TARLE 2 do not include the thymus,
Peyer’s patches, or solitary intestinal nodules * In view of the observations
previously noted 1 the present paper about the high degree of lymphocyte
b3 + 2o T ade matohag ae wedead he hetolomen) sxamination (FIGURES
tinal lymphoid tissue

The Lymphocyte in Bone Marrow

sulation,
a . became
Avunwuie (e . . 1, 1954,
Harris, ef al , 1956; Yofley 1955, Yoffey 1936, Yoffey 1957)  Wath the recent
data of Hudson (1958) on marrow volume, 1t 1s now possible to cakulate the
tr % e eenilatn of the marroyw For every hmphoiyte normally

via the thoracic duct, and 23 are jn

Iymphocyte formation are based on

f)NA trnover studies, the daily preduction in the guinea pig 1s about 2 5 times
the thoracic-duct output  Therefore, as far as numbers are concerned, the
lymphocytes m the marrow could readily be derned from those produced 1n
lymphord tissue.

ki doubtless make a
. titional Iy mphocytes from these sources woul consulcrable
;.dd.::: l;:zdl‘}:c‘lu(al  Reference has alreads been made to the Importance of the thy mus 1n

the formation of lymphocy tes
7
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1t 1s important, however, before discussing this problem further, to bear
i mund that the identity of the marrow lymphocyte has been the subject of
a great deal of controversy.  Sabin ef al. (1925) were of the opinion that there
were few or no lymphocylcs n normal marrow, but that the cell that was so
regarded was their “primitive” cell.  They maintained at first that by means
of the supravital staming techmque the primitive cell could readily be dis-
tingwshed from the small fymphocyte. Inaddition to the morpholegic criteria
that made this distinction possible, these investigators asserted: “These prim-
stive cells are not very numerous; they are pretty evenly scattered throughout
the marrow *  I'rom a quantitative point of view, 1t would be difficult to
apply the description “not very numerous” to the marrow cells that we have

PR T a oo s s

As far as morphologic cniteria are concerned, 1t 1s of interest to note that m
later publications Sabin and her co-worhers became rather more dubious about
the distinction between the 2 cell types. Thus, in 1936, Sabin e al. wrote.
“  this cell, though it Jooks much like the small Iymphocyte, lacks certain
signs of differentiation. The differences though meagre are worthy of con-
sideration.” By 1938 Salin and Miller had come to the conclusion that the

hologic enitena for disti primitrve cells from small lymphocytes
were unsatisfactory, though they concluded on other grounds that the 2 cells
were distinct and that the small lymphocyte was a mature functioning cell.
These grounds were (1) the experiments of Wiseman (1931} on the lymphocyte
response to foreign protewns, and (2), the mvolvement of the lymphocyte 1n
the response to tuberculous infection  In the light of fater work these grounds
do no appear adequate

The problem 1s fundamental e think that these cells are small lym-
phocytes, for the following reasons

(1) They are morphologically indistingmshable from small lymphocytes,
whether 1n supravital preparations (Schwind, 1950) or in dned smears  This
15 1n agreement with the view expressed by Sabmm and Muiler (1938), the tran-
sitional cell (Yoffey, 1957) was not described as such by Sabin ef a! (1925)
butlwas mmplicit 1n their work, and 1t ntroduces an obvious source of dif-
ficulty

(2) These cells are present in the marrow in very large numbers, but there
15 o sign of their formation 1n the marrow

{3) They are frequently seen 1n the marrow sinusoids as well as in the mar-
row parenchyma, and the cells i these 2 situations are mdlstmgulshable from
one another  The cells in the 1ds must p. be tes, no
one has yet suggested that there are numerous * pnmmve cells m the arculat-
g blood  We not infrequently see such surprisingly large numbers of lympho-
Cytes In the cmusaids that wa have rpme te prmalos o cnan <1 dae
forat I .

) . . . . o
lymp . \. 1 e
compounds E and F had no obvious effect on the marrow lymphocyles {see
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also Yoffey et al , 1951; Hudson ef ¢l , 1952). However, Fruhman and Gordon
(19552, 1955b), also employing a quantitative techmque, subsequently showed
that m the rat both corticosterone and hydroxycorticosterone exerted a lym-
phopenic effect in the marrow.

However, even 1f 1t be admitted that these cells are lymphocytes, the ques-
tion as to whether they are myelogenous or hematogenous is such a funda-
mental one that 1t merits the fullest consideration The numbers involved
are such that, 1f lymphocytes are being formed in the marrow and discharged
into the blood, they could constitute a very substantial addition to the al-
ready large number of lymphocytes entermng the blood from other sources
Thus, 1f the marrow lymphocytes had a doubling time of 24 hours, this would
be equivalent to a daily replacement factor (DRF) of 20, while a doubling
time of 4 days would still be equwvalent to a DRF of 3, the problem of the
large numbers of lymphocytes daily passing 1nto and disappearmg from the
blood would thus become more perplexing than ever.

On the whole, the evidence appears clearly to favor the view that the marrow
lymphocytes are hematogenous m origin and not myelogenous The main
reasons for this view are:

(1) There s no organzed lymphoid tissue, either nodular or diffuse, in the
marrow, such as 1s associated elsewhere with lymphocyte multiplication.

(2) The lymphocytes are for the greater part scattered diffusely throughout
the marrow parenchyma  This 1s the type of distribution one would expect
if there were random mugration of lymphocytes into the marrow from the
blood

(3} There is no evidence of homoplastic formation of lymphocytes in the
marrow (for full discussion, see Yoffey and Courtice, 1956)  The existence of
the “transitional” cell cannot be nterpreted as evidence of hetergplastic for-
mation of lymphocytes from blast cells, but rather as a change m the reverse
direction  This, incidentally, would mean attributing to the small lympho-
cyte 1n bone marrow the role that Sabin ef al (1925) attnibuted to the “prim-
1tive” cell

(4) The marrow lymphocytes can increase raprdly m a penod that is too
short to cover their local multiphcation (Hamns ef @/, 1956), under such
circumstances they must be hematogenous mn origin Thgre 1s abundant
clinical evidence on these lines In conditions of maturation arrest, more
especially of the myelod cells, there can be a rapid and massive accumulation

of lymphocytes m the marrow, again without any evidence of multiphcation
an sttt When normal maturation 15 resumed the lymphocytes disappear from
the marrow with equal rapidity without any evidence of thewr discharge into

d
theTl:x‘z(:zuxfu:mn experyments 1f the lymphocytes that enter the blogd are des-
tined to leave 1t m the bone marrow, and there to become stem cells for the
Aevelopment of erythrocytes and granulocytes, one would expect that, fol-

be‘mg transfused should resemble as closely as pussiuiv Livse svisiany entel
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the blood, ¥t is here, in the selection of donor }ymphocytes, that the first
major element of daubt anses.  Lymphocyte suspensions abtained by mincing
Tymphoid tissues, apart from the possible damage incurred duting preparation,
ight consist in the main of cells that wese not at the cosvect stage of devels
opment. ‘Thoracic-duct lymphocytes, on the ather hand, would appear to be
free fram such objections, provided they da not belong to a special recirculating
TOU]

§ T&f\e expenments of Campbell and Ross (1952), who used thoracie-duct
Iymphocytes, yielded negative results m that the transfused lymphocytes failed
1o give protection Apart from the pownts already raised there may be a
number of reasons for this failure, and expenments on these lines need 1o be
repeated with a number of modifications before they can be regarded as fle-
cisive. It may be that scrupulous care should be exercised in the manspufation
of the lymphocytes n the time between their collection and subsequent trans.
fusion  Thus, Ebert ef al. (1940) noted that lymphocytes nere very suscep
tible to pxygen shortage, an obseriation borne out by the tissue culture ex-
persments of Trowelt (1955).  Turthermore, the experiments of Harris (1956),
who studied the changes in guinea pig bone marrow after nonlethal doses of
irradiation, seem to indicate that a very Jarge number o} }y mphocytes accumu-
late in the marrow belfore regeneration of the erythroid and myeloid senes
really gets under way.

Tt 15 possible also that normal (but not irradiated) marrow contains sume
spectfic stimulus to further lymphocyte development. Even if 1t s true that
Iymphocytes are filtered out of the blood stream into the bone marrown to act
as stem cells, one must postufate that the simulus to the final lymphocyte
transformation must be localized 1 the marrow, or at any rate must operate
only after these cells teave the lymphosd tissues, since othenvise these tssues
would function regularly as sites of erythropoiesis and myelopotesss, instead
of doing so only on rare and inftequent oceasions

That transfused cefls from normal donors can multyply 1n the hemopoietic
system of utadiated animals has been shown clearly by using donor cetls with
a specaal biological marking.  Thus Ford ¢f al (1936) transfused ceils from a
strain of mice that had an atypical chromosome, so that the donor cells conld
be wdentified teadily 1n the reapsent uissues  Cell suspensions prepared from
the spleen were readily idenufied mn the reapient marrow  Nowell o ol
(1936) injected rat marrow cells antravenously mto wradisted mue and sub-
sequently wlentified them readdy, stnce rat leuhocytes mive a strongly positive
histochemual reaction for alkaline phosphatase, whereas those of the mouse
are negamve  Porter (1957), working with rabbits, injected marrow sus-
pensions from a female into irtadiated males and wdenufied the donor cells by
thewr charactenstic drumstick appearance

However, it is still not clear whether some humoraf factor may not also be
involved  Though Urso and Congdon (1957} have shown that the success
of marrow transfusions is closely related to the number of cells mjected, this
does not aftogether rule oul 2 bumoral factor  Allen o o (1956) found that
celi-free splemc plasma from normat rabbits exerts a definnte protective actson
when given mtrapentoneally to wradiated rabbits  Hilfinger ot af (1933)
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also Yoffey e al , 1951; Hudson ef al, 1952). However, Fruhman and Gordon
(19552, 1955b), also employing a quantitative technique, subsequently showed
that 1n the rat both corticosterone and hydroxycorticosterone exerted a lym-
phopenic effect 1n the marrow.

However, even if 1t be admitted that these celis are lymphocytes, the ques-
tion as to whether they are myelogenous or hematogenous is such a funda-
mental one that 1t merits the fullest consideration  The numbers nvolved
are such that, if lymphocytes are being formed 1n the marrow and discharged
into the blood, they could constitute a very substantial addition to the al-
ready large number of lymphocytes entering the blood from other sources
Thus, if the marrow lymphocytes had a doubling time of 24 hours, this would
be equivalent to 2 daily replacement factor (DRF) of 20, while 2 doubling
tune of 4 days would still be equivalent to a DRF of 5, the problem of the
large numbers of Jymphocytes daily passing into and disappeanng from the
blood would thus become more perplexing than ever.

On the whole, the evidence appears clearly to favor the view that the marrow
lymphocytes are hematogenous n ornigin and not myelogenous The main
reasons for this view are

(1) There 15 no organized lymphoid tissue, either nodular or diffuse, in the
marrow, such as is associated elsewhere with lymphocyte multiplication

(2) The lymphocytes are for the greater part scattered diffusely throughout
the marrow parenchyma  This 1s the type of distnbution one would expect
if there were random mugration of lymphocytes mto the marrow from the
blood

(3) There 15 no evidence of homoplastic formation of lymphacytes in the
marrow (for full discussion, see Yoffey and Courtice, 1956). The existence of
the “transitional” cell cannot be wnterpreted as evidence of heteroplastic for-
mation of lymphocytes from blast cells, but rather as a change in the reverse
divection  This, incidentally, would mean attributing to the small [ympho-
cyte n bone marrow the role that Sabin ef ol (1923) attubuted to the “prim-
1twve” cell

(1) The marrow lymphacytes can increase rapidly in a period that 1s too
short to cover their local multiphcation (Harris ef af, 1956), under such
circumstances they must be hematogenous mn ongin  There 1s abundant
clmical evidence on these lines In conditions of maturation arrest, more
especially of the myelowd cells, there can be a rapid and massive accumulation
of lymphocytes m the marrow, again without any evidence of multiphcation
e stn When normal maturation is resumed the lymphocytes disappear from

the marrow with equal rapidity without any evidence of their discharge into
the hlood

Transfusion expervments If the lymphocytes that enter the blood are des-

yned 1o leave 1t 1 the bone marrow, and there to become stem cells for the
development of erythrocyles and granulocytes, one would expect that, fol
lowing lethal doses of irradiation, the transfusion of lymphocytes would effec-
tively stimulate marrow Tegeneration and so save hfe In planning such
experiments it would obviously seem desirable that the lymphocytes that were
berng transfused should resemble as closely as possible those normally entering
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found that the cell-free supernatant fluid from marrow suspensions had a
marked protective action when injected into irradiated rabbits 3 days after
wradution, It may be, therefore, that 2 factors are required, cells and a
humoral adjuvant; spleen and bone marrow contain both these elements
(lymphoid tissue does not contain them).

In the eatlier experiments of Jacobson ef al. (1951) 1t was noted that shield-
ing of the ntestine or the liver afforded a high degree of protection against
irradration damage (see their Table V, p 690), and it 1s probable that in the
process of shielding the Liver they also shielded some of the abdominal lym-
phoid tissue. They themselves attributed the effectiveness of the intestinal
shielding to “reticulo-endothehial constituents ” In view of the observations
made earlier in this paper on the lymphocytopoetic activity of Peyer’s patches,
it 1s clear that the shielding of lymphocytes may be a factor to be considered
It 1s obviously desirable not only that lymphocyte transfusion experiments be
repeated and amplified 1 a number of ways, but also that these shielding
expentments be confirmed and extended.

That there is a close cellular kinship between the bone marrow and the
lymphoid complex is mndicated by the fact that transfusion of marrow cells
into irradhated amimals stimulates the regeneration of the lymph node and
thymus (Jacobson e/ al , 1954; Congdon and Lorenz, 1934, Fishler et al., 1954,
Urso and Congdon 1957, Porter, 1957) The work of Urso and Congdon
(1957) suggests that here, too, there 1s a quantitative relationship between
the number of marrow cells transfused and the speed and extent of thymic
regeneration  Repopulation of lymph nodes and thymus by marrow sus-
pensions presumably can be effected only by lymphocytes and thymocytes
or by 2 common stem cell, either alternative raises difficult problems.

The experiments of Urso and Congdon (1957} bring out one further point
worthy of note The depleted marrow can rapidly remove large numbers of
cells from the blood It may well be that 1t 15 marrow depletion that is the
primary factor n the uptake of large numbers of lymphocytes from the blood,
as 1n the expeniments of Harns ef al (1956) The depletion i this mstance
was due to the discharge from the marrow of large numbers of granulocytes
1n the space of four hours

Should 1t eventually prove that lymphocytes are not filtered out of the
blood by the bone marrow to function as stem cells, then the problem of the
marrow cells that occur n such large numbers, which we consider lymphocytes
for reasons already given, becomes even more perplexing than it 1s at present
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EFTECTS OF STEROIDS ON ASPECTS OF THE MLTABOLISM AND
FUNCTIONS OI' THE LYMPHOCYTE: A HYPOTHESIS OF
THE CLLLULAR MECHANISMS IN ANTIBODY 1ORMA-
TION AND RELATED IMMUNE PHENOMENA*

By Abraham White
Department of Biochemsiry, Albert Linstesn College of Medione, Veshita Universaly,
New York, N. 1

The lymphacy te has been established as an end cell of the action of certain
adrenal sterads '?  The admnistration of cortisone or other glycogemc ad-
renal cortical steroids in a variety of species, including man, preduces involu-
tion of lymphoid tissue, with charactenstic histologcal alterations in lymphoid
structures 2+ % Acutely, injection of one of these adrenal cortical steroids wilk
cause an absolute lymphopema three to si¢ hours following hormone
adminsstration *  This lymphopenia is based on the lymphocytolytic ac-
tion of |he adrcnal slermds on lymphocytes and the inhibition of mitosis of
Iymphoid cells in lymphoid organs, with i\ failure of delvery of nor-
mal numbers of Iymphocytes to the circulation, The above alterations in
lymphoid tissue size and histology and i the numbers of circulating lympho~
cytes occur when the blood levels of certain adrenal cortical steroids, for ex-
ample, hydrocortisone, are clevated® This may ensue either as a result of
administration nl these s\trmd> or their augmcn(ed endogenous release in re‘

PRUNIVURR ORI I WY o o fh ad

P “e . ' [ S
tions that lymphoid tissue involution 1n the absence of the adrenals or hypophy-
sis has been described evperimentally only with 3 other groups of agents,
namely, high-energy radiation {for example, X rays® 7), the nitrogen mus-
tards, ¥ and large doses of desoxycorticosterone'® and sex hormones ¥
T oA e . h 8

ar
era .
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hsm,! 7 as well as to specific aspects of proten metabolism, for example,
antibody production? 1 18 1

The evidence suggesting a role of the lymphocyte in protem metabohsm has
provided a basis for further studies of the nitrogen metabolism of this celt and
of possible 10l of steroid h on this ol In addition,
nasmuch as the mtegrty of the ]ymphoc) te 1s probably based in part upon

“ruelug Lotputdiot, Loiueis, N3, Lor a grant to the Department of Biochemistry
9
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20 per cent 11,50, was added 1o each flash to terminate reactions and release
all €0;, and the flasks were again attached 1o the manometers and shaken
for 20 min  The athah paper was removed from the ceater well, placed 2
flask with the washings from the center well, cartier Na,COs solution added,
and the carbonate precipitated with BaCle.  The BaCO; was filtered, dried,
and counted for radoactivity in the Nuclear Model 192 Ultrascaler,® Al
counts were cotrected to infintte thickness

In experiments 1 which thymus cell suspensions were used, washed cell sus-
pensions were prepared essentially as described by Farbet, Kit, and Greenberg™
1n their modified Krebs-Ringer phosphate buffer, pH 7 4, using essentially the
steps described by Blecher and White?  Celt counts were made on diluted
aliquots of the cell suspensions, which comaned approximately 1 X 107 cells

t ml.
Nlncu\nuuns with cell suspensions were conducted in Warburg vessels con-
LR e e T e e .

SUSPRUSION LI LUBED AUUEL 45 AUOVE  HTEI0IUS WETE dUded i Uns manner, i
contrast to above, 10 ordn 1o mamntain the womeity of the environment of the
cells,  Preli and i\ steps were cond i as de-
scribed abose for mesentenc ly mph nodes except that room air was the gas
phase

Tumor cell suspensions were prepared by a modification of the procedure
used for thymus cells  After mincing the tumor in the cold, it was washed
through a No 1% mesh Monel metal screen with the Krebs-Ringer buffer,
The suspension »as then washed successively throngh No 24 mesh and No
60 mesh Monel metal screens by gentle agitation, no tissue debns was forced
through the screens *  The cells were centnfuged for 5 min at 500 rpm and
washed again with buffer  After recenind the cells were ded in
an equal volume of buffer

Glyane-2-CY ncorporation studtes  Thymic and lymphosarcoma cell sus~
pensions were prepared as described above  Each mcubation vesset contatned
from 4 10 8 X 10* cells, 20 pmoles glucose, + or 8 smoles glycine-2-C4y (1
k), and modified Krebe-Runger phosphate bufler, 1 7 4, 1o make 2 final
volume of 20 ml , the gas phase was air and incubation temperature 37° C
In respuation studies, provisions sere made 1o absorb atmosphernc carbon di-
oude  WWhen stercids were used, each was added to the appropnate vessel in
alcohohe solution, with subsequent evaporation of solvent by 2 gentle stream
of warmanw  Incubations were terminated by the addition of an equal s glume
of cold 20 per tent tnchloroacetic acid, which was 08 M with nonradicactive
glyane  Precipiated matenal was washed with cold tnchioroacetic acd to
temon & acid-soluble compounds, nashed with organic sotvents to remave bipids,
then extracied with bot § per cent trichloroacetic acid to 1solate nucleic acds
Punfied protein samplcs were dned, and ﬂm\ plated on filter paper circles for

*
Iy others (Katienbach and Ralhentack
| e o o e procsdure dgried by otbers Hltentackt)
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energy-producimg reactions, experiments have been itated to examine the
n titro and 11 w10 effects of vanous steroids on carbohydrate oxidation by nor-
mal and malignant lymphoid tissue.

The expeniments described m this paper represent a portion of studies in
progress on the carbohydrate and mtrogen metabolism of lymphoid tissue
The data presented were obtained in studies conducted in collaboration with
Lilian A Jedeikin®® and Melvin Blecher 2

Experimental

Anumals Male rats of the Sprague-Dawley strain* weighing 140 to 200 gm
have been used as the source of lymphoid tissue. The amimals were sacrificed
by decapitation, and the thymus, mesenteric lymph nodes, or transplantable
Murphy-Sturm lymphosarcomat were rapidly removed by dissection The
lymphosarcoma was harvested 2 to 3 weeks following transplantation in the
host  Adrenalectomized rats were used 2 to 3 weeks postoperatively. All
animals received Rockland Rat Pellets} and water ad libitum, except for the
adrenalectomized rats, which were given 1 per cent NaCl solution as drinking
flurd

In the 2 v1zo experiments, a single subcutaneous or m(mpentonea] 1njection
of steroid,§ 5 mg /100 gm of body weight, was made 4 hours prior to sacnfice
of the animal

Glucose ovidation studies The expeniments with mesenteric fymph nodes
were conducted with tissue obtamed for the mcst part, fmm adrenalectomized
rats The nodes were separat- e
imately 2 mm. 1n diameter ar
nodes was added to a chilled
of 0076 M NaCland 9 1 X 10— M phosphate buffer, pH 78  Steroids, when
used, were added in highly dispersed aqueous suspension, incubations were con-
ducted with air as the gas phase  The center wel] of the Warburg flask con-
tamed ﬁlter paper mmstened Wl[h 015 ml of 10 N NaOH The flasks were

-~ -ubation for 10 nun at 37° C.

~-C" (glucose-U-C*) Y was tipped

concentration of 35 X 1072 M

The manometers were closed and oxygen consumption was measured during 2-
to 4-hour incubation peniods with shaking At the end of this time, 3 m] of

O U 2 R
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Tasir 2
Intsrzon By Hvoracortisane ann Desoxicoricosterove or Eapocenors
ESTIRATION, OXVCEN CONSLMPTION, AND GLUCOSF OX1DATION 6¥
CeLe StsrENSIons oF TraMvs Ao Lomncsircona

Thymus. L Thymus L
Tndogenous respiration 16(11f 14(1) 6(1) 65(2)
Orygen sonsumptiant 3283 55(2) 862} 66(2)
Glucose ovdation B ©Q) 93 (2) 88(7)

Tissue from adrenalectamized animals was used in intial experiments with the
belief that more uniform data might be obtained. The data are expressed as
the percentage change obsersed 1 the extent of glucose oudation and axygen
consumption under identical conditions, with and without the addition of ster-
od  The data indicate that the addition of exther hydrotortisone ot desoxycor-
Aicosterone 11 tifro mhibits sigmificantly the oxygen consumption and glucose
oudation by mesentenic Iymph nodes of adrenalectomized rats  The results
of this expetiment suggest that desoxy corticosterone is someshat more effec-
tive than hydrocortisone 1n producing this whibition  This 1s supported by
other data (see below)

Comp effects of hyd and desoxycortic on glucose oxi-
datron by thymrc and Iymph ecll suspensic The bolism of the
lymphosarcoma cells appeared to be more sensitive to the presence of hydro-
cortisone or desosycorticosterone than did that of cells of normal lymphod
tissue {TABLF 2)  With the quantity of steroid employed, namely, 180 pg,
hydrocortisone produced 2 1o 3 times as great an inhubition in endogenous
respiration, oxygen consumption, and glikose ouidation of lymphosarcoma
cells as was seen with thymic lymphocytes  The mhubstory effects of desoxy-
corticosterone were sigmficantly greater than those of hydrocortisone for both
the normal and the mahgnant lymphocytes  The data support those of Ta-
BLE 1, which suggest that the contentration of desoxycorticosterone required
to cause a given degree of mbition of glucose osidation and oxygen consump-
tion by normal, as well as by mabgnant, lymphoid tissue 1s Jower than that
for hydrocorisone  The data also suggest that the lymphosarcoma cells are
generally more susceptible to the imbibitory actions of the sterods than are
thymic lymphacytes.

Effects of sterard spectson wn vivo on ghucose ovidadion by Iymphocytes m atro
The mhibitory effects of hydrocortisone and despyycorlicostercne on the o
danion of glucese by thymie and mesentenic lymphocyte cell suspensions were
also seen i expenments in whith the sterowd was mjected 4 hours prior to
remaval of the lymphowd tissue for study ms tifro,  These data are shown in
TABIE 3 The uniformuty of the dota ohtaned for glucose ondation by thy-
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determination of radicactivity Nucleic acid extracts were shaken repeatedly
with ether to remove trichloroacetic acid, then directly plated on stainless steel
planchets for counting

Expeniments were conducted to obtamn evidence that the radioactivity in-
corporated 1nto the protein and nucleic acid fractions represented actual syn-
thesis A possible “exchange” phenomenon was ruled out by experiments in
which cells were labeled by mncubation with glycine-2-C*, washed free of radio-
active glycine, then remncubated in the presence of a large evcess of nonradio-
active glycine, the specific activities of cellular proteins and nucleic acids were
not decreased by this procedure  In addition, specific activites of isolated cel-
lular protemns were unchanged by treatment with mercaptoethanol, performic
acid, or alkal1, this mimmized the possibihity that glycine could have been incor-
porated 1nto small molecules, that is, into glutathione, which can bind to pro-
tem by means of disulfide linkages

In each experiment conducted throughout all these studies aliquots of the
same lymphoid tissue shces or lymphoid cell suspension were used with and
without steroid and compared with one another under 1dentical experimental
conditions at the same time in order to mmimize experimental variables

Resulls

Influence of hydrocortisone and desoxycorticosterone on glucose oxidation by
mesenleric lymph nodes  The data obtained from study of the effect of hydro-
cortisone and desoxycorticosterone on the aerobic ouidation of glucose-U-CH
by mesenteric lymph nodes of adrenalectornized rats are shown in TABLE 1.

TasLE 1
TISONE AND DEsoxy ICOSTERONE OF GrLucosE-U-CH
OxxmnoN AND OXxGEN CONSUMPTION oF MESENTERIC Lymen NODES OF
DRENALECTOMIZED RaTs

u! Mean per cent inhibition of [Mea, hibtion of
retomn | sterod Amount, ug "Facose andanon e esmpon.
2 He 2001)t 17 23
H 006 20 20
(11-33)¢ (9-40)
H 80(1) 27 7
3 H 20(1) 2
51 0(6) 31 26
(1343) 1337y
H 60(4) 36 5
(33-40) (12-43)
H 80(5) 24
(25-11) (13-38)
D 1044)
2 (25-39) (16-53)
D 20(1) 16 2
3 b 20(3) 18 i
(7-30) (©-24)
D 1001 80 0

il

o
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Tagiz 4
Errrcts of CErTary POTENT Grycocestc STEroips Appzo 18 Frren on
Fapocraovs RESPIRATION, OXAGEN CONSTMPTION, AND GLUCOSE
Ox1pATION By THNIC LYMPROCYTE StspEasions®

Stront Primerns | Ogrmeen | Gl
Cortsone 26 15 20
Hjdrocortisone 16 32 30
A%-Hydrocortisone 12 32 41
e Fluorohy drocortisone 20 16 30
6Methy ! Athy drocortisone 10 iy pad

*Values given are per cent inhibitton produced by 150 g of sterord as compared to con-
trols without steron]
 With added glucose

Tame 5
TarLeence or C-21 Hyproxat Grove or Vagiors Stexotds Aboep 1v Vireo
o IntIBmoy OF LNDOGENOLS REseizATION, Oacr¥ ConstuptioN,
D GLreosE Ovmarion my Tmaé LyurnocyTes®

- | e | oo |
Hydrocortisone 2 |
Hy drocortusone-21 acetate 13 30
Desory cortacosterone 86 %
Desoty corllcosltmne acetate 40 39
11-Desox) cortison i zs 17 12
11-Desoxy cortisone acetate ! 2 2

* Values given are per cent inhubition produced by 180 ug of steroid as compared to con-
trols without steroud
4 Wtk added phacose

nificantly enhance biological effectiv eness (for example, introduction of a double
bond between C-1 and C-2, or of a fluonine atom at C-9, or substitution of a
methyl group at C-6) do not produce comparable enhancement of activity or
even stigmficant changes 1n the abality of a steroid to inhitut the endogenous
Tespiration, oXygen consumption, or glucose ovidation of thymic lymphocyte
suspensions

The data in TABLE 5 suggest that a free hydroxy] group m pos:tion 21 of the
sterord nucleus may contribute to the tnhibitory patency of a steroid under
the experimenta) conditions employed ~ On the other hand, the high activity
of progesterone (TABLE 6) indicates that a methyl group as C-21 does not sig-
mficantly alter the inhibitory potency of a steroid The data tn TABLE 6
also reveal that a stnkingly uniform diminished inhibitory actiity of C-21
sterouds 15 observed when an a-hydroxyl group at C-17 1s ntroduced 1nto the
molecule  This 1s seen 1n compansons of effectiveness of corticosterone versus
hydrocortisone, desoxy versus 11-desovy , and pro-

versus 17-a-h hy d

The data in TaBLE 7 rueal that not only C-21 steroids but C-18 and C-19

compounds as well exert an whibitory mfluence on lymphocyte metabohsm
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TABLE 3
EFFECT OF I¥ Vivo INJECTION OF STEROIDS ON GLucose-U-CH OXIpATION BY THYMIC AND
MEsENTERIC Lyarr NopE CELL SuspestoNs 1v Vitko

At f gl:
Typeof animal | Route of myecton [Type of celsstudsed] Sterond “mg}’:lb‘:g‘igé%‘ Tohbitien
Normal Intrapentoneal | Thymus — 3.54 =
H* 2.30 35
D 26t 3
Adrenalectomized | Subcutaneous | Thymus — 351 ue
H 2.76 22
Normal Intraperitoneal Mesenteric - 333 -
lymph nodes
T 134 60
D 2H 27
A 1 b 'J - 3.54 i
lymph nodes
153 57
~H = hyd D = desox:

mi¢ or mesenteric lymphocyte suspensions from normal or adrenalectomized
rats may be noted, 1t indicates the reproducibihity of the experiments. Hydro-
cortisone injection 1nto normal or adrenalectomized rats produced an average
infubition of approximately 28 per cent 1n glucose oxidation vz rriro by thymic
cells and, when mesenteric lymphoid cells were studied, an inhibition of ap-
proximately 60 per cent. Desoxycorticosterone 1njection produced an average
mhibition of glucose oudation of approtimately 26 per cent for both thymic
and mesenteric cells,

The data wndicate that whaterer may be the mechanism of the in vilro thibi-
tory effects of hydrocortisone and desoxycorticosterone on lymphocyle mefabolism,
similar melabolic nfluences are cxerted by these sterords on the Iymphoid lissue
of the tntact gmimal  This is noteworthy particularly for desoxycorticosterone
which, 1n the dose used, has been reported?: 3 to be without influence on lymph-
oid tissue size or structure

Influence of sterord structure on resprration and oxidation of glucose by thymic
cell suspensions  Cell suspensions of rat thymus glands were employed 1n this
study because of their ease of preparation in uniform quantity  Each steroid

PR P AV YA S S were con-
data ob-
the con-
changes

s, a dim-
Jnution in the control levels of endogenous respiration, oxygen consumption,

and glucose oxidation
Tn TABLE 4 are assembled data for certain of the diverse sterouls that have
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TasLr 8
RELATIVE RatEs OF InCC % t¥ ViTRo OF R, ¥ FROM
Graciae-2-CH vro ToTat ProteIN AND NUCLEIC ACIDS OF
Tivsic avo Lamrnosarcons Cert Suserasions®

Cella useid Proteins Nuclele aclds
Thymus, intact rats 100 100
Thymus, adeenalectomizd rats 78 80
i‘mphnurcnma Intact rats 23 37
“Thymus, 1y mphosarcoma hearing rats 7 s

he rates for normal thy mus lymphocytes are used as the reference standard and are
nrbumnly gven as 1001n this table

gree of steroidal structural specificity with respect to the inhibitory phenomena
measured, and (3} that certain steroids which, 1n the quantities used, do nat
alter lymphoid ussue size or histology may, nevertheless, when adminmstered
1 1170, lead to tr viro demonstrable metabolic effects in fymphocytes obtained
from the sterowd-injected ammal

Incorporation i vilro of radroachiily jrom glycine-2-C' tulo profeins and nu-
detc acids of Iymphocytes  The rates of incorporation 1 ufro of radioactivity
{rom glycaine-2-CH into the total proteins and total nucleic acids of lymphocyte
cell suspensions have been established over 2- to 3-hour periods at 37° C,
with gentle shaking tnair  In TABLE 8, the rates observed for thymic lympho-
cytes obtained from normal rats have been indicated as 100, for purposes of
companison  In compansons of data with thymic lymphocytes from normal
and adrenalectomized rats, 1t will be seen from TABLE 8 that, for thymic lym-
phocytes from adrenalectomized rats, the rate of incorporation of radicactvity
tnto proteins and into nucleic acids 1s approumately three-fourths that of the
rate with lymphocy!es from normxl rats  Lymphocyte suspensions prepared
from the t radioactivity into their
proteins at a rate one quarter that seen with thymic cells, and at a rate into
nucleic acids approximately one third that of thymic lymphocyctes from nor-
malrats  The data suggest that the presence of a growing lymphosarcoma m
a normal rat causes a shght decrease in the rate of incorporation of radioactiv-
ity from glycine-2-C** mto the proteins and nucleic acids of the thymic cells
obtained from a tumor-bearing host

Influence of tarious sterords on tncorporation 1 vutro of radioactuly from gly-
ctne-2-C' nto protemns and nucletc acids of lymphocyles” A variety of steroids
have been studied 1 varying concentrations wn an eﬁun m assess 1heu wflu-

T

EN0E 0 the Incarnarafian whamaseana thas bas o bane des

without steraid addition

It may be noted agam that the whibitory effects e‘(hxblled by some steroids,
for exaraple, 17-ethyl-19. and 17-eth are seen
with exceedingly low concentrations of steroid, that 15, 10410 10-* M There
18 an evident correlation, m most mstances, of the eﬂecuvcness of a steroid
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TaBLE 6
EFFECTS OF AN o-17-HYDROXYL GROUP OF VARIOUS STERQIDS ADDED 1x VITRO
oN ENDOGENOUS RESPIRATION, OXYGEN CONSUMPTION, AND GLUCOSE
OxaTION BY THMMIC LYMPHOCYTE SUSPENSIONS*

o .
Steroid oo | O ovdation
Corticosterone 3 63 68
Hydrocortisone 16 32 30
Desoxy corticosterane 46 83 93
11-Desoxycortisone 23 17 12
Progesterone 12 63 74
170-Hydroxyprogesterone 8 11 9

* Values given are per cent mhibition produced by 180 ug of steroid as compared to con-
trols without steroi
+ With added glucose

Taste 7
Errects oF VARIOUS STEROIDS ADDED 1% Vir#o ON ENDOGENOUS RESPIRATION,
OxyGEN CoNSUMPTION, AND GLUCOSE OXpatioN By Tuymic
LYMPHOCATE SUSPENSIONS®

do 0 - Gt
Steroid ey samptin] oudston
Testosterone 31 29 30
17-Ethyltestosterone 87 88 97
19 Nortestosterone 65 77 93
17.Ethyl-19-nortestosterone e 9 99
Estradiol 15 21 33
Cholesterol 2 2 5
L semt mR b esmmend ead b 180 ug of steroid as compared to con-

when added 1 t1fro  Particularly stuking 1s the potency that appears as a re-
sult of the mtroduction of an ethyl group in position 17 The two compounds,
17-ethyltestosterone and 17-ethyl-19-nortestosterone, exhibited a greater degree
of whibitory activity than any other of the various compounds studied It
may be noted that 17-ethyl-19-nortestosterone, Iike hydrocortisone and des-
oxycorticosterone (see above) will produce, when 1njected i 110, evidence of
the mhibitory phenomena 1n lymphoid tissue taken from wjected animals and
studied subsequently iz 1ityo % The negative findings wath cholesterol (Ta-
BLE 7) may also be mentioned, as well as sumlar negative or inactive mamfesta-
tions 1n other studies® with dihydrocortisone and tetfnhyfl,rqcortxsone acetates
1t will be seen that the C-18 compound may be a “nor” steroid, that 1s, 19
nortestosterone and 17-ethyl-19-nortestosterane, or may havean aromatic nng
diol -
A’;:‘x; 1;:3(:3 presented in this section, 1t would appear (1) that exceedingly
low concentrations, that is, 10~4 M, of many steroids added to lymphocyte
suspensions in tiro wilf suppress metabolic activity, (2) that there s some de-
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Discussion

Genieral aspects of sieroid action ont fymphocyic melabolism i viro The ex-
perimental data that have Leen presented indicate that a wide vanety of ster-
oids tan evert a profound metabolic miuence on Iymphocytes i stz From
the 2 types of studies of Iymphocy te metabobsm that hase been examined, that
is, glucese oxidation and protew and nucleic aaid synthesis, it is evident that
{1) cestam stevords may have a drect action 11 0o on lymphocyte metabalism,
(2) an active steroid may be effective ot a very low concentration, namely,
1078 M, 2 concentration that is less than that needed to demonstrate inhi-
lutten of respiration by certain yespiratory poisons, for example, cyanide,
and {3} the steraids studied exhibit a degree of specificity with respect to the
process that they may influence®  The relationships between sterowd struc-
ture and activities measused have been considered sn the earhier presentation
of the results obtained

On the basis of avadable evidence 1t 15 not possible ta present a mechanism
for the steroidal 1nfluences that have been descnbed At feast a portion of
the effects can be avnbuted 1o an action of the steroid upon processes withm
the lymphocyte rather than salely to action of the sterod upon the lympho-
cyte membrane  This conclusion 18 detived from several aspects of the duta
Perhaps of greatest significance is the fact that, i speaific thstances, the in
vire administration of 2 steroid resulted subsequently in metabolic alterations
measured 1 tefro In the lymphod tissue of the mjected ammal, which were
smalar ta those sten when the steroid was incubated directly with the fym-
phoid tssue tm niro In this connection 1t was of conssderable mterest that
steroids which, m the dose used, have been descnbed previously as having no
discermble effects on Iymphod ussue size or morphology when admimstered
o etperrmental ammals, nevertheless, on injection, produce brochemwally

i changes ip lymphoud ussue  This 1s seen, for example,
n the studies of the influence of desoxycorticosterone injection on the 1 filre
oudation of glacose by lymphod tissue tahen 4 hours fater {from the injected
antmal
The fact that dnerse sterods affect defferent metabolic phenomena m hym-
phocytes to varying degrees would also appear to atgue against a membrane
(for example, bility alterations) as the sole basws for
explanation of the changes ohserved  Thus, desotycorticesierane added 1o
Iymphocyte suspensians 14 vitrp has no effect on transaminase acunity of these
cells®  Thenhib of the endy P of iymphocy tes by certan
sterouds, 1n the absence of added substrate, also speaks {or a stermdal nfuence
exerted within the lymphocyte  Also, the aliesations produced wn the tzans-
aminase activisy of Bigh-speed supernatants obtaned from broken-cell prepa-
ratians of lymphodyies as a result of pror incubation of the cells with hydro~
cortisone™ suggest that cell membrane, substrate, and sterosd need not be
present sumullanepusly for mansfestation of certan of the metabolic effects
of steroids on lymphocytes  Finally, evpenments n progress have deman-
strated simytar sterodal effects 14 1irs on cell-free preparations obtained from
Iymphord tissue 8%




88 Annals New York Academy of Sciences

TABLE 9
CouparaTive EFFECTIVENESS OF VARIOUS STEROIDS 7¥ Vizko IN INIIBITING
THE RESPIRATION AND THE INCORPORATION OF RADIOACTIVITY
FROM GLYCINE-2-CY INTO TOTAL PROTEIN AND NUCLEIC
CIDs OF TryMic CELL SUSPENSIONS

Concentration, M X 1075, required
to produce a 50 per ‘cent 1nbibition tn
Steroid
Repruon | Frben | Muecad

17-Ethy1-19 nortestosterone 62 32 52
17-Ethyltestosterone 90 53 100
Desovycarticosterane 17 ¢ 50 85
19-Nortestosterone 420 150 210
Corticosterone 360 17,0 250
‘Testosterone 700 360 o
Hjydrocortisone 143 0 570 700
Cortisone >190 0 >120 0 >96.0
11-Desoxvcortisone >136 0 >160 0 >840

diminishing respiration and its mhibition of protein and nucleic acid synthesis
This is m accord with observations® %% that metabolic inhibitors that block
oxygen uptake or uncouple ouidative phasphorylation, for example, dicumarol,
azide, and 2,4-dmitrophenol, also inhibit these synthetic processes. There 1s
also some correlation of the data i TABLE 9 with the results presented above
on the inhibitory effects of sterouds on glucose oxidation by thymic lymphocyte
suspensions It will be recalled that 17-ethyltestosterone and 17-ethyl-19-
nortestosterone were the 2 most active steroids 1n those studies also.
1t may also be mentioned that :x 2120 administration to rats of desoxycorti-
costerone, hydrocortisone, or 17-ethyl-19-nortestosterone at 24 hours, and again
at 4 hours prior to sacrifice of the animals, with subsequent :# 2ifro study o
‘. " PSR PR T LT
. N ", . N .o
Other mvestigators have reported that the incorporation of amino acids mto
the protemns of thymuc cell suspensions® 7 and 1nto the proteins and nucleic
acids of 1solated lymphocyte nuclei® ** 35 inhibited by cortisone or hydro-
cortisone  Koritz and Dorfman’® 3 demonstrated that the addition of des-
oxycorticosterone 1 1o inhuibited the incorporation of glycine-2-CY into the
protems of reticulocytes  These mvestigators used somewhat higher con-
centrations of steroid than those employed in the present study It s inter-
esting to note that, as i the case of certain of the esperiments reported here,
Kontz and Dorfman® observed an almost complete loss of mhibitory effect
resulting from the introduction of a 17a-hydroxyl group Also, all sterowds
that were effective had an mhibitory action, in no case was there stimulation of
ncorporation of glyane-2-C* into reticulocyte protems  Hayano, Dorfman,
and Yamada® and McNaught ef al® found that desovycorticosterone and
other steroids added n titre nfluenced the activity of a vanety of enzyme

systems
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diseases, infectious diseascs, Tmmunofogy, and special areas of metabolism.
Certain af the roles of the lymphocyte in hematology, malignant duseases, and
in mfectious diseases are touched upon mn this monograph  The temamder of
the present discussion will be hmited to a considenation of the wle of the
tymphocy te in proter and mucleic metabohsm as well as inanttbody production,
which may be viewed as a specialized type of protem and nucleic acid mewts
ohsm
The {ymphocyte and protews and nuclesc acrd metabolism  The rapud involu-
ton of lymphad ussues seen w {asting anumals snd ws dependency upon
adremal cortical sterord secredson was studied 1n defail by White and Dough-
erty ¥ 1 In mice that fasted for & {orty -erght-hour period, the loss i Jymph-
oid tissue protein was greater than that seen in total proteins of Iner,
mmmon!) thaught 1o be the chuef source of readily malnhzable protein These
was and the d t % of the contnbutions of lymphoid
tisste o the blood proteins led to a suggested specizheed role of fymphoid
tissue in protein metabolism I3 was postulated® B that lymphoid tissve
15 & source of readily avartable or mobitizable protan, the rate of release of
which from lymphod tissue 15 regulated, 1n most instances, by the level of
secrerory actnvity of the hypophyseal adrenocorticotropic hormone  Circurn-
stances that augment seceedion of this hormone, that 1s, exposure to any one
of & wide variety of novous stimuly, lead to making avatable lymphoid tssue
protewn
Tt was further suggested? # # that fymphowd Gissue protem, exther refeased
Irom within lymphad structures or transporied via rculating lymphocy tes,
could be made avasdable 1o other organs and tissues of the body for metabolie
purpssss  This was descnbed as a fransdocation of profetn The propensity
of fymphocytes to wfiltrate 1nto aff of the body structures may add sgmf-
rance ta the role of the lymphocyte m the translacaron of protein  An-
dreasen™ has supgested thai the lymphocy te could bave a function in protein
metabolssm analogous to that of the fat cell i lipid metabolism
W he\her the fymphocyte may function in a sumlat manper m auclee and
remarns to be establish i cytes are notew arthy for their
bigh contentration of nwlec acids  The possxblc role of these nuclex aculs
n reutthzation phenomena in generat and s antibody synthests m prrucutar
will be considered below  In this sensy there could occur a trauslocation of
nuclete aceds ssular ta the translocation of protew that has just been discussed
it may be noted that adrenal corucal sterods aflect nucleic aexd metabohsm
i iymphocytes  Intibstaon of nuchec 3a1d synthesss i erdro by the addstion
of hydracortisone has been descnbed w this presertation Mirshy and tus
Y d inkb of the n Titre weorporation of fabeled
precursess into the nueledc acuds of lymphocyte nucles by the additzon of cor~
tsone 1 Tiro Shomtly following njection of an 1t-oxy adrenal cortical
steroid (for example, corusone) there 13 an mhibruon of mitesis w the fym-
phoiytes of fymphowd structures? 7 This s reflected 1 a dimunsshed rate of
ne of tadicactive phasph 116 the auclelc acids of these cefls 7
The vhedding or buddmg of hymphecyte cytoplasm is huown to ocevr nor-
mally w the hie of the lymphocyte and 15 seen to & greatly enhanced degree
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The possibihty may also be considered that the described inhibttions by
steroids 2 rilre of the several metabolic processes studied in lymphocytes are
manifestations of a “toxic” action of these steroids on the cells Trowell®
has described the exquisite sensitivity of lymphocytes to the presence of exceed-
ingly low concentrations of cortisone, When added to lymphocytes 1n tissue
culture, this steroid in a concentration of 3 X 10-7 M caused death of some
cells at the end of a 5-hour mcubation period with steroid, as evidenced by
the pyknotic appearance of the cells.

In the present studies, mncubation periods were for a maximum of 3 hours
Cell counts were conducted at the beginning and at the end of the incubation
periods, with careful examination of cell morphology and staning propensity
with Safframin O 1 Tyrodes’ solution # Viewed under the microscope, with
or without dye, celi numbers and appearance gave some assurance that the
added steroids were not causing cell destruction Moreover, more positive
evidence for viability of these lymphocytes was afforded by the following ob-
servations

A lymphocyte suspension was incubated for 2 hours with desoxycorticos-
terone and the mhibitions of respiration and C'-incorporation nto proteins
and nuclec acids were obtained as described previously, The incubation mix-
ture was centrifuged and the lymphocytes washed twice with physiological
sahne to free them of incubation medium  On resuspension in fresh buffer
medwm with glycine-2-C¥, these cells showed rates of respiration and of in-
corporation of C* nto lymphocyte protemns and nuclerc acids that were
charactenstic of lymphocyte suspensions without added sterood ~ The findings
argue strongly agamnst a “toxic” effect of the sterod on lymphocytes under
the experimental conditions employed

Comparison of the effects of sieroids on normal and malignant lymphocytes 1t
wutro  Several interesting differences are apparent on exammation of the data
obtained with lymphocytes from thymic tissue, as compared with those ob-
tained from cells of the transplantable lymphosarcoma In the studies of
glucose oxrdation to carbon diouide, the metabohsm of the lymphosarcoma cells
appeared to be more sensitive to the presence of hydrocortisone than did
normal lymphocytes That 15, 2 given amount of the sterod produced a
significantly greater inhibihon of glucose oxidation by lymphesarcoma cell
suspensions than was the case for suspensions of thymic cells Simular data
were obtamed when desoxycorticosterone was the steroid used

The rate of 1 tiro incorporation of radicactivity from glycine-2-C** into
the total protemns and nucleic acids of lymphosarcoma cell suspenstons 1s Jess
than that of normal thymic lymphocytes

Cell suspens of the t 1 ble lymphosarcoma exhbit a sigmif-
1cantly higher basal level of transaminase activity than do normal lympho-
cytes,” and this enzymic actvity 1s unaffected by 1z wtro addition of hydro-
cortisone  This1s1n marked contrast to the resp of the t.
activity of normal thymic lymphocytes to the presence of hydrocortisone 2%

Aspects of Lymphocyte Function

the functions of the lymphocyte has been one that has
{ mvestigations 1n diverse areas hematology, malignant

The problem 9(
stimulated a variety o
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The lymphocytosis observed by Roberts and White® with thymic tissue
protetn fractions could be related to the Ivmphocytestimulating effects re-
ported by others, 'arsons, Gulland, and Harker' observed a lymphocytoss
1a mice recetving injections of pentose nucleatides  The lymphorytosis ac-
tivity seen by Roberts and White was concentrated m thymus fzactions nch
in nuclele acd of mucleoproten I important stuthies, Metcalf has provided
evidence, 1 this monograph and elsenhere, 4 that the thymus secreles a
factor that, when injected intracercbrally into immature mice of certam inbred
sraing, produces a lymphocytons  The active matenal is reported to be
rendialyzable and heat Jabite and 15 termed Jymphocytosis-stimulating factor
by Metcalf,

Raic of Lymphod Trssue s Intbody Peoduciion

A ynumber of excelicnt reviews of the propoesed sites and mechamsms of
anubody formation s anadable "¢ This discussion wifj therefore refer to
only a small portion of the pertinent hteratuse, and will devote more atten-
tion ta specific pomnts

A role for cefls of the reticutoendothelsal sy stem w antbody formation has
been secepted for more than fifty years, based upon smsal studies of many
investigators, including Metchmkofl,® Plesffer and Marx,® ® and the Was-
sermanns,® ¥ and evtended 1o a signtficant degree later by Sabw* Tor
almost an equat number of years it has been known that lymph nodes play a
rale m 1ok fL McMastert)  Sub Iy,
mvestigators, notably Murphy and his colleagues,® 5 established the im-
pottance of Iymphad tssue m aptbody formatten by demonstrating that
reductton of this tissue an amamals by X rays depressed antibody production
In comtrast, e 1 stumulation of lymphoid Ussue prolif caused
an moease w antibody production @ These correlations between lymphond
cell numbers and tbe capacity to form antibosdy, a8 well as the demonstration
by Murphy and hs coltaborators® of the rale of the lymphocyte i the wm-
munity of ammals to transpianted tumors, have formed the bass for sub-
sequent mvestigations 1n the evceedingly important field of heterologous tissue
transplants  Treatment of the host by an experumental procedure that ether
dimimishes the quantity of fanctioming lymphoid issue, for example, adrenal
cortical sieroid admimstration®? or X radimation® # prosides an amumal that
16 sgmficantly more receptine to heterplogous tissue transplants than 1s the
case wath untreated anymals  This has proved of great importanize w studweg of

1 tumar f S and atxs g Suge signf-
wance o contection with possible therap use of h i
1aton 1 the human  The efficiency of heterologeus transplantanon i m.
mature ammals with madequately developed lymphoid structures may also
be nioted m relation ta the role of iymphoid tissue m smmume phenomena % 96

The wole of reponal lymph nodes mn localized antbody production was
clearly established by 1he precise experiments of N Master and Hudach #. # %
By adeamstering two different anugens (one iie each ear) to mce, 1t was
possible to demansirate that the annbody to the antigen wyected in ape ear
appeated first only in the fymph node drawing that ear, while antibodies were
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in lymphocytes of lymphoid tissues and of blood shortly following admunis-
tration of adrenal cortical steroid *® This phenomenon was postulated by
Whnte and Dougherty! !5 to be a mechamsm for release of cytoplasmic con-
stituents. This loss of cytoplasmic material was seen often to lead to the
presence of cytoplasmic-free lymphocyte nuclei in lymph node imprints of
hormone-treated ammals2:% It was suggested that the shed cytoplasmic
substance mght be reutilized by other cells, including reticulum cells, mac-
rophages, and lymphocytes In the case of cytoplasm derived from lympho-
cytes of immunized animals, reutiization of cytoplasmic components by
primtive cells could be a mode of “‘sensit izing” these cells Thus subsequent
development of lymphod cells from these cells by the mechanism described
below might result in lymphocytes that contamn antibody. It was also pointed
out!? that the apparent morphologic integrity of a number of the lympho-~
cyte nucles remaimng following shedding of cytoplasm created the oppor-
tumty for reutihzation of such nucler for formation of new lymphoid cells
The hypothesis for a reutilization of lymphocyte constituents has been ex-
tended by the mvestigations of Hamlton¥ # and of Trowell,*” and further
evidence for the reutihzation phenomenon among lymphocytes has been pro-
vided by both of these investigators in this monograph The role of the
lymphocyte 1 antibody production (see below) also could mnclude 2 reuti~
lization mechanism Under appropmate conditions, “information-carrying”
portions of antibody-containing lymphoid cells (for example, a desoxynbo-
nucleic acid component) acting as a donor, may mcite antibody formation or
lead to other exp of immune pk by being transferred to ap-
propriate recipient lymphoid cells The susceptsbility of this concept and
other aspects of the postulated mechamism of antibody formation to expen-
nental study 1s bemng examimed

The release of lymphoiyte protemns from lymphoxd cells as a consequence
of augmented blood levels of certain adrenal cortical steroids suggested a study
of the nature of the protemns of the lymphocyte Moreover, an additional
working hypothesis for the exammation of thymus proteins was based on the
well-established interactions between endocrine glands and the activity of
their target organs Demonstration that the lymphocyte 1s an end cefl of
adrenal cortical steroid action raised the possibility that lymphocyte constit-
uents, 1 turn, might influence the secretory actvity of the adrenal cortex,
that 15, they might suppress that activity ~Roberts and White® fractionated
an alkaline (pH 7 6) aqueous extract of calf thymus with cold ethanol The
mitial extract contained at least 7 components, as revealed by electrophoretic
analysis, proteins possessing the mobility of serum beta- and gamma-globulins
were present Ethanol-insoluble fractions were obtamed at 10, 20, 30, and
40 per cent alcohol concentrations The fraction msoluble at 40 per cent

© o= mmmmeendes ¥ - cb - qyclesc acids and, when injected
+ an elevation 1 the blood lym-
. 1t rats 1n an amount of 10 mg

B day for 13 days, the 40 per cent cthano! msoluble fraction produced a

er da;
sp‘gmﬁém increase 1 weight of the thymus, with a depression 1n adrenal

weight
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both the plusma cell and the Jymphocyte function in antibody synthesis. The
influence of adrenal cortical steroids on these provesses will be indicated,

The plasma cell and mméady grodudwn A rev sew of the role of the plisma.
cell in the i of hy k by Fagraens?
in 1948 Since that time & nimber of xnvcsumlors have beheved that they
have Jocalized antuibody production in plasma cefls  However, as indicated
prevsously, the possible relationship of true plasta cells to anttbody formation
is somew hat ebscured by the common practie of desigaating any cell of the
tymphotd series that has o basophthc eytoplasm as a “plasma cell ”  Despute
this, estdenice bas accurnulated that strangly kapheates plasma cefls as intr-
mately concerned with antibody synthesss  Ehrich™ % and tuy asseciates
and Divon and his colleagues® have assembled a large quantity of sigmificant
data supporting a tole for the plasma cell in the elabotation of antibady  The
development of antibody tuer under a xanety of expenmental conditions
could be vorrelated with the number of plasma cells found at sites of antibody
synthesis, whether these wese 1n lymphoid stractures of 1n subcutaneous depots
into which anmtibody-contmmng lymphorytes were iransplanted

Coons and Ius associates™ ™ have been parucularly acthe i more yecent
efforts ta define the precsse celf types concemcd m(h antibody production
Using the fluorescent antibody tech d w thetr Iak 'y, these
vestigators have provided evidence that, in the hypenmmune rabhit, ante
bady s present wn groups of plasma cells i the red pulp of the spleen and
the medulary areas of lymph nodes  In studies of tissues tahen from anumals
shortly after the ijection of a second antigeni stiaulus, 1t was concluded”
that the first cells to contatn anttbody “are Jarge cells with a thin nm of baso-

philic eytoplasm Duning the 2 or 3 days after thewr first appearance
they mu(upfy, synthesize antibody specific for the antgen which sumufated
thesr d and through to mature plasma
cells

In o recent study of the celiutar localization of normal gamma-globuln,
QOrtega and Mzilors™ have extended the observations of White® which dem-
onstrated the presence of antibody i plasma cells cortmning Russell’s bodies
obtawed from immumzed mue and rabbus  Ortega and Mellors, ™ vilizing
1he fuarescent-fabeled protein techmaque, beheve they have gbtamed evidence
for three catapones of cclis that <ontmn normal gamma-globulin Two of
these <atagories were described as subdivisions of plasma cells, one contamned
tonspiuous Russelt’s bodus and the other group was composed of mature and
immature plasma cells without Russell’s bodies The thud category of
gemma-globulin-contassung cells was found in germmat centers of lymphatic
nodutes and was composed of what were desenbed 35 large and medism lym.
phocytes and pamitive retcular cefls  No gamma-globuln way obsened n
mature Iymphocytes, mast cells, fi and tes,
reticulum cells, free tustiouytes, of erythrocytes  The authors also poslul:\ted
that the Marschathotype plisma cells are densed from o pumutwe form
resembling a large lymphocy te

The lymphosyte and antibedy formaiion  The presence of antbody w tym-
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not detectable in the ear tissue. Sumlar data were obtained for the lymph
node and ear tissue of the other ear, relative to the antigen injected into that
ear, This study thus ruled out the possibility that demenstration of anti-
body mn a regional lymph node might be due to selective concentration of
antibody formed elsewhere 1n the organism.

The lymphocyle versus the plasma cell 1n antibody formation  Demonstration
of antibody formation in lymph nodes has led to the question of the precise
cell type concerned with production of the immune globulins  The lympho-
cyte and the plasma cell have been the most frequently implicated morphologic
units, the favor of experimental opinion falling alternattvely on one or the
other of these cells, and the same investigators exhibiting some degree of shuft-
g of their favoritism from the lymphocyte to the plasma cell, then back again
to the lymphocyte The question of which cell type 1s pnmanly concerned
with antibody formation may be resolved with the broader point of view that
both the lymphocyte and the plasma cell are capable of immune globulin
synthesis It may be ponted out that certain of the evidence regarding both
the site and mechanism of antibody formation has been obscured by contro-
versial interpretations due to failure of complete agreement by all investigators
on two fundamental questions These are (1) Is the term plasma cell too
loosely used 1 its application to all lymphocytes with basophilic staining cyto-
plasm, or should this designation be reserved for the typical plasma cell of
Marschalko with the charactenstic perinuclear hof, or is the plasma cell a
specal form of the lymphocyte? and (2) What are the genealogical relation-
ships among the cells characterized as reticuloendothehal cells?

The first question 1s of sigmficance i relation to the cell type concerned
with antibody production, since the circumstances associated with augmented
production of immune globulins are characterized frequently by increased
numbers of basophilic staining lymphocytes i lymphoid structures These
have been described as “plasma cells” by some investigators and as basophilic-
staiming lymphocytes by others

The second question 1s of fundamental importance 1n relation to the mech-
amsm of antibody formation  The phagocytic role of reticuloendothebal cells
as a first requisite for imtiation of prunary anttbody production i1s umversally
acknowledged  Visualization of the mechamsm by which the engulfment and
alteration of antigen lead to antibody appearance mn lymphocytes (see below)
or plasma cells 1s seriously influenced by the point of view held with respect to
the cellular ongin of lymphocytes and whether lymphocytes may become
phagocytic  The multipotentiahity of the lymphocyte has been established ™
These problems have also been considered in this monograph by Trowell and
by Rebuck, the latter author has confirmed the multipotentiality of the lym-
phocyte 1n the human subject .

Tt 1s not proposed to attempt to present a complete discussion of the data
pertinent to the above tno questions  Rather, the remainder of this discussion

will review briefly the role of the plasma cell in antibody production and wilt
present a point of view regarding (1) the participation of the lymphocyte in
antihody formation and release, and (2) a postulated mechanism by which
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studies of wransfer of cutaneous hyy iy, These imvestigations alsa
affosded further substantiation of the presence of speafic antibody in tympho-
gy tes obtamed from anmmals injected with an antigen

‘The demonstration of specific antibody 1 the fymphocytes of an immumzed
animal poses the question of whether the lymphocyte is capable of synthesizing
antibody.  The presence of antihody in lymphocytes could find explanation
a mechanism of antibedy formation that envisages the lymphocyte as a cell
type denving from a precursor antibody-contaming cell  This 1 consdered
1n the following section

Postuloted Cellular Mechanums for Aniibady Formation

Hetesapoienic mechaman A mechamsm of anttbody farmation that may be
termed an heferaparelic ar heteroplasitc mechamsm can be postulated, based
upon the above discussion and on the extensive studics of Dougherty and
Whte on the hypophyseal-adrenal cotical nfluence on lymphoid tissue struc-
tuse and function.® 3 A single wjection of cortisane produced within a Jew
haurs a dissolution of iymphocytes within lymphoid structures Az ths fime,
there was also eudent an wicrease wm tmmature plasma cels  Small lymphorytes
were evident, with an mereased degree of basoph that hermane
wnjection had led to the dn elopment of greater numbers of smalk lymphocytes

of ¢ ic nucleoproten  The
h:sm]oglca! pzcmre n the lymphaid steuctures shorlly followsng a single snjec-
ton of an adrenal cortical stermd resembles stmhingly that seen i these tissues
followsng adminstration of a bactenal antigen /%

The zppearance of basophilia 1n the cytoplasm of small lymphacytes occurs
at & time when there 13 an elevation tn the gamma-globulin fraction of the
blood proteins  In immumized animals, specsfic anhibody may be demon-
strated 1 washed lymphocytes abtatned from 1y mphowd tissues,™ 8 192 54
antibody may be released to the biood as a consequence of lymphacyte dis-
solution produced by the admmustration of a patent adrenal cortical sterod %
Although there 1s disag among {Fischel'™) regarding the
reproducibility of the anubody release phenomenon, the anamnestsc reaction,
the findings have been confirmed by Hammond and Nowak'* and by Dolowitz
e al*® Some of the discrepancies 1n findings may be due to the vanation
m data, which may result from a single myection of cortisone to previously
wnmumzed ammals, relensing preformed antbody from antibody-contasning
lymphocytes, as contrasted with prolonged admitustratson of the sterod, which
results i marked dimmution i the numbers of antibody-praducing cells
Moreover, marked discrepancies may eust between antibody titers found m

antthody-synthesiaing ussues and the level of crcalating 2otbady ® The
balance that obtains among the rates of anubady synthesss, antsbody release
from the sites of production, and antibody removal from the creulation, and
the n‘lﬂuence of the adrenal cortex on these processes has been discussed
detal 1¥

The recent confirmation of exrber findings of Dougherty and White by
Dolowitz ef o " wm man 15 of wierest  These mvestigators studeed fine cases
of tobyl! A single 1t mjection of A-hydro-
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phocytes obtamed from immunized ammals has been demonstrated by a num-
ber of investigators in a vanety of experimental approaches ! 15. 8287 These
lymphocytes have been obtained from regional lymph nodes, as well as from
organs contaming significant numbers of lymphocytes (for example, the spleen).
The refative role of the spleen and other lymphoid organs m antibody pro-
duction 15 determined to a significant degree by the route of antigen admmnis-
tration  The importance of the spleen i viro 1n antibody production following
mtravenous administration of antigen has been known since 1898 %  Anti-
body production by 1solated portions of splenic tissue was described more than
40 years ago® and has been amply confirmed.s, 9,72, 8% The study of
Roberts, Adams, and White!* demonstrated the relative degree of antibody
production in splenic tissue as compared to lymph nodes, depending on the
route of antigen admmistration A single intravenous mjection of antigen
led to peak antibody production 1z iira by splemc tissue  When the antigen
was given ntraperitoneally, splenic tissue extubited no antibody production
when studied i vitro, whereas surviving lymphowd tissue showed a high, se-
fective anttbody production 2 tt/ro after mtraperitoneal admimstration of
antigen
The expenments of McMaster and Hudack® 70 establishing antibody
production in regional lymph nodes have been referred to above  Rich, Lewss,
and Wintrobe®® had also directed attention to a possible role of lymphoid cells
i mmumty The careful studies of Ehrich and his colleagues®: 191% 1ni-
nated an era of study of the relationship of the lymphocyte to antibody pro-
duction In extensive studies, thes . N o
foot pads of rabbuts and exammed
from the draining pophteal node an .
1 the popliteal node durimg acttve antibody production It was concluded
that lymphocytes from an antibody-producing node contained antibody
Antibody was shown to pass from cells of the efferent lymph to the lymph
iself, but not mn the reverse direction In considerning the relationship of
phagocytoss to the presence of antibody tn lymphocytes found n efferent
lymph draming a pophteal node into which the antigen had been introduced,
Ehrich and huis assouates hypothesized that phagocytosis, with digestion of
antigen, prepares a solubilized form of the antigen that may then enter the
lymphocyte and stimulate antibody production It may be noted that the
nature of this hypothesis was influenced by the opinions of the authors regard-
ing the independent stem-cell origin of the macrophage and the lymphocyte
At the time that these investigations were being made, Dougherty, Chase,
and White® described the presence of antibody 1 Jymphocytes obtatned from
regional lymph nodes of immunized mice  No antibody was found 1n extracts
of lymphocytes from nommmumzed mice However, protems with electro-
phoretic mobilities charactenstic of norma) serum beta- and gamma-globulins
were found in Jymphoid tissue extracts of normal rabbits ** Kass™ also dem-
onstrated the presence of gamma-globuhn in lymphocytes obtawned from man,
as have Ortega and Mellors ¥
The presence of anubody 1n lymphocytes obtames £1;o:r: animals injected
with antigenic matenals has been utilized by Chase’ i his important
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PLASMA CELL

lantdody systhess! tantbady tynthess) ‘}

RETICULAR uumocﬂq

ANYIBOGY » CONTARING
LYMPHOCYTE
lensbited cols)

ANTISQDY RELEASE

Frocey 1 —Postslated cellulss relationshaps n antbods  formation Heteropoetse
smechantsm, steps 1 through 18and 16 through 18 Homapoietic mechanssn, step 13 Steps
$6 through 18 represent renthzation pathways for continuing antbody production m the
2baence of antigen  Acute admtastration or vetease of adrenal corticat sterauts augments
the tate of steps 1 through 12 snd 16 through 18 and retasds step 13 Continmng dissotution
o insolution of hmphond structures produced by 2 vanicts of agents (for example prolonged
admumistration of adrenat cortical steroudt or X ays) wif depress anbbody production by
borh the heteropautic aad homapotetic frathuays, chiefly as a result of suppression of dif
ferentiation tsteps 1 through 6 and steps @, and of prolieratsve shases tstep 835 amd by dym
Bution of numbers of cefl 1) pes concurned wath antibody production

could provide 2 basis for continbation of the antubody -formmg process, in the
presence or absence of anugen, and teflect a specrahzed case of the reutibiza-
ton concept This postalated celtular mechansm for antibady formation s
depacted w FoURE §

Elsenhere in these pages Spews has provded comprehensive daga regasding
the role of the prhsl 1 antig shody On the basis of
s data, Speirs has presented s cancept of anttbody productson  This en-
visages yutal disruption or digestion of Antigentc material by the puly morpho-
awlear jeukacy te  The active antshody -provohing antigenn substance may
then come m contact with the eosinpphls, this results 1n a “sensitzation” of
the surface of the eostophi) so that there 15 mmprinted thereupon the  tem-
plate” or enzymic mechamssm for the sy nthesis of antibody  Phagocytosss of
these eosmophils by macrophages m body rssues or flurds walt fead to the
eventual return of the antabody -forming mechanssm back to the reteculum,
from whach cells contaimng antibody mas develop

Whether the polymurphonudfear feuhoryte and the eosmophd are to be
added 1o the hine of ceflular events depscted in FIGURE L. or whether thes dia-
gram provides an aderquate mechamsm fur antbody formatton remasns for
future expenments to estabhsh  The hypothess presented n the diagram
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cortisone produced within 4 hours an elevation n the serum gamma-globulin
fraction, with the values bemng rassed to normal. This increased gamma-
globulin level was maintained for three weeks; it then began to fall toward
prehormone-treatment values  Another injection of steroid again raised the
gamma-globulin concentration toward normal. One patient 15 reported to
have been treated with hormone every three weeks during an eighteen-month
period During this period, the gamma-globulin concentration remained
normal, and the patient was free of a previously persistent sore throat. Itis

ggested'® that hypogal lobul and deq capacity to pro-
duce antibodies may be of two types  In one, the size and activaty of lymphoid
tissue may be wadequate. This 1 the hypolymphatic type described by
Good,"® and may be produced experimentally by a variety of procedures that
cause generalized lymphoid tissue mvolution, with attenuation of immune
mechanisms  This has been ciscussed previously 1n relation to heterologous
tissue transplantation, In the second type of hypogamma-globulinemia, there
may be present adecuate lymphoid structures or a hyperplasia of the lymphoid
tissue, with failure of a normal release or secretion of gamma-globulin by the
lymphoud cells

A sequence of cellular events mvolved 1n antibody formation may now be
postulated  The excellent review aof Sundberg! provides a basis for con-
sideration of possible mterrelationships among cell types concerned with ants-
body production  The imtial process 1s one of phagocytosis of antigen, soluble
or particulate, by the phagocytic cells of the reticuloendothelial system, the
Instiocytes or macrophages, this process has been documented adequately
since the time of Metchmkoff The questions of whether macrophages may
synthesize antibody or whether lymphocytes, under special circumstances,
may exhibit phagocytic capacity are left unanswered It 15 postulated that
the macrophage may be transformed into plasma cells, as well as into baso-
philic-staiming lymphocytes, the reticular lymphocytes 1 The latter cell also
anses from prnimitive retcular cells™ B and may alse mamfest phagocytic
proclivity It s also likely that the plasma cell may denive from the reticular
jymphocyte, as well as from lymphocytes  Coons and hisassociates, 7 using
therr fluorescent technique for localization of antigen m cells, found mnjected
antigen 1n phagocytic cells such as Kupffer's cells, in the reticulum cells hning
the lymphotd and splenic sinuses, and i developing tymphocytes :n the germi-
nal centers 1 the spleen and lymph nodes  Development of plasma cells from
the reticulum was noted

Synthesis of antibodies may occur in plasma cells or 1n reticular lympho-
cytes, both cell types may further develop wto antibody-contaming lympho-
cytes  As discussed above in considerations of the role of the lymphucyte n
protemn metabolism, the cytoplasm shed by such lymphacytes could provide
matenial for re-entry mto reticulum cells  Such re-entry might be achieved

[‘;\_uium Eells could “sensitize” the latter, so that cells developg subsceuentiy,

for example, lymphoid cells, would contan speafic anttbody  These cvents
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ses, uphizing some form of tissue culture technique, have reported inereases
antibody titers concomitant with the deselopment of an increased nember of
cells with basophitic cytaplasm  Mlore recent expermental demonstrattons of
antibody synthesis by lymphoid cells are thase by Leduc, Coons, and Conn-
ally,® by Steiner and Anker!™ and by Ogata o o' The last-named -
were able to @ InCoN jon of plycme-1-CH mto antr-
body and other celiular protein frmctions, using well suspensions ar cell-free
homogenates from popliteal [y mph nodes of previousty immuntzed rabbits
Tt may be concleded that antibody synthesis has been demonstrated for
plasma celis and for lymphocytes. VWhether other cell gypes {for example,
the mactophage) can synthesize antibody 13 not established  Anubady for-
mation 1n lymphoid cells may anse via pathways relating to diffe of
cells from the pramitne retrudum, a heteroplastic mechansm, ar by pro-
Wleration of antibody-cantaimng lymphacytes, a homoplastic mechanssm

The heteroplastic process of antibody F 15 that which i
partcutarly under ciee of active wn  This mechanism
sncludes the concept of 1! of antsbody - ells or of om-
punzms of these cells  The homeplastic mechamsm may be of sigmficance n
of sccentuated fymphoid tissue prohfe and, possibly,
x\henomma of actne or pnm\e h y olving trans-

fer of antibody-contmmng cells & u-uuhzatum proccss may also be oper-
ative 1o these oircumstances

Summary

A d 15§ d of } studies of the effects of a varnety
of sterords on aspms of the metabolism of rat lymphowd tissue e witre Thy-
mus, mesentenc Iy mph nodes, and a transplantable lymphosarcoma have been
used as sources of lymphocyte cell suspensions  Measurements have been
made of endogenous resprratian, oxygen conswmption in the presence of added
glucose, ovidation of glucose umformly fabeted with C*, and the mcorporation
of radsoativaty from gly tme-2-C* 1nta the protesas and nucleic acds of Jym-
phoeytes

A vanety of sterords has been examined wath regard to the effects of therr
additton 2 t2tro ta tymphacyte suspensions on the several metaboli provesses
studied  Many sterords were observed to (ause an mbibstion of these re-
actions  Certawn of these campounds, effective when added 1 11470 to lympho-
Lyte suspensions, nere alsa wected e Lymphoid tissue obtamed several
hours tater from steroid-unjected rats shows metabolic alierations sumatar to
those scen when the steroid was added e titro Compounds that have been
Teported 1o have no effect on tymphord tssue size and structure 1 the dosages
used, for example. desavycorticosterone, do nevertheless have demonstrable
nfluences on lymphacyte metabolism when added 15 witro or injected 1 tito,

Refationvhips have heen aated between steroid structure and steroid ef-
fecineness i by lymphocyte metabolsm  Companisons of the effects

of sierouds on the metalohsm of normat and mahgnant lymphocy tes reveal
suggesin e diffevences
T'he role of the fymphocyte tn general protess metabohsm, and 1 specsal-
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suggests feasible experiments for its testing, and this represents a valid reason
for any hypothesis.

The role of the adrenal cortical steroids in antibody production may be indt-
cated briefly. A single administration of one of these lymphocytolytic com-
pounds re?rxhs in a dissolution of ex}sling Iymphocytes within lymphoid or-

bers of immature plasma cells and of lymphocytes that contain augmented

of cytoplasmi leoprotein.? * When administration is
repeated for several days or for longer periods of time, lymphocytolysis ex-
ceeds the rate of lymphopoiesis, with the result that the lymphoid structures
have a greatly diminished cellulanty. A similar depletion of lymphoid ele-
ments may ensue by exposure of an animal to any agent that causes lym-
phocytolysis by a direct action (for example, X rays?) or by the indirect aug-
mentation of adenohypophyseal-adrenal cortical secretion by a variety of
nonspecific stmuli such as fasting*  Under these circumstances depletion of
the cellular units that play a fundamental role in antibody production leads
to a reduction in the immunological responsiveness of the host.

It may also be pointed out that 2 single injection of adrenal cortical ster-
oids leads to a marked increase in the numbers of macrophages in lymphod
structures >+ *  This degree of imtial activation of the phagocytic mechanism
could play a role m the immune response as well as in the enhancement of
resistance to certain types of novious stumuli

Homopotetic mechamsm A second mode of antibody formation that may
now be considered would also aid in explanation of the presence of antibody
in lymphocytes from immunized ammals and might be termed anttbedy for-
mation by 2 b or plastic hani: This visualizes antibody
increments arising in lymphoid cells as a consequence of proliferation of anti-
body-containing lymphocytes (FIGORE 1, step 13). An experimental de-
scription of this type of antibody formati‘on was provided by Dougherty, WWhite,

and Chase™ T it tion of a ly oma posed of specific
antibody-contaming lymphocytes to 2 normal, nottmmunized host led to the
1 of new lymph: oma cells that c d significant quantities

of antirbody It may be noted that these tumor cells''* resemble reticular
lymphocytes and that some so-called lymphosarcoma cells can have exceed-
wgly basophilic cytoplasm  Inasmuch as the lymphoid tumor studied"®
grows only by proliferation of previously existing malignant lymphocytes, the
data indicate that division and muluphcation of antibody-containing lympho-
cytes resulted in the formation of addittonal anttbody  This mechanism of
antibody synthesis could be a basis for the host sensitization and immumty
that develop following the transfer of antibody-vontaming lymphocytes,” ©
# 85 36 8 although reutilization of lymphocyte constituents (see above) might
also afford an explanation for transfer of immunity via lymphocytes

A number of mvestigators®® 7 have reported anubody synthesis 1 titro
by lymphoid cells obtamed from immunized antmals, with description gener-
ally of the cell type wmvohed as predommantly “plasma cells 7 These stud.
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1zed aspects of proten metabolism, for example, antibody formation, 1s dis-
cussed. ‘The relatrve roles of the plasma cell and the lymphocyte 1n antibody
synthesis are considered  An hypothesis of antibody formation that visual-
1zes antibody synthesis by both plasma cells and lymphacytes and that presents
cellular sequences of antibody formation is discussed

Two pathways of antibody synthes:s are proposed- (1) 2 major pathay oper-
ating as a result of the imiating stimulus of the antigen, termed a heteropor-
etic or heteroplastic mechanism and based upon a sequence of cellular differ-
entiations initiated from the pnmutive reticulum, (2) a pathway of antibody
synthesis dependent on proliferation of antibody-containing cells, possibly oc-
curring mdependently of the presence of antigen and termed a homopotetic or
homoplastic mechamsm ~ Both mechamsms include the concept of posstble
reutilization of antibody-contaming cells or constituents of these cells

The mnfluence of adrenal cortical steroids on certain of these processes 1s dis-
cussed
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SOME PROPERTIES OF LYMPHOCYTES /8 VIVO AND LY VITRO

By 0. A Trovell
Wedvcal Research Cownert Radwbrlogread Enet, Marsell, Beekslure, England

In this paper I shall describe the work on lymphocytes that my colleagues
cerned w1th 4 more or less unrelated problems, which will be dealt with in turn

Reutihzalon of Lymphocyles in Lymphaporesis

Experiments in which the blood lymphocytes were labeled in the desoty-
nbonaclerc acid (DNA) by administration of ' or adenine-C™ 1o human sub-
Jects have shown a remarkably long persistence of labeled lymphocytes in the
blood.! ™ Thus Ottesen’ concluded that most of the bloed lymphocytes had
a mean bfe span of 100 to 200 days. Harmlton® 7 found that 300 days after
adnunistration of adenine-Ct the activity of the blood lymphocyte DNA was
still more than one third of the peak value; the average hife span of (Jeukemic)
Iymphocytes nas calculated to be 85 days, and some apparently hved for more
han one year. There 13 some reluctance to acceps such a fong hife span, and
Hamilton has suggested 1hat these results could be mterpreted mn a different
way that the actual hie span of the cell s short, but that the DNA s speafically
reutihzed, nith httle or no degradation, in the formation of new lymphocytes.
1f the DNA were degraded to purines, of course, the labet would be lost by
dration

1 have some cytological evidence that such a specific reutiltzation of iympho-
cyte nuclear matertal may an fact occur  Using rat lymph nodes cultured in
a synthetic medium,® we regularly find that afler abouz 4 dm)s m titro many
of the ordinary reticulum cells (macrop ing
into large lymphocytes  This 15 contrary to the general beltef (ior which thers
15 no real evidence) that large lymphocytes develop from so-called “primitive
reticulum cells™ that differ from the ordinary phagocytic reticulum cells of the
reticuloendothehal (RE) system 1 have come to believe that there 1s only
one sort of reticulum cell that 15, or can be, both phagocytic and lymphopoi-
elic

In these cultures, and also in normal Iy mph nodes 12 tiro, some small lympho-
<ytes die, and the pyknotic dead cells are phagocytozed by the reticulum cells
If the same phagocytic reticulum celt (m1crcphage) that ingests the dcad
smal) Jymphocytes can atself ly nto a new
of large lymphocytes, this ob ly provides a cytological basis for Hamilton's
dea of a specific reutilization of lymphocyte DNA (see FICURE 1)

In further support of this 1dea, we have often found in these cultures dif-
ferentiating reticulum cells that had almost reached the stage of large lympho-
cytes but still contamned in therr cytoplasm the pyknotic remains of ingested
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RE &

Ficusf | Cell anterrelationshups o the hmphooyte senes RE w reticutuadathelial
€, L = lorge tonphocy te, M = medwrt lymphocyte S = smalt mphocy te, PR =
phsmatlast, PC = plasma coll, 17 = Uawnes Tspe Eor Hccll, Mon = money te, by =
PolMast Mugyling seprecents cytoptavmue KN Y (hasophafini - The cells are dra o 1o seale

Pyradovical Resistance of Thymus Lymphocytes 1o High Doses of X Radiwtion

Lymphocy tes are very readily Rifled by esdiation, and the average radio-
sensitnity of any lvmphocy te papulation can be measured accurately by count-
g the persentage of deast (yhaotic fymphocs tes present fise hours after ex.
posure to Randasd doses of sadation ? We have exposed s 1o whole body
N radwation and measured the radiosensitnaty of the lymphucytes n each of
the cifferent by mphosd organs of the body ™ e fuund that the dufferemt Ly mph
nodes (lumbar, avllary, vernual, thoraci, mesenteri, deocecal) were ait equalty
sensitn e, and that spleen was akso about the same (Feere 2y The Peyer's
patches, however, were dishingily more seasune than any of these

Honever, in the case of the thy mus the resalts were peculias, s that above
5000 1 wncreasiop doses gave less pyhnosis  After 20,100 1 there was adty-
ally fess pyknosis than after 208 v Thus parrdokal response of the thymus
was first noted by \ogel and Ballin®™ ¢ 1938 Ve have confirmed i and have
also tred, wathout much ssvess, to analyze it further n the following way s

Since pyknosss s an autolyin phenomenon occursng 1o cells that are al
ready deadt, u scemesd hhaly shat the high doses of tadiation partafly macu.
vated the antolylic ensymes, m shich case pyhnoss wonld merely be delayed
and not prevented  Howesver, this was not the tase . When the tme course
of pyhnosis was smvestigated we found that after 13 400 r the percentage of
frykootic vells reached 2 manimum (80 per rent } at 12 hours, and that there was
a0 fusther wncsease after 24 hours whereas, after 2010 7. ail the cells were pyh-
fatk within 11 hours Ve nest thought that periaps bugh doses of sadwation
txed some of the Jy mphocytes, m the tstolognal sense, so that they could no
tanger autidyse  Humerer, this was oot true. ether When the thymus was
removed smmediateh afier a high dose of rachation and expased 1 11fro to
«yamde, all the fymphacytes became pyhootic and did 50 at the same rate as
4510 4n umrradiated contral  These highly iwradated lymphocytes were atso
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small lymphocytes. The finding of these cells suggests to us that there is
only one sort of reticulum cell that 1s both phagocytic and Iymphopoietic

Photomicrographs of these cells have been pubhshed elsewhere® That 1s
all the evidence we possess I wish to stress 2 points (1) we have shown ths
only 21 1ulro, and (2) we cannot assess the quantitative contnbution of this
mechanism to total lymphopotesis 1 zizo.  We claim to have shown enly that
such a mechanism exists, 1ts importance remains to be demonstrated

De Bruyn™ and Ringertz and Adamson'! have drawn attention to the fact
that the mitotic activity in germinal centers is roughly proportional to the
number of pyknotic dead lymphocytes that they contain  This suggests that
dead lymphocytes may be a natural stmulus to lymphopuesis, and this would
constitute a self-regulating mechanism governing the total lymphocyte popu-
lation of the body.

Transformation of Small Lymphocytes to Monocyles and Macrophages

Dating from Metchmkoff (1888) there is a very impressive literature on the
transformation of lymphocytes into monocytes, polyblasts, and macrophages,
particularly 1n conditions of mflammation. In recent years Rebuck has re-
viewed the subject’? and added his own very elegant expenimental studes 3

In this connection 1t seems worth recording that in our lymph-node cul-
tures,’* 1% after 4 days i our synthetic medium,® most of the small lympho-

[ .
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.

This 15 a regular finding  Consequently, I beleve that ma’ny smalt I_';'mph(r
cytes can hypertrophy in the macrophage direction, at least under certain con-
dittons

Lymphocyte-Macrophage Cycles

At this puint I would Iike to speculate and to mtroduce the concept of lym-
phocyte <@ macrophage cycles It seems that there may be 2 such cycles,
running independently (FIGURE 1) The first of these involves the dying and
ingestion of small lymphocytes by macrophages that subsequently differenti-
ate into large lymphocytes that give nse to small lymphocytes  The second
cycle mvolves the turming of small lymphocytes into macrophages, probably
v1a a monocyie or polyblast stage, and thence as in the first cycle

The function and significance of the lymphacyte are still entirely unknown,
so I make no apology for submitting yet another hypathesis It 15, at any rate,
a smple one I suggest that the lymphocyte 1s simply a smali edition of the
macrophage, designed solely for circulation in the blood, and that the blond
lymphocytes are simply a reserve army of potential macrophages that can be
deployed rapidly 1 mjured areas  Macrophages as such do not, and indeed
could not, circulate n the blowd, for they would block the capillanies, especially
the pulmonary ones In this hight the lymphocyte may be regarded as a

“pochet macrophage” designed for free passage through the capulfary struis
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PYKNOTIC COUNT
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FiGURE 2 Percentage of dead (pyknotic) lymphocy tes in lymphoid organs five hours
after whole-body expostire to vanous doses of X radiation ¥ Reproduced with the permis-
sion of Radsation Research

found to be entirely soluble in distilled water. Consequently, we think that
a high dose of radiation neither fixes the cells nor inactivates the autolytic
enzymes, and we have not yet found any explanation for the phenomenon
Whatever the ultimate explanation may prove to be, these experiments seem
to shon that *‘thymocytes” are not, after all, the same as small lymphocytes

Cytocidal Action of Cortisone, Colchicine, and
Barbiturates on Lymphocytes 1 Vilro

Cortisone  In 1933 I descnibed the action of cortisone on the lymphocytes
of lymph nodes cultured i1 ritro 1*  Lymph nodes were cultured for 2 days,
then cortisone was added to the medium, and cultures were sacrificed for study
at intervals up to 48 hours It was found that cortisone killed many of the
lymphocytes, and the percentages of dead (pyknotic) cells were counted  The
action of cortisone in rilro was slow, apparently much slower than n riro
Thus, although a fex lymphocytes sere hilled m 3 hours, the maximum num-
ber of dead cells was found after 24 hours (FIGURE 3) By contrast, after

. SN e "
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s e .
found roughly comparable figures®® and also showed that mitrogen mustard was
highly totic, though slightly less so than cortisone *
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Ficure 2 Percentage of dead lyrmphocytes 1 lymphoid organs five hours
ater whole-body exposure to vanious doses of X radition ™ Reproduced with the permis
sion of Radialion Research

found to be entirely soluble m distilled water Consequently, we think that
a high dose of radiation nexther fixes the cells nor inactivates the autolytic
enzymes, and we have not yet found any explanation for the phenomenon
Whatever the ultimate explanation may prove to be, these experiments seem
to show that “thymocytes” are not, after all, the same as smalt lymphocytes

Cytocidal Actron of Cortisone, Colchicine, and
Barbiturates on Lymphocytes wn Vilro

Cortisone  In 1953 I described the action of cortisone on the lymphocytes
of lymph nodes cultured sn wiro' Lymph nodes were cultured for 2 days,
then cortisone was added to the medium, and cultures were sacrificed for study
at intervals up to 48 hours It was found that cortisone Lilled many of the
Iymphocytes, and the percentages of dead (pyknotic) cells were counted  The
action of cortisone 12 t1fro was slow, apparently much slower than i wte
Thus, although a few lymphocytes were killed 1n § hours, the maximum num-
ber of dead cells was found after 24 hours (riGURE 3). By contrast, after
cvanide, anowia, or X radiation, maximal cell death 1s reached after about 8
hours. Cortisone was very toxic, some lymphocytes were killed by a con-

centration of 3 X 1077 M (01 ug /ml ), while 3 X 10-¢ M killed about half of
S+ A% sferowen ) @chral- sl ano wnth lvmnhacvte suspensions,

1 mustard was
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at and above which Seconal and Nembutal Ml lymphocytes o riiro . The

and alo depress the blood lymphocyte count, but T tind no record n the hter-
ature that this m fact happens (for example, in suicidal posomng)  We have
not yet imvestigated the r tize effects oursehyes,

In connection with the effcct of barbiturates on brain metabolism, search has
been made for a biochemical leston in the nerve celt It has been found 1n
wolated mitochondnal preparations that 3 X 10~ M Nembutal uncouples o=
dative phospharylation, and that Amytal intubits the ouidation of pyruvate
and « ketoglutarate, but not that of succdinale®™ In biochemial terms
this pnts to a specfic block in the oudative pathway between flavin
adenine dimucleotide (FAD) and cytochrome ¢ In confirmation of this
nochemical theary 1t has heen clasmed that intravenous succinate can rapidly
reverse barbiturate poisoning i man ¥ 2 We found, however, that 1073 M
succtnate did not protect our lymphocyte cultures from the effects of Nembutal
or Seconal  So once agin the by mphocyte seems to hayve its own private lesion

We remain unable to explain why lymphocytes are more sensitive than any
other cells to the lethal action of fonizing radmtion, cortisone, nitrogen mus-
tard, colchicine, and barbiturates Tt may be noted, on the other hand, that
Iymphocytes are relatnely resistant to emviropmental changes w tomaty,
fonic balance, pH, CO:, and to SH-posons, urethane, and akohol
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Colchicine. Tn the work now to be reported the toxicity of colchicine and
various barbiturates was studied in the same way, except that a modified cul-
ture techmque'® and a synthetic medium® were used We found that both
colchicine and certain barbiturates, such as pentobarbital sodum (Nembutal),
killed tymphocytes 112 2170 and that, like cortisone, their action was slow, The
number of dead cells increased linearly with time over the first 48 hours (r16-
urE 3) We therefore chose 48 hours as the end point and compared the ef-
fects of various concentrations of these substances (FIGURE 4).

Evidently colchicine is extremely toxic to lymphocytes—much more so than
either cortisone or nitrogen mustard A concentration of 3 X 10-% AL Lilled
a measurable number of cells  As far as I know this 1s the lowest cylocidal
concentration ever recorded for any chemical on any cell  If we assume a uni-
form concentration throughout cells and medum, 1t amounts to about 3000
molecules per cell. Tt 1s known that the admmstration of colchicine to the
whole animal kills some of the Iymph-node lymphocytes, but the effect has
not been studied quantitatively Apparently, an mjected dose of about 2
mg /kg 1 the rat has about the same effect as the same dose of nitrogen mus-
tard 2

The classic effect of calchicine, of course, 1s to cause metaphase arrest, with
clumping of the chromosomes, in mitotic cells It has been shown both with
onion-root tips** and in fibroblast cultures® that this action of colchicine on m-
totic cells can be completely antagomzed by meso-nositol.  We found, how-
ever, that 107¢ M meso-inositol did not alter the effect of colchicine on our
lymphocytes Ths, together with the fact that small ymphocytes rarely if
ever divide, suggests that the lymphocyte-hilling action of colchicine is unre-
lated, biochemically, to 1ts metaphase-clumping action  There 1s a curious
parallelism here to the effects of omzing radiation, for the cells of the body
most sensitive to radiation are the small lymphocytes, on the one hand, and mi-
totic cells on the other

Barbiturates  The touic effect of barbiturates on lymphocytes was first
noticed by Lajtha,?® who found that 102 Al Nembuta! killed most of the tym-
phocytes m cultures of bone marrow or leuhemic blood without visibly affecting
any of the other cells  We have confirmed this on our lymph-node cultures
and have also mvestigated -+ other barbiturates, using the sodum salt in each
case In descending order of tovicity the sertes ran secobarbital (Seconal),
pentobarbital (Nembutal), amobarbital (Amytal), thiopental (Pentothal)
Barbital (Barbitone) was entirely nontoxic over the range studied (FIGURE 4)

This order bears no refation to their anestheti potency, nor does it match any
particular chemical configuration 1n the moletule Pomerat and Panter”
found that barbiturates were tozie o m 1d/re cultures of embryonic chick spi-
nal cord  The concentrations required for complete suppression of outgrow th
were Scconal, 8 X 107471, Nembutal, 14 X 107 M, and Amytal, 18 X
10-% M (figures mlculme‘(l' from their data), which 1s 1n the same descending

than colchictne or cortisone,
Lills no lymphocy tes at 3 X

101\ FrouE 4 shows that there isa ratner cntical concentration, 1073 M,



THE THYMIC LUMPHOCYTOSISSTIMULATING FACTOR®

By Donald Meteall
The Childron's Concer Besewrch Jawndation, Boston, Yass | and the W olter and Kz Helt
Instuute of Medseal Research, Mdfiourne, ustrofia

The functions of the lymphocyte i the vormal ammal are poarly uader-
stood  There is muck evidence that the lymphocyte is a necessary part of the
hody defense mechanisms duc 1o its role as 2 carner of antibodses and by s irtue
of the accumulation of y mphocytes around inflammatory foci  In the normal
animai there hase been 1o cJues ta the zeasons for the uhiguitous presence of
the fymphocyte throughout the tissues of the body nor for the steict mantes
nance of citeulating lymphocyte kevels  These deficiencies 1 our knowledpe
have rendered difficult an intelligent approach to the problem of the mamtenance
of lymphocyte homeostasis

Ti has long been hnown that estracts of the adrenat cortet produce = fym-
phopenia. There has previously been no evidence for ctreulating factors that
mught proveke a lymphocytoss in the normal ansmat  This paper describes
the detection of a thymic lymphacy tosw-stimalating factor and the mterrels.
tonships bekween this factor and other hnown influeaces an erenlating lym-
phocyte levels  The role of thes factor i the pathogenesss of lymphatie leu-
Lemia 15 also descrs

Detectson of the Lymphocytosis-Shmulatng Factor (LSF)

The standard test ansmal used for demonstrating thymic LSF 15 the baby
mouse  The thymus, meuse or buman, 15 remoted aseptically, and a selme
suspeasion of thy mus 1s prepared by grisding the thymus wath pe minihin saline
{1000 unsts /ml ) 1n a pestle and mortar  The suspension 15 Centniuged at 3000
pea for 13 minutes to remove cellular debs, and the supernatant fusd 13 col-
tected A single mjection of 002 ml of this supernatant fusd & made mtrace-
rebeally into eack of 3 htters of mse (18 mice) aged 24 to 48 hours, and the t0-
jected muce are returned 1a thess mothers  Srx day 8 later, nhute cell counts are
pesformed on the tast blood of these mice, and the presence or absence of a
bmphocytosis determined  Simece there 15 considerable smdividual vanation
10 the respanse to a standard stunulus, the mean lymphocyte level of the graup
18 used to determune whether the moculated fuud contains detectable LSF

I ffect of LEF w Bady Srce

Foliowing the mjection of actwve preparations of thymic LSF, a temporary
lymphocytosis deselops m moculated mice  This tymphocy tosis represents a
30 to 150 per cent sncreaso n wizculating lymphocytes, and reaches its max-
mum shout 6 days follos my ngectsan The fymphocytosts passes off after 2
weeks (rrGuRE 1)

Yo al
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* The wack ceparted 1 this paper was supposted by Grant Na €-2547 (€33 from the Na-
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Cancer Coun af Victorta, Mellouene, Austrabx
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mentomy Tealds to foss of detecabde plasma LS (in condhitions where this s
detec tabie},? and (3} tocafszed irradistion of thymes leads to a fall an plasma
LSI anr the smmadiate postitradiation freruxd ¢

The thy mic cell respansibile for 15} production s nat kaosn \natomuxal
disectian of the mouse thy mus has shoun® that the LSI7 1s asseuated with the
thymie meduflary tissue, wot the coriusl B mphoid $issue

In the mouse, the thy mus medulla s composest of 2 vanety of ells, betseen
which 5s & plentaful eosmophabc ground substance  However, bistologual teche
nigues used so far have failed to reveat winch colf type s assotated with LY
production There has been some mdiation that the fludvations n the
amount of tosinophilx graund substance paratiel fw tuations 1n L&T content,
but this is as yet not firmly established

Tis felt that thy mre LST warrants dasaticauon as 3 trae hormone on the
foltow inge o1 sdence

{13 LT is produced by a stagle dustess orgap

€2} s corned 1 plasma but net i anufanng cefi~

3] tactsat a dictane on targed celis  Theeffect of LY 15 gt contined 1o
an actson on lymphocytic tsate 10 the newghboniag iy ous cortet Trgections
of LSY o thymeciormazed muce are also eflictne in produang a lympho-
€y tons

(4} The amecton of 181 produces 3 temporssy #fleny not followed by per-
manent abnormalities  Subsequent e tions of LSE are followad by Iy mpho-
3 t0%es dentical 1 character to it {olloving the first myecon

19 Cirudating LS controls the * feed-back” thamu production of LY}

{6} L8T crosses speates barners

Rofe of Thywie ISF i Lymphocyte flomeastans

The observed arculating Iy mphous te level in an ammal may be conssdered
10 be the wesubtan of four factors lymphovite producion, Jymphocyte de-
struction or ehmmation, y mphoe vte iterchange betneen the crcalation and
the tissues, and the snhezeat natural hie span of the fy mphouyie

Lutie s known of the pathways of normal b mphoyte destrucnion 1t 15
fihely that the spleen plays o prosusent roke, but the evact meckanism 5 wa-
known It 15 possibde that adreral cortmds mav ake regulate lymphotyte
destrucion Lymphocyte Joss from mucosal susfaces securs, ba the magni-
tude of the process 1s hsputed 2

Sunslarly , Wttie 18 hnows conceramg the medianims myohved i the normal
terchange of tymphacytes between the axulaton and the tasaes  Nothing
i hnown of the factors detesmping the hie spas of the nurmal Iy mphod te, but
1t 15 posstbile, as 1 the cxse of the red blood cell, that e ~ome divease states the
hmphooyte miy be struckueally differemt from the normal

I this unsatsfactery situetion, where shece of the fnur {ac1ors mfuenuing
carculating B mptka st des el are unknos o, cautin must be everused i mter-
pretng obsen ations made an mlluences apparently regulaing the rate of the
foutth fanior, Iy naphocy s produe tos

Witk these resers ations wn mind, some of the mituentes oheersed that ap-



14 Annals New York Academy of Sciences

LYMPHOCYTES

LYMPROCYTES

NORMAL  MICE
CELLS
N
PERPHERAL
BLOGD
POLYMORPHS

1 NORMAL AND INOCULATED

[} [} 2 3
AGE OF MICE IN WEEKS

Fioire 1 Lymphocyte and palymorph levels i the tail blood of baby mice myected
with active preparations of thy mic LSF

oculated mice  This has made possible @ more raptd assessment of the presence
or absence of a lymphocytoss by caleulating the lymphocyte polymorphonu-
clear leuhocy te ratio from stamed blood films

The lymphocytosss incluced by thymic LSF rapidly reaches a macimum level
with increasing concentrations of LSF  After this pont, further increases in
the uter of noculated .SF matertal produce no further elevation of the lympho-
cyte levels i the test miwe  This plateau response to LSF necessitates the
use of senal dilutions of the thymuc preparations when assessing the concentra-
tion of LST 1 such materral

No histologieal changes have been observed 1n the organs of injected mie,
nor have any abnormal disease states been observed n injected mice observed
for over 12 months following mnjection

The mechantsm of the production of the lymphocytosis 1s unknown  Three
main possibilities exist (1) the release or redistribution of preformed lympho-
cytes, which is unlikely 1n view of the slow onset of the lymphocytosss, (2)
an induced ncreased hfe span of lymphocytes, which 1s also unlikely but not
imposstble 1 view of the evidence' of increased lfe spans of lymphocytes in
Iymphati leuhemia where excess LSI” levels have been shown to occur,' and
(3) the increased production rate of lymphocytes by lymphopasetic tissues, for
which, thus far, there 15 no direct supporting experimental evidence, but
which has been auepied as the best worhing hy pothesis

Yature of Thymic LSF

The evidence that the thymus 1s the only source of origmn of LSF 1s as follows
(1) the thymus 1s the only urgan 1 humans and mice with detectable LSE
except the plasma under certain arcumstances,’® (2) there 1s an increase m titer
of LST m thymiw tissue cultures,® (3) thymic production of LSI influenced by
the wirculating level of LS, and while the thymic LST content i baby mice
h LSE 15 below normal, LSI 15 rpudly reaccumulated when such

ected witl
s i from the milieu of cxiess arculating LSF,* (4) thy-

thymuses are removed
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Thymic LSI" completes the triangle of basic forces influencing lymphocyte
production.  LST” everts a stimulatory effect on the lymphopoietic cells, in
magnitude somewhat less than the suppressive effect of the adrenals, As op-
posed to the 50 to 100 per cent rise in circulating lymphocytes in strain C37BL
mice following adrenalectomy, thymectomy is followed by a gradual fall in
fymphocyte levels. However, after several weeks, this fall 1s still only 30 to
40 per cent below base-line values *

Thymic LSI" production is conditioned by the genetic make-up and the age
of the animal. Thymic titers of LS are igher instrains AKR and €38 than
tnstrans C57BL and RF.  In the mouse, thymic titers of LST are very low at
birth, rise progressively during early adult hife and, in some strains, fall in old
age

A second influence of the genetic make-up of the animal appears to be the
determination of responsn eness or ponsiveness of the lymph ic tis-
sues to the stimulus of LSI",

From birth, muce of strains AKR and C38 show an apparent unresponsive-
ness to the stimulation of injected LSE This is seen as a failure to develop a
lymphocytos:s in baby mice or thy mectomized adult mice when injected with

e Feen ¢ FE P B

lymphopoietic tissues !

Some types of trauma are capable of stimulating increased LSI™ output,
resulting in a lymphocytosis*  Thymectomy prevents this lymphocy tosts re-
sponse to trauma, but a lymphocytosis of the magnitude of that occurring 1n
normal or sham-ofy d anmals may be produced by the injection of cell-free
LSI preparations  Agamn, the genetic influence on responsiveness to LSF may
be observed in the failure of strains AKR and C38 to develop this lymphocytosts
Tesponse to trauma,®

There 1s evidence that the bone marrow may produce a substance regulating
thymic regeneration following radiation injury

In considenng the role of thymic LSF i lymphocyte homeostasis 1n the
mouse, two types of situation appear to ewst

In the first, as evemplfied by mice of strains C37BL and RF, relatively low
resting lymphocyte levels are found, thymic LSF production 1s moderate, and
such mice respond with a prompt lymphocytosis to injected LSF or following
the stimulation of trauma  In such muce, the mamtenance of part of the circu-
lating lymphocyte level appears to be dependent on thymic LSF

In the second type, as exemplified by strains AKR and C38, high resting
lymphocyte levels are found, thymic LSF production 1s elevated, and there 1s
an associated lack of responsiveness to LSF  In such mice, the maintenance
of circulating lymphocyte levels 1s independent of thymic function, and there
appears to be a cunous mflexibihity of such lymphocyte levels when subjected
to the stumulation of trauma
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FIGURE 2 Schematic diagram showing the role of thymic LSF in the regulation of lym-
phocyte production m the mouse

parently affect lymphocyte production 1n the mouse are set out diagrammati-
cally in FIGURE 2.

The greatest single force 1 lymphocyte production appears to be the -
herent proliferative activity of the lymphocytic tissues themselves  In the ab-
sence of known suppressing and stimulating mfluences, as in the adrenal-
ectormzed-thymectomized-splenectomized ammal, high circulating lymphocyte
levels are maintawed *  There 1s evidence that this inherent growth rate is in
part genetically determined,? although external factors such as nutrition and
general body metabolism are obviously potentially important  The age of the
ammal may also directly influence the proliferative activity of the lymph-
opotetic cells

The second major component 1s the constant suppresston of lymphopoietic
cell proliferation by the adrenal cortex  This 1s considerable in the normal ani-
mal, and 15 increased in conditions of stress *  The adrenal suppressive actwity
n the mouse appears to be divided equally between a suppression of the stimu-
lating efiect of thymic LSF and some extrathymic mechamsm, possibly a di-
rect supp ve effect on lymphopotetic cells ®

Lymphocyte levels n two groups of young male C57BL mice were examined
One group was thymectomzed, the other sham-thymectomized One month
later, both groups were subjected to bilateral adrenalectomy The resulting
lymphocytosis was lower in the thymectomized group, but this difference could
be corrected by the injection of cell-free thymic LSI" preparations ® This
would indicate that part of the suppressive effect of the adrenal cortex on lym-
phocyte levels n the normal animal may be operative through thymic LSF
In confirmation of this hypothesis, injections of cortisone 1n mice have been
shown to reduce the thymic content of LSF ¢ The genetic make-up of the
animal may again regulate lymphocyte production via this adeenal suppression !

Arnesen has produced evidence of strmin differences the adrenal cortex in
mce? These may contnbute to ohserved differences 1n lymphocyte homeo-

stasis 10 vamnous strams
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meostasis, both by its direct sumulation of Iy mphoporetic cells and indirectly
by its suppression by adrenal carticoids.

Orverproduction of thymic LSY owcuss in lymphatic leukemia in the mouse
and man, and is intimately concerned in the pathogeneis of this type of leu-
Lemia.

Abnormal lymphocyte homeostasts in leukemic and preleukemic mice has
been demonstrated
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Thymic LSF and Lymphatic Leukenna

Intelligent observatrons on the control of Iy mphocyte homeostasts are ham-
pered by a lack of knowledge of the normal functions of the lymphocyte. How-
ever, evidence has been obtained that indicates that disorders of fy mphocyte
homeostasis exist in lymphatic leukemta and actually precede the deselopment
of the disease,

Tt has been found! that, in humans with chromc lymphatic Jeukemia and
lymphosarcoma, the thymus contains greatly increased amounts of LSF.  This
15 reflected in the plasma where, unlike the situation m the normal person, de-
tectable amounts of LS circulate.

In mice with lymphatic leukemia, a simtlar sttuation ests,

In the human, httle can be done to determine whether LSF overactivity
precedes or follows the development of leukemia  However, an investigation
of three cases of follicular lymphadenoma, a precursor discass state, also show ed
evidence of LSF overactivity

In the mouse, the use of high-leuhemia strains of mice has enabled the posi-
tion to be clarified

In the high-leukemia strains AKR and €58, evidence has been obtained that
excess thymic LST 1s present from birth and certainly precedes the leukemic
state” As descnbed above, an associated defect has also been revealed;
namely, an unresponsiveness on the part of these mice to the stimulus of LSF.
These abnormalities in preleukemic mice of strains AKR and €38 are accompa-
nied by high resting lymphocyte levels and an inability to show a fy mphocytosis
response to trauma

It has been of considerable mnterest to find that low-leuhemia strain C37B1,
muce, when subjected to leukemogenic doses of whole-body irradiation, develop
all of these abnormat features

These changes appear to be of stgficance m the pathogenesis of genctically
vondthtioned and 1rradiation-induced lymphatic leskerma It may be that the
prol of 1he ly mphopeetic tissues to the stimulation of excessie
levels of LSF, particularly under conditions where normal responsn eness to
such stimulation 15 not possible, may result in the development of neoplasia in
these tissues

Thymie LSF aqnd Hodghiu's Disease

In four cases of Hodghin's disease examined, no evidence of LSF overactinaty
was found  This would suggest that Hodghn's disease 1» fundamentally &if-
ferent from lymphatic levhemia and lymphosarcoma  T'urther, if Hodghin's
discase represents a primary disease of the thymus as suggested by some,!
sudit 2 tumor must be ponfund tional from the point of view of LI produdtion

Interestingly. patients sath retxculum cell sarcomas also fatled to show evi-
dence of excessne LS produc tion

Summary

The thymus has been shown to produce a Iy mphocy tosis-stimulating factor
(L& This factor 15 imvolved i (he mantenance of normal ly mphocs te ho-
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Fictze 1 Pulp in hyperplastic_lymph node  Intersprrsed among Iy mphocytes are

“stem cells,” indicated by wrriws, These are charactenzed by large vesicular nucler with

Prominent nucleols  Cytoplasm 15 vanable in amount and with ooty defined border
Paraffin section, hematoey im and coun stan

Fl ol

as to their character 1 must confess to a sense of
tremulous intrepidity at bewng d with the totip of these
elements  Other cells sparsely scattered in the pulp appear more likely to have
hematopotetic capacities These are considerably larger than lymphocytes
possessing abundant, poorly defined cytoplasm that stains palely with acid dyes
Nucle: are large, sphencal, sharply outhned, and contain scanty chromatin,
but have charactensuically prominent nucleoh (¥iGure 1) In order to as-
suage those easily ruffled, one would do well to designate these elements as
“A"or “X” cells  On the other hand, since they are obviously pnimutne, have
syncitial character, and are considered by many to constitute precursor ele-
ments, a more explicit name would seem desirable [t would meet favor with
some to classify these cells as “reticutum cells’ 1f thus were truly a meaningful
term  As T shall show later, this1s not the case, and the term “stem cell” 1s
proposed in view of the embryonal appearance of the cell and the cytolog-
1cal qualities which, 1 many respects, simulate the embryonic angioblast

Also common 1s a cell that remotely resembles the stem cell and 15 occaston-
ally mistaken for it It, too, 15 large, but its cytoplasm is more clearly defined
and frankly eosinophilic  Its nucleus 1s smaller, eccentric, and ranges from a
sphencal 10 a reniform configuration  Its chramaun, varied in charactet, only
rarely exhibits a vesicular appearance  Nucleoli do not have the prominence
seen in the more primitn eelements and, of salient importance, phagocytic cyto-




Part IL. The Reticulum Cell

THE CYTOLOGICAL IDENTITY AND INTERRELATION OF
MESENCHYMAL CELLS OF LYMPHOID TISSUE

By Edward A Gall

Department of Pathology, College of Medicine, Unizersity of Cincinnatr, and the Concinnats
General Hosprial, Cincinnats, Olio,

The title of this paper permits the assumption that the component elements
of lymphoid tissue possess individuality and recognizable structural or func-
tional characteristics A consideration of the interchanges that appear in
publications on hematology and 1n monographs such as this introduces a note
of doubt that complete accord exists ~ Although disagreements are attributable
1 part to conceptual differences and n part to variations in technical methods,
they also reflect imparred communication of a relatively high order. The lat-
ter is charactenized by rigidities of nomenclature and by resistance to acceptance
of any meaning save that individually determined  Even truths topple when
a keystone word finds disfavor or misinterpretation

A natural outcome of this situation 1s the impulse to embark upon personal
enterprise  This may conceivably lead to an extension of hnowledge; instead,
1t usually results in an expansion of controversy. More often there is an ef-
fort at selective evaluation of existing viens  One may then conclude that all
15 confusion and that no stand 1s justified, or move to the other extreme and
package multiple view points into a hopeless jumble.  Again, one may critically
select a practicable composite and adhere to this with revision as newer data
provide justification  Ths last approach appears both fleuible and reasonable,
1t 1s the one I propose to adopt

Fortunately, there 1s fairly general agreement upon the structural pattern of
the lymph node and the related terminology  Discretion would therefore dic-
tate that discussion be mst:tuted n this area  The entrance and emergence of
lymphatic channels and the circuitous seepage of their lymph content pro-
ceeding via the nodal sinuses from the convex surface to the concave hilat mar-
gin of the node are fanuhar features Similarly, the fibrous character of the
capsule and trabeculae requires no elaboration  To these are anchored the
delicate argyrophilic fibnis of reticulin, the dervation of which has been the
subject of debate for years' ? The advent of refined methods of study, -

Tt . o * y by indicaung the

, 1t 1s probably the

contiguity ar dis-

ersion  Of course, 1t may be argued with equal validity that the degree of

cellulanty uself determines the nature of the net Adjacent to the capsule

and trabeculae, the sinuses contam only sparse and loosely hung fibrils that

jomn the denser network of the pulp at the sinus margns  The pulp network

1s finely and rather uniformly meshed, but agam becomes scanty and poarly
defined m the cortical compartments mn relation to the lymphoid follites

Lymphocytes comprse the bulk of I:)Od:\l cellular content  There 13 hittle

12



Gall: Mesenchymal Cells of Lymphoid Tissue 121

B J

3
A6,
A GG
Sheree i Sy
250, “3 .‘S 020y 5oL 05 RV P S

Ficrae 1 Pulp in hyperplastic Ivmph node  Interpersed among lymphocytes are

“stem cells,” indicated Ly arrows These are characterized by Large seucular nucles with

promunent ucleoh  Cytoplasm 13 + 2nable in amount and with poorly defined border
Parafin section, hematory bn and coun stan X450
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as to their morphologic character. I must confess to a sense of
tremulous i idity at being uni | with the totif iality of these
clements  Other cells sparsely scattered m the pulp appear more likely to have
hematopoietic capacities These are considerably larger than fymphocytes
possessing abundant, poorly defined cy toplasm that stains palely with acid dyes
Nuclei are large, spherical, sharply outlined, and contain scanty chromatm,
but have characteristically prominent nucleoli (ricTre 1). In order to as-
suage those easiy ruffled, one would do well to designate these elements as
“A"ot “X" cells. On the other hand, since they are obviously pnmitne, have
synotal character, and are considered by many 1o constitute precursor ele-
ments, a more explicit name would seem desirable It would meet favor with
some to classify these cells as “reticulum cells” if this were truly a meanngful
term As I shall show later, this is not the case, and the term “stem cell” is
Proposed mn view of the embryonal appearance of the cell and the cytolog-
1cal qualities which, in many respects, simulate the embryonic angioblast
.-\lso'(ommon is a cell that remotely resembles the stem cell and is occasion-
ally mistaken for it. It, too, is large, but its cytoplasm is more clearly defined
and frankly eosinophilic. Its nucleus 15 smaller, eccentric, and ranges from 2
o . \ character, only
' N the prominence
- shagocytic cyto-
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FIGURE 2 Sinus in hyperplastic lymph node  The sinus contains packed “histiocytes”
Nucles resemble those of stem cells, but are smaller and more irregular in configuration
Chromatin 1s more finely dispersed, and nuclech are not prominent

Paraffin section, hematoxyhn and eosin stain 50

plasmic qualities are often apparent  This cell appears n the pulp, in active
lymphaid follicles and, 1n varying abundance, n the sinuses (FIGURE 2) By
reason of 1ts morphologic and functional charactenstics, the term “histiocyte”
appears apphicable  I'shall not insist on this name since, as indicated in TABLF
1, there 1s a wide choice of alternatives.

TasBLE t
HisTiocyTE ENCOUNTERED 1IN 1HE L

NOVENCLATURE FOR ITERATURE®

Histocyte Monacyte
Macropbage Histogenic monocyte
Clasmatocy te Large mononuclear
Polyblast Large mononuclear Iy mphcndothehocy te
ericyte 1y mphendotheliocy te
PentKelml cell Hemendotheliocy te
Adventitial cell Reticuloendotheliocy te.
Anode cell Reticuloendothelial cell
Rhagiocrine cell Endothelial cell
Pytrhol cell Lndothehal leukocyte
Dictocyte Endothehod cell
Interstitial cell Lattoral cell
Transitional celt Kupffer cell
y  Resung wandenng cel Microgha

Reproduced by permission of the Amenican Society of Climical Pathologists 1
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Inaddition to each of these clearly defined prototy pes there are mtermediary
furms representing phases of transittan.  Unfortunately, there are no signposts

: Mesenchymal Cells of Ly mphoid Tissue 123

n hematopotests is a moot point,

The variety and relatis ¢ proportions of celfs in Iy mphord tissue are sndica-
tove of the susceptibiity of this organ to provocations of a metaboli, inflam-
matory, or neoplastie nature.  There 1s ttle quicscence in lymph nodes which,
indeed, ate in a state of constant histalogical motwn, nar 1s there reason to
believe that the pattern in one node necessarily reflects that in anather  In
the same patient one may find pulp hyperplasia, sinus hyperplasia, or follicu-

TapLr 2
Tazywr Aevvmn v Lavene Nobe?

Lymihougte ] Metocyte | Stem cell | #nintheliur
Fsterase [ i
Aaid phoephatace 0 + | e 10
Thaphamidace
5 Nocleotidase . 0 0 " 0
Aikalne phocphatase . . 0 o T

N

TS

[ RS

el BF 3 Aeetone fived normal Iy mph noule, paraflin embedded  Stamed b the din
tehmauc with sodium alpha naphthy | acut phosphate to demonwtrate athaline phosphitas

SN F This 1s characterized by (I appears onlv tn vascular channtis
hned by endotpry Xlsu 3 dark staning and app
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uns packed “histiocytes
rregular 1n configuration

plasmuc qualities are often apparent  This cell appears m the pulp, m active
ymphoud follicles and, 1n varying abundance, in the sinuses (FIGURE 2) By
reason of 1ts morphologic and functional charactenstics, the term “histiocyte”
appears applicable I shall not insist on this name since, as indicated 1n TABLT
1, there 1s a wide choice of alternatives

Tante 1
NoOMFNCLATURE FOR THe HisTIoCYTE ENCOUNTERED IN THE LITERATURE®

Histocyte Monocyte
Macrophage Histogemc monocy te
Clasmatocy te Large mononuclear
Tolyblast Large mononuclear lymphendotheliacy te
Pencyte Ly mphendothelocyte
Tenthelia) celd Hemendothehocyte
Adventitial cell Reticuloendothehocyte
Anode cell Reticuloendothehal cell
Rhagocrine cell Lrdothehal cell
Dyrehol cell Endothelial leukocy te
Dictocy te Fndothehoid cell
Interstitial cell Lattoral celf
Transitional cell Kupffer cell

Resting wandenng cell Microgha

- # Reproduced by permission of the imerican Society of Clhimcal Pathologists
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1n the lining endothelium of small lymphatics and vascular channels (F1GrrRF
3). Histrocytes, on the other hand, contained a high level of acid phosphatase,
esterase, and phosphamidase.  This was the case, whatever the location of the
cell in the pulp, follicle, or sinus (FIGURE 4).  Of interest is the fact that this
type of staing disclosed a cellular configuration identical with that demon-
strated by the silver-deposit methods® and quite unlike that encountered with
hematovy lin and eosin staining in paraffin-embedded tissues (FIGURE 5). Sim-
ilar statning was nrot encountered in stem cells that exhibited minor but sig-
mficant reactivity only with the 5-nucleotidase method

Lymph node cells, therefore, are distinguishable on both a and
a functional basis  The application of stmlar histochemtcal metheds to dis-
eased nodes reseals retention of identical histochemical features  This suas the
case in instances of sinus hyperplasia, tuberculosis, and sarcord where his-
tiocytes could be regularly highlighted. In carrying the studies further in
examples of malignant lymphoma those charactenzed by the presence of histio-
€ytes continued to exhibit specific reactivity (FIGURF 6)  Other forms of lym-
phoma in which lymphoid elements predominated were devoud of staining as
i their nonneoplastic counterparts. In a single specumen of primitive (stem
cell) lymphoma, enly 3-nucleotidase actvity was mansfest, and this in small
amounts.

Ficize 5 Section from node simiar to that shown in victzE 4 Frozen section im.
pregnated with silver carbonate? to highlight histiocytes These cells show steltate con-
figaration as w FIGLRE 4 In addition, elongated delicate fiballar intercellular connections
may be seen X900
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lar hyperplasia 1n different nodes simultaneousty. There is no clear hnowledge
as to which stimulus specifically induces a given pattern,

In an effort to define the functional qualities of lymphoid elements more
closely, a host of new technical procedures have been developed in recent years
This represents a resurgence of a methodology that had a transitory populanty
at the turn of the century and for about twenty years thereafter. There is
neither the space nor the necessity to describe here the results of these advances,
many of which are presented elsewhere ia this monograph. However, I shall
report to you succinctly some studies now in process in our own laboratories.®-?
Although incomplete at the moment, they are nevertheless of nterest at this
point.

In bref, we have applied certain histochemical technigues to lymph nodes
with the purpose of determining the various forms of enzyme activiues m dif-
ferent cellular components  Of particular note at the moment are the results
obtained with a hmited battery of procedures for the detection of alkahine and
acid phosphatases, nonspecific esterase, phosphamidase, and S-nucleotidase.
In each 1nstance several methods have been used and, under controlled condi-
tions, they have been found to be reasonably exact and reproducible. The
results, though consistent 1n our hands, differ in some details from those de-
scnbed by others  This i probably butable to certain of
technique  As sndicated in TABIE 2, lymphocytes failed to show any evidence
of activity of the five enzymes sought  Alkaline phosphatase appeared only

h‘.'z}l ﬂ“’ ...‘NA

Fioure 4 ANy {,’h node the seat of reactine histiocytosis to demonstrate nonspectfic

histiocstes | Frozen dned matenia) staned with the naphthol As

ty 1n
esterase Aty L tes are dark stuined and have an rregulst stellate configuration

acetate techmique '
X900
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in the tining endathelium of small tymphatics and vascular channels (FicrRE
3). Histiocytes, on the other hand, contained a high level of acid phosphatase,
esterase, and phosphamidase.  This was the case, whatever the location of 1he

R Tttt . ™ mTT e s the fact that this

. with that deron-
oL . .- Lot - encountered with
hematosy lin and eosin staining in parafiin-embedded tissues (Frorer 5).  Sim-
1lar staining was not encountered in stem cells that exhibited minor but sig-
nificant reactivity only with the 3-nucleotidase method.

Lymph node cells, therefore, are distinguishable on both a hologic and
2 functianat tasis  The application of simlar histochemical methods to dis-
eased nodes res eals retention of identicat histochemical features  This was the
case in instanees of sinus hyperplasia, tuberculasis, and sarcoid where his-
tiocytes could be regularly highlighted. In carrying the studies further in
examples of malignant {ymphoma those charactenzed by the presence of histio-
cytes continued to exhibit spearfic reactivity (FIGCRE 6),  Other forms of lym-
phoma in which lymphoid elements predominated were devoid of stajning as
in their nonneoplastic counterparts  In a single speamen of pomitine (stem
cell) lymphoma, only 3-nucleotidase activity was manifest, and this in smafl
amounts,

Fioerr 5 Secuon from node simular to that shawn in yicree 3 Frozen secton am
pregnated with siver carbonated to highight histiorytes. These cells show stellate con
figuration 28 1n NGLRE 4 In addion, elongated delicate fbnilar iterceDular conrections
may beseer X5
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There has been & studied effort 1n this discussion to avoid the utilization of
the expressions “reticulum cell” and “reticulum cell sarcoma ”  Such an avoid-
ance confessedly borders upon stubborness, for there are few terms with wider
usage among hematologists  Unfortunately, a probe into meaning leads to a
chaotic miasma ® Even conceptual views are at wide vanance, as indicated
by raBLr 3 Moreover, a compilation of the morphologic cntena that have
been cited n delineation of the reticulum celi 15 no less confusing  Most
authors simply assume that the reticulum cell has umiversal recogritton and

TapLe 3
Tunenonar ConeEPTs oF THE Rettconey Cern®

(1) Pnmstive totipotential hematoporetic cell
12) Hematopoietic and stroma-forming cell
(3) Phagocytic cell and/or precursor

(4) Argentophul fibn! forming cell

(5) Vascular (endothchumlike) hning cell

(6) ny 2 or more of above

S —
T Reproduced by permission of Afinnesota Medirine 3
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TaBiE 4
Historosicar CiaracTrRISTICS 0F RETICULLM CrLL $ARcoMa s Notrp
N TUF LITFRATURE® .
Suze of Retsculum Cell Giant Cells
Large 9 Frequent . 5
Small 8 Rare 4
1210 15p 3 Absent . 3
1510222 3 Resemble Reed eells 5
2210 504 i Do not resemble Reed cells 1
Configuration of Reticulum Cell Crtoplasm of Retscdiom Cell
Syney tial 0 Abundant 1
Pseudopodal 10 Scant 13
Tl defined 7 Clear 6
Toly gonal 4 Granular . 5
Stellate 3 Hasophilic 6
Round or oval , 6 Eounophilic 14
Fusiform 3 Neutrophilic or amphophilic 8
Vaned combinations 14 Phagocytic 9
Nonphagocytic 5
Nuclear Characlersshies
Large 6 Round or oval 14 Vesolar b
Small 5 Remform 9 Hyperchromatic H
Vaned 1 Lobulated, uregular 9 Paleorevenstanmng . 7
2t07p 3 Mitoss, frequent 10 Membrane distinct 10
Tty 3 Mtoss, rare 3 Membrane thick 6
101012 2 Mitoss, absent 3 Membrane thin 3
Membrane folded 2
Nucleolus
Promment 20
Not promiment L]
Absent 4

* Reproduced by permussion of Minnesofa edicine

make no effort to descnbe it Among those who do define tts qualities, the
charactenistic features as listed by some have no resemblance to those de-
scribed by others (TaBLE 4)  The reticulum cell appears to be a myth, and
the retention of the term would seem to serve no useful purpose (FIGURS 7)
Nevertheless, I am certain that no one who now utihizes the expression will
hesitate to continue doing so

Can one truly classlfy the furms of malngn:m[ ]ymphoma and not have at

hand “reticn* " e
debate and r . A : :
Hematology LR : | I

and I presented a seminar on Iymph node d:seas:s mn New Orleans, La , under
the sponsorship of the Amenican Seciety of Chnwal Pathologists'®  What
began as an apparently irreconcilable chvergence of views under the pressure of
a need to synthesize a worhable classification ended 1n harmonious agreement
The dlasufication we ultimately presented had the value of comparative sim-
pheiy, a susceptibility to iliustration and ready discnmination, an apph-
cability to chmical phenomena and, of some significance, an indcation that
minds 1n opposttion could meet 1n compromise (TABLE 5)
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Ficeze 7 Shetch llustrating the construction of the “reticutum cell” i accordance
with vanous descriptions encountered m the hterature Reproduced by permission of
Minnesota Medicine®

For many years students of lymphoma have believed that a pathogeneti
Vimored o emmeba d —- -f et~ ononn Thishas been
nt lymphoma”
been supported
by the recognition that metamerphusis from one form of lymphoma to another
could be antictpated 11 2 certan proportion of cases " The owcurrence of
vanation and dedifferentiation has been hhened to similar alterations appear
ng in epithehal neoplasms How broad this vartability of pattern may be in
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WaorhinG CLASSIFICATION oF MALIGNANT Lyarrown®

“Nodelar” (Foftuylar) Diflyse

{1 Jomedl ) “Retieatam cel sarcoma™

v differentiated) .

() Well differentiated } Ly mphosaccoma’
() ived el (Fstiocy bic and by mphocy tic)
) Uedghin's

{a) Paragranuloma

() Geangloma  (“Classic”)

{©) Swcom

* Reproduced by permisston of the Amesican Socicty of Climcal Pathatogists ®
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Ticewe 8, Transitinns ebsersed among types of lymphoma 4 Reproduced by permis
sion of Radiology,

lymphoma is mdicated by the \edor dmrt dey |seLl by Custer'! (FIGURF B),
vhich would indicate a g for 1 flux,  Indeed,
Custer has stated that m his expenience such vanations may be anumpated
in due course 1n 40 per cent of tases, Some years ago, tn an effart to quan-
titate this phenomenon, B Castleman and I mvesngated a senes of cases i
which serial biopsy specimens or spectmens procured at both biopsy and
necropsy were avajlable (unpubbshedt dama)  In an effort to provide sul-
ficient interval for transformation to occur, we selecied cases in nhach at least

months mtervened between specimens This analysis concerned approxi-
mately 65 cases, and it was noted, as antiapated, that 33 per cent exhibited &
change of lestion irom one type of lymphoma to another In the course of
dehberation on these results 1t seemed that the interval selected was an arbi-
trary one, accordingly, specimens were examined from alf cases with more
than ane mcroscopic section avatlable regardiess of the dates of procurement
To our surprise the same alteration rate of 33 per cent also ocurred here
1 some of these the mierva) between excisions was one week or less, and 11
seemed unhihely that translormation could occur an so bref a perwod  There-
after, bhind studies were made of a series of webl-preserved settions obtamed
at necropsy from different lymph nodes in the same pauents with mahgnant
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lymphoma; again a significant vanation of pattern was encountered. This

was ordinanly of the nature of v:m:mons mn degrees of d\ﬂerenmhon but on

' lude

the

e of

malignant lymphoma, whatever its nature, possesses the capacity to induce dif-

ferent morphologic responses in the same person. The concept that lym-

phoma may alter its histological nature over the course of time requires re-

evaluation. Naturally, one may argue that lesions may differ 1n duration in

a given individual and that differences in pattern may indeed represent trans-
formations in the course of development
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ASPECTS OF THE RETICULOENDOTHELIAL SYSTEM STUDIED
WITH THE LIGHT MICROSCOPL AND
THE ELECTRON MICROSCOrL *

By Leon Weiss
Department of Aratomy, Harsard Medical School, Boston, Mass

The reticuloendothelia) system, first clearly demonsirated by Goldmann
(1909), is a system of connective tissue cells through which are expressed
whatever potentialities for cellular differentiation persist from mtsenchyme
It has been recognized as vomprised of cells concentrated in hematopoienic
and endacrine tissues and fived to a fibrous extracellular reticulum, and of
cells free of reticulum and dispersed through almost every connective tissue
{Mauimow, 1924}

The retwcular cell 1s the preponderant type among the fixed cells  Tlattened
as endothelium, 1t may make up the valls of sinuses or, in stellate form, may
constitute less well-organized parts of reticular tissue. In esther case the
reticular cell remains a multipotent connective tissue cell capable of differ-
entaling into any of the blood cells, into mactophages, fibroblasts, and fat
cells and, possibly, into other connecuve tisue et yypes. Cytologically,
rencular cells are undifferentiated, having large spherical nucler and pale
mensuc cytoplasm They lack even the compacted hasophiite cytoplasm,

nucleoli, and promi nuciear b that signify the syn-
[hesxs of protein and |h:n, in fact, constitute m primiuive blood cells the first
evidence of differentiation from reticular cells Fixed cells may become free
of the reticulum Such detachment may actually represent cellular maturation
and may restrict the subsequent capacities of these cells for differentiation
Indeed, the capactties for transformation of the free cells of the reticuloen-
dothelial system have been the source of extended controversy Histiocytes
(and monacytes that may evohe into histiocytes) are clearly phagocytic and
may elahorate adaptive enzymes There 1s, moreover, increasing acceptance
of the unttanan view that these cells and Iy mphocytes are but minor sariants
of the same multipotential cell type

In thes presentanion I shall censider certan aspects of the reticuloendothehal
system that have particular reference ta this monograph, and not attempt a
systematic treatment I propose to ciscuss the stouses in the red pulp of the
spleen of rats, the relationship of splenic cords to splenic sinuses, the nature
of the reticutum, a cytoplesmic melusien wnduced 1 retrculoendothehal cells
of guines pigs by estrogens, the Fod-Kutloffl body and, finally, techmques
for the study of the dermal bone of the mne-banded armadiflo. My dis-
eussion will be pnmanly morphologic, based upon observations with both
the hght and the eleciron microscopes

* The work reported i this paper was Supported mn part by Grant C-3106 from the Na.
tional Cancer Instutute and by Grant B-90JC from the National Institute of Neurolopical
Discasen and Blndness, bubbt Health Servce, Bethesda, Md

t Sentor Investigator, Arthrius and , New York, N Y

131




132 Annals New York Academy of Sciences

In a recently published study of the red pulp of the spleen 1n human beings
and rats (Wess, 1957), splenic cords were interpreted as collapsed splenic
sinuses lying between patent sinuses. The endothelium of splenic stnuses has a
markedly irregular luminal surface. In a collapsed vessel, its endothelum
crumpled, the lumen persists only as an uneven sht, and the vascular nature
of the structure 1s often obscured. It had, 1n fact, been recognized, even before
the classic work of Moller in 1911, that the preponderant cell type in the cords
15 the same as that making sinal walls, and that sinuses merge indistinguishably
into cords. The walls of sinuses, moreover, are common fo two or more vessels,
the repeating structure of the red pulp being lumen, endothelum, reticutum,
endothelium, lumen, endothelum, reticulum, endothelium, and so on. Aper-
tures are present 1n the walls of sinuses, but they constitute simply anastomotic
passages and not communications to extravascular tissue.

The red pulp of the spleen would then be represented as an enormous vascu-
lar space made up of sinuses sharing common walls, communicating through
anastomotic apertures, having highly rregular contours, and followmg a
tortuous course Some sinuses are patent and some are collapsed  Collapsed
vessels lying between patent vessels constitute Billroth or splenic cords It is
within such collapsed sinuses that phagocytosis and cytopolesis appear most
active If this conclusion 1s correct, 1t should be possible to convert splenic
cords to splenic smuses and sinuses to cords, In experiments designed to convert
cords to sinuses, the spleens of rats were dilated by perfusion, passive conges-
tion, and the admimistration of acetylcholine and of mtrites in eserinized rats
Moreover, since the greater part of phagocytosis and cytopoiesis occurs in the
cords, attempts to convert sinuses to cords were made by provoking phago-
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expanded by blood In the adult, these places differed from unmistakable
sinuses In one major respect, their walls were made up of cells filled with phago-
cytized matenal  Many of these cells, particularly those almost completely
filled with ingested matenal, were removed from the wall, in contact only by
tenuous cytoplasmic connections Many others maintaned an endothehal
location although they were considerably loaded down, and often some cells
with httle or no phagocytized matenal wo=n - ras Achmen chakle fram nn
altered sinal endothelum (FIGURE 1) . ‘ . .
m the cord tissue or, as I should mtery s . ¢
collapsed vessels in which the flow of blood 1s stilled A cell filled with ingested
material appears to abandon tts role in making a wall  This phenomenon may
be accentuated m expeniments forung phagocytosis upon an endothefum untr!
the morphology of few vessels 1s left undisturbed ~ Often, where a cell becomes
engorged with matenal and leaves the wall, the reticutum that presumably

: o~ - ) ' v would seem to

eatures of note
Tt isa granular matenal contaiming no discernible cross-banded reticular fibers
Reticular fibers may exist, of course, mashed by ground substance  Arranved
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TGLRE 1 Laght micrograph of the spleen of a rat  The spleen of gn adult rat was
distendded by biganng the plemc vesn  The vascular pedicle was then tied off and the entire
organ remaved and fixed 1 o5 distended state without loss of blood (I am 1ndebted to
Wathat Rloom for suggesting ths procedure)

Tuo sinuses (St run obhquely acrose the Geld, theyr endothehal cells flattened by heg
venous pressure  Erythracytes are wnstained  Between these vessels 15 lissue that pre.
sumably had been cord tissue, but 15 considered to represent 3 nus  Jn tao places, portions
of endothelzal cell oucley face an the lumen of this smus {arrons)  In other places cells
endorhelial posizion have ingested matenal and largely come off the wall (M) Such cells
occasionally appear to ke isolated w the center of a sinws (AU By senal secuonog 1t can
he determined that these cells, too, occupy endothelal positions above o below the plane of
section At T a branch of Qus sinus comes off at 3 nght angle and may be seen 1 cross
section ‘The ussue 1a the uprper Jelt and Jower nght areas 1 the Ge3d may be mterpreied
an the same na;

The tssue was embedded 1a pazaffin and stamed with the pesiodic avid Sehff method and
bematovhin - X 1300

1n the pattern 1t normally takes, the retculum appears fibrous only in the
sense that a line of chalk or a trai! of sand does so In many places, moreover,
Ve reeubum of a sious s evposed directly 16 1he trtslaton wnd, vecasionally,
the substance of the retrutum appears to be washed mto the cinulation  In
peciedic-aad-Schiff-stained prepazations, one (an often see 4 magenta wash
n the lumen of stwuses, representing the substance of reticnture carcied fram
us lingar Incalization A snbstance that may be wdentical to tse substance of
retteulum may be present m the basal cytoplasm of the endothelum and, i
not a few nstances, morphotogic continuity between mtraceliular and extracel
tular substance may be observed  These observations mvite cestam inferences
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cell‘;litl‘;uzdyr;?:mrd, are present 1n red pulp, concentrated, 1n some cases, 1n the marginal



Weiss: Aspects of the Reticulocndothelial System 135

The reticulum would appear to have functions in addition te, and pethaps
more jmportant than, the intwitively accepted function of support for the
sinat wall.  The presence of material identival to reticulum in the codothelial
rytoplasm supgesis that reticulum 1s secreted by the endethehum that les
upon it. The absence of reticulum in places where endathelium has left
the wall suggests that there Is a significant turnover in reticulum and that
the endathelium is necessaty for its renenal,

1 the red pulp is a vascular space, it is clearly important to learn w hether
of not there exists a mechanism that determines where blood floss within its
sinusal system beyond (e pofat of arterial control. T suggest that the retic-
ulum may represent an unstable grud upon which the endothelum is ahgned
and through which the direction af blaod flow may be controlled.  Ina system
of ves¢els having commen walls, the moyement of one part of the wall could
open one vessel and close anather  In argyne sats the uptake of silver 1
most pronounced in the reticulum of the sinuses of the marginal zone, that
speciahized part of the spleen that constitutes 2 transitional tssue between
white pulp and red pulp (Snook, 1950). Here the sinuses are large and ar-
Tanged more or Jess circumferentially aroumd the white pulp.  The stnuses of
e T T el T S U e

. In

. B ginal

zone are first filled  Perhaps it 1s through changes in the walls of the marginal

zone, from the outer aspects of these arcumlerential vessels, that the flow af

blood 1nto the deeper vessels of the red pulp 1s controlled as the endothelum

and the reticulum make new alignments. Further tn the red pulp sitilar
adaptations may ovcur

L now furn to a related, but spectahzed, reaction of the reticuloendatheliat
system, the Fod-Kurloff cell.  ToX-Kurloff cells are cefls of the reticuloendothe-
lial system of guinea pigs and are wlentified by cytoplasmuc inclusions and
elicited by sumulation {Ledmgh 1940). I became taterested
1 these cells because of their presence ta the red pulp of the spleen, the histo-
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chemical similarity of their mnclusions to reticutum, and their evocation by
estrogen  The effects of estrogen upon ground substance are known, and I
thought that perhaps the Foa-Kurloff cells actually might be producing reticu-
lum under estrogenic stimulation, At present this seems unlikely, but I
believe my preliminary findings are of interest {0 present here

In tissue sections the inclusions are of a homogenous, presumably liquid,
material umformly stained with the periodic-acid-Schiff technique. They have
been characterized histochemically as a mucoprotein (Pearse, 1949). In
smear preparations of blood, spleen, and bone marrow, the inclusions tend to
be particulate and basophilic (FIGURE 2, @ to d). The inclusions may be
multiple, barely visible structures indistinguishable in the light mi it
from granules commonly present 1n lymphocytes, or single and large enough to
fili a lymphocyte Normally representing less than 1 per cent of guinea pig
blood cells, Foa-Kutloff cells may rise to more than 30 per cent of blood cells
and may comprise a great portion of the cells of the red pulp of the spleen,
bone marrow, and thymus (Sunmons, 1956)  The olume of the spleen may be
icreased twofold by the accumulation of these cells (Nadel, 1952). Lym-
phatic nodules contain few Tod-Kurloff cells, a finding that suggests a basis
for distingwishing mononuclear blood cells originating an lymphatic nodules
from those onginating elsewhere.

In the electron microscope the inclusion consists of an apparently liqud
phase, presumably the mucoprotemn, and a peripherally placed particulate
phase, p bly the basophil The particles measure up to
0 4u m diameter and are made of highly ordered lamellated membranes, often
forming a more or less spherical structure and enclosing a fine granular core,
The hiqud phase has a famt lamellar character. Surrounding the particulate
component, these lamellae 1n the liquid component are relatively pronounced
and actoally become continuous with those of the particles Therefore, fluid
and particulate components appear to be phases of the same system (FIGURE
2,dand €) The significance of this remarkable inclusion 1s not yet known

Finally, I refer to the dermal bone marrow of the mine-banded armadillo,
Dasypus novemcinclus, to present methods for its study In collaboration
with the late George B Wislocki (Weiss and Wislocky, 1936), seasonal varia-
tions 1n hematopoietic activity were observed and taken to represent the in-
fluence of environmenta! temperature This marrow passes through a phase
that consists almost entwrely of reticular cells This tissue, located super-
ficially and distributed to more than 600 locules, 1s suited to experimental
alteration It should be possible to deterrune the effect of temperature on
hematopoieses by maintaiming an armadillo in a cold room with one half 1ty
carapace kept warm by a heating jacket  In callaboration with H J Wheel-
wright of The Army Chemical Center, Edgewood, Md, moreaver, the
techmques for senal biopsy and roentgenography of the eaves of the carapace
have been developed (FIGURE 3) The dermal marrow of the armadillo,
simplified in 1ts transitional stages and, presumably, experimentally influenced
by temperature, would represent an organ n which the organization and

responsiveness of the reticuloendothelia) system could be determtned




SOME LN VITRO AND LY VIVO STUDILS ON RAL ME
CHYMAL CELL TYPES BEARING ON THE PROBLEM
Or THE RETICULOENDOTHELIAL SYSTEM?®

By Kenneth M. Richter
Depariment of Amatomy, Un.ersity of Oblaboma Vedscal Center, Olahoma City, Okla

Tniroduction

Just what the reticuloendothelial sy stem (RES) is appears to depend largely
upane how it is defined (EHeller, 1957)  To some, the hittacy te 1s the cell of
pame concern, as phagocytosis of some kind 15 the only clearly established
functronal attnbute of this system (Policard, 1937)  To others, the RES 15
a particular physiological or funciional cell state, “the histiocy tary state”
(Chevremont, 1942, 1943, 1943, 1948, 1935), which is completely independent
of genetic hmutations and can be achieved by many dierse types of cells,
The acquisition by spectfic cells of some of the marphologic and phagory tre
functional characteristics of the histtocy te has been s tewed as a cellular “modu-
fation™ (Weiss, 1934, 1910).

In addution to the mare conventionally designated RE cells, such as the
fived and free hustiocytes (variously hnown), the reticulum cells, the ltming
eelfs of lymph and centaun vascular smuses, and monocytes (Bruman, 1935,
Doan, 1957; Rebucl T o :
cells {Weiss, 1944,
mont, 1943, 1953), , .
Lol * 37), germinal and mesothehal

tymph and blood vascular
. , “listhul, 1954), ordinary con-
nectne tissue fibroblasts (Bruman, 1935, Chevremont, 1933, Policard, 1957),
and fat cells (Rurhhardt, 1934), as well as others, have all been teported either
(1) to hase the capacity o segregate within their cytoplasm collodal particles
and/or cell fragments or {2) to have the capauity to transform mto or give
fise ta histiocytic type cells Qur current difemma relatnve to the RES and
the several crttena used i its identification and m evaluation of ats functional
fevel was dearly envisaged thirty years ago by Maximow (1928, page 429,
paragraph 3, line 7) “As the cells just enumerated include not only elements
of mesodermal ongin, but also of entadermal (thymic) and ectodermal (gha)
ongin, the oullines of the canception of the histiocytes n the case of such an
extension are hable to become vague The storing and intraplasmatic trans-
formation of the subsiances mentioned above {dyes, fats and endogenous mig-
ments] at east as a temporary or pathological phenomenon, scem not to be
the exclusive prerogative of the histiocytes ™
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detml can be discerned, and second, farge (25 ), slightly stellate cells having
abundant homogencous to shghtly vacuolated cytoplasm and a relatnely
pale, vesicular nucleus with one ot two nucleoh  An occasional multinucleate
cell is present (FIGURES 1 and 2) A basement membrane of sorts is present
at the several junctions of the extraembryonic mesoblast with the epithelia of
the entodermal, amniotic, and trophoblastic vesicles (FIGURE 2)  The large
cell type closely resembles the “embryonic-type” fibroblasts of the predecidual
and early endometrial lamina propria (compare FIGURE 2 mlh‘ncmm ).

cell population other than circulating blood cells during the early embryoric

Tio

The mesoblast of @ 4-day human otim. In this ovum, the extraembryonic
mesoblast has been incompletely cleaved by the formation of the extraem-
bryonic coelom so that the amniotic, entodermal, and trophoblastic vesicles
have acquired an extraembryomc layer of mesoblast of vanable thickness
- " v - ' * " two types of
e 1jor axes and
t . .. . » of granular,
homogeneous, or vacuolar character. Its nucleus 1s large and vesicular with
one or two prominent nucleol and may be pleomorphic (FIGURE 7). The
second cell type 1s small (15 to 20 p) of wrregular distribution and sometimes
grouped (FIGURE 7)  Its nucleus 1s small and more hyperchromatic than that
of the larger cell type, The small cell type may be equivalent to the angio-
blast (Hertig, 1935)  There are no discernible blood 1slands or vessels present
anywhere 1 the extraembryonic area  The Jarge cell type resembles closely
the tum cell of adult lymphod tissue pare FIGURE 7 with FIGURES
32 and 33)

The embryonic area, which i the 10- to 11-day ovum consisted only of con-
tiguous portions of the amniotic and entodermal vesicles, shows the ento-
dermal and amniotic ectodermal layers to be separated by a layer of loosely

mgrated bodily out of the primitive streak, as some are n mitosis {(FIGURE 4)
The embryonic mesoblast 1s composed descriptively of two cell types The
tirst 1s moderately stellate (12 to 18 x) with vanably vacuolated cytoplasm and
coarse processes Its nucleus 1s large and hyperchromatic with one or two
promument nucleoli (FIGURE 4). The second cell type 1s smalt (8 to 10 g), with
m(e‘nsely b.\‘sophnhc cytoplasm and of rounded to shightly stellate form Its

cells are morphologically dissimular to the extraembryomc mesoblast cells of
this ovam (FIGURES 3, 4, and 7). The entire substance of the embryonal
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It isgenerally agreed that the reticulum cell of orthodox lymphoid patenchyma
is endowed with pluripotential capacities. However, 1t has been stated that
many of the borderline RES cells are also plunipotential. Thus 1t has been
reported, as with other cell types, that vascular endothelial cells may transform
into fibroblasts (Maximow, 1928, Altschul, 1954) or monocytes {Doan, 1957;
Toro, 1947), and that fibroblasts may transform into mesothelial cells (Clarke,
1915-1916, Lewn s, 1923a, 1923b) and 1nto histiocytes and are really only slightly
differentiated mesenchymal cells {Pohcard, 1957). The inherent possibility of
error in evaluating such cellular transformations o trfre was clearly recogmzed
by Bloom (1937), who pomnted out that it 1s extremely difficult to distinguish
between genetically hmited cellular differentiations and cellular modulations
as reflected by alterations in cell morphology and function, '

In view of the present ambiguous genetic and morphologic status of the
RES, 1t has seemed desirable to refocus our perspective of the entire problem:
first, by a consideration of the early development of the human ovum, with
special reference to the developmental basis for the anatomic, genetic, and
functional correlations between certan mesodermal cell populations that are
intimately interrelated to each other and to several facets of the RES problem
and, second, by a consideration of the parameters of some of the inflammatory
responses of several RES-implicated cells and tissues in 2fro

Embryonic and Exiraembryonic Mesoblast of Two Early Human Ova and Embryos,
anth Specral Reference to the Peritoneal (Coelomic) Epithelial Cell Line
Versus the Diffuse Mesenchymal Cell Lane

Precise genetic and functional interrelations are not clearly evident for all
RES-imphcated cells m all locales of the body. However, as is well shown
by embryologic hterature (Patten, 1947, Arey, 1954, Hamilton, Boyd, and
Mossman, 1945; Richter, 1953, Holyoke, 1936, Thiel and Downey, 1921, and
others), there are several fully differentiated cell species, of vanably close
functional and anatorucal importance to the RES problem, which can be
traced in clear-cut histological continuity from the very earhest generations of
embryonic mesoblast cells They are (1) the reticulum cell population of the
spleen, (2) the cortical epithehal cell population of the adrenals, (3) the several
physiological parenchymal cell types of the gonads, including the interstitial,
granulosum, and germnal epithelial cells (Goldsmith, 1932), and (4) the
parenchymal Iining epithelum of the oviducts and uterus

The mesoblast of @ 10- fo Ii-day human grum  This ovum (Rachter, 1953)
15 comprised (1) of a blastocyst or trophoblastic vesicle filled loosely (2) with
extraembryonic bl (denived heteroplastically from the trophoblastic
epllhellum) that completely nvests the (3) inner cell mass dervatives the
amniotic vesicle and entodermal vesicle (fcure 1) No embryonic mesoblast
15 present 1n the embryonic disc proper {that 1s, the zone of contiguity between
the ammotic and entodermal vesicles) No primitive streak is present  De-
the extraembryonic mesoblast (Fiourrs 1 and 2) consists of two
rst, small (9 to 10 u), spindle-shaped to round cells with slightly
an intensely hyperchromatic nucleus in whuh hutle

scriptively,
cell types® fi
Basophilic cytoplasm and
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designated mesenchymal cells (F1cure. 9), the latter must be a dhfferential
step up in the line. The term mesenchymal cell is too frequently used to
wnclude all cell types of mesoblast or mesodermal origin (Aegerter and Long,
1919).

Tn marked contrast to the diffuse, obscure developmental history of the
cells of the migratory or mesenchymal line is that of the pentoneal epithelal
Tine whose cells rematn i st and continue as embry onal peritoneal epithelium.
The latter carly (in 1.5- to 20-mm embryos) becomes reduced to a simple
single-layered thick epithelium whose cells may range from squamous to
cuboidal 1n shape At the <ame time s heteroplastic capacity to produce
migratory cells becomes progressively restricted to select areas At certain
R P S R T TP
r
. . - . s
of such peritoneal epithelial extensions eventually become transformed directly
inta the physiological parenchymal cells of the spleen, the gonads, the adrenal
cortex, the oviducts, and the uterus (Arey, 1934, Jordan, 1923, Richter, 1933,
Patten, 1947).

In a human embryo of the seventh week the primitive spleen consists of 2
close-meshed epithelioid network of cells in anatomical continuity with the
pentoneal epithelium (see FIGurEs 8 and 12, Thiel and Downey, 1921, Holyoke,
1936) and 1s the prinutine teticulum cell population or towal spleme par-
enchyma (Thel and Downey, 1921, Holyohe, 1936)  According to Thiel and
Downey (1921) and the majority of others it becomes transformed directly
1nto the fixed reticulum cell component of the defimtive spleen It should be
emphasized that the splenic reticulum cell component 1s the only reticulum cell
population 1n the body that can be traced in unbroken anatomical rontinuity
from the earhiest populations of mesoblast cells

On the basis of this brief resumé of the cytology of the early extraembryonic
and embryonic human mesoblast and, m particular, of the developmental
relation of the latter to the pertoneal versus the mesenchymal cell lines, the
following points beanng specifically on the RES problem seem warranted

(1) Tt 1s of fundamental sigmficance, rather than mere fortuity, that the
physiological parenchyma of the spleen, gonads, adrenal cortex, and owviduct-
uterus complex should all have similar developmental onigins from the embryo-
nal perstoneal epithelium and, through the medum of the latter, be traceable
1 unbroken histoanatomical conunuity from the earliest populations of human
embryomic mesablast cells

{2) The gonads, the adrenal cortey, the spleen, and the oviduct-uterus com-
plex, as a collective group (a) are functionally interdependent and {b) have
effects on the diffuse mesenchymal cell ine dernatives that are consistent with
and reflect theyr common developmental origins from pnmitive embryonic
pentoneal eptthehum  Splemc function, for example, wfluences the cytogemc
activity of the hemopaetic tissues of mesenchymal cell-fine ongim that have
unquestioned embryonic qualities (Doan, 1957, and others), and 1t also in-
fluences the endometrial decidual reactions, a phenomenon mvolving cells of
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mesoblast, including the cells and intercellular substance, is delimited as a
unit from the adjacent ectodermal and entodermal layers by a hmiting or
basement membrane of sorts (Krafka, 1941) except in the area of the primitive
streak with which the mesoblast layer is continuous.

The embryonic mesoblast of a I17- to 25-day ovum. As is well known, the
loosely textured embryonic mesoblast layer shown in the 14-day ovum (Ficure
3) becomes highly cellular and epithehoid m character (Forrey, 1954) and,
the region of the prospective trunk, it becomes divided into a somite and a
lateral mesoblastic sheet (FIGURE 5} The latter, through the development
of an embryonic coelom within 1t 15 converted 1nto 2 mutually continuous layers
of peritoneal epithelium, one of which 1s adjacent to entodermal epithelium
and the other adjacent to embryonic ectodermal epithelium (see Torrey, 1954,
and FIGURE 5) It 1s comprised mainly of tall, slender, somewhat spindle-
shaped, bipolar cells whose proximal processes abut on the peritoneal coelom
and whose distal-branched processes collectively form a lose meshwork ex-
tending to the adjacent entodermal and ectodermal epithelia (FIGURE 6).
Their cytoplasm 1s extremely basophilic, and their nuclei are equally hyper-
chromatic (FIGURE 6) Thus cell type is mitotically active, and especially so
are those situated 1n the region of continuity of the parietal and visceral per-
toneal layers (FIGURE 6)  They are highly pluripotential cells, and are clearly
the base stock for at Jeast two (a third could be the nephric cell line in man—
see Torrey, 1931) great genealogical lines of cells that are differentiated and
produced within the early, primitive pentoneal epithelum, namely, (1) the
mesenchymal cell line, and (2) the pentoneal cell line  Both lines in this
ovum can be simply distingwshed on an histological or cellular behavioral
basis The mesenchymal celi line 1s compnsed of a group of migratory cells
that give up their positions within the primary peritoneal epithelium (FIGURT
6) The perttoneal cell hine 1s compriced of that group of cells of the primary
peritoneal epithelum that do not migrate, but remair @ sin and persist

AN [ RSB A WA

to round form, with homogeneous or vacuolated cytoplasm with round to
oval nueler with one or two prominent nucleol (FIGURE 6)

In the course of embryomc events the cells of the migratory or mesenchymal
cell group collectively become transformed into the loose mesenchymal con-
nective tissue cells, vascular endothelium, blood cells, and other such entities
{FIGURE 9). They, also, are the cells whose precise subsequent developmental
fate 1s difficult to follow and which have occasioned so much controversy 1n
the hterature Their precise dev elo}?menlal fates are obscure‘ because therr

inted OUL LIEAL 43 Ui steas mwsges g on oo . \
(prourrs 5 and 6) are morphologically dissimilar to the later conventionally
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the maintenance of normal functtonal and morphalngic erpan integrity, whether
the object be @ lymph node, avary, urinaey hladder, or other structure.  Ther
parameters, theselate, during cultivattan by any means become of major
cnnccm and mcru clmt scrutiny when atiempting to aswess the role of the
in the paih is of particular dhnical
Icﬂnns (\)m)mler and Angmne, 1957), ‘a role that we are atiempling 1o
assess from many approaches in this monograph on the Hodghin's fesion.
‘The over-all objective, therefare, in 1his section 1s to refocus our perspective
on the parametess of some of the infl y tissue resp i
1 vitre that in the past have variously influenced our views on several facets
of the RES problem and, second, to do this somewhat comparatively by a
censideration of the responses of specific tissues as expressed in organ-fragment
cultures and intact-organ cultures
Relative to the technical metheds employed, only a few points need Le

and slightly modified organ culture techniques of Chen (1934), Fell (19533},
and Tronell (1933} were used. Third, the ud nutnent phase employed
consisted of mixtures of human ascitic fluid, 8- 10 10-day chick embryo extract
and a physiological saline (Earle’s, Simm's, Tyrode's)  Finally, the physical
substrate was provided by a chichen plasma clot for organ fragment evplants
2nd Ly siliconed lens paper floats for organ explants

Explanted tissues from which data has been drawn include, on the one hand,
intact unnary bladder, adrenal gland, and ovaries of the adult bat Tedarida
mexicana and mtact lymph nodes of the 3-month-old {sexually mature) white
mouse {Carworth Farms Strain No 1) and, on the other hand, organ fragments
of adult human lymph node, perirenal fat body, urinary bladder, anteror
pitintary gland, and embryonic chick heart,

Prefatory to a consideration of specific tissue responses of organs and organ
fragments 1 culture, seseral general aspects should be stressed

(1 The tissue responses in both types of cultures are the consequence of
issue msult (.\IcCuxcheon, 1953) and thesr release 15 most effectively ac-
« Iished by cultiv: of organ {; wherein the degree of insult 1s
grmz because of the techmeal necessity of cutting the donor organ into sttably
small pieces, that is, 10 mm thick and less (Fell, 1953) The mtact organs
providing data for this report are naturally small (up 10 10 10 15 mm thicky
and require no cutung, so the degree of ussue msalt is matenally lessened

(2] There are marked quantitative (demonstrable, but not precisely meas-
urable), quahtative, and organologic differences betneen the tissue responses
of organ fragments and mz.:n organs in culture

13) In cultures of organ the organotypic structure {3
1925) usually becnues abscured and, even though isolated histaty pic dufferentias
tions (Maximew 1923} may occur, they do s0 m uncontrolled manners In
cultures of ergans, as done along the methods mdicated, the organotypic rela-
tions of the several constituent tissues and structures are for the most part
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generally accepted embryonic character and of close relation to the peritoneal
cell hine (see Rigler, 1956, and F16URES 1, 2, 10, and 11), The adrenal cortex
and gonads (throngh the medium of the steroids produced) have spedific in-
fluences on the general lymphoid tissue and ordinary connective tissue elements
of the mesenchymal cell line (Anderson e al., 1951; Aldrich et al , 1952; Barber
and Delaunay, 1951; Bloom, 1952, Gillette and Buchsbaum, 1933, Grossfeld
and Ragan, 1954; Heilman, 1945; Holden ef al., 1953, Kaufman e ol , 1953;
Leahey and Morgan, 1952; Manani and Sacerdote de Lustig, 1951; Miller,
1954, Montgomery and Green, 1954; Paff and Stewart, 1933; Pomerat ¢! al ,
1949, Ragan, 1954; Ruskin et al, 1951, Schneider and Horstman, 1952; Steen,
1951; Trowell, 1953; Speirs, 1955; Gordon, 1937; Manne e al, 1924, and
others)

(3) Pentoneal epithelium is a separate structure, embryonally and definitively
(Stout and Murray, 1942, Chlopin, 1931, Iversen, 1957), and under no cr-
cumstance should 1t be considered as a layer of flattened fibroblasts or even
mesenchymal cells of the conventional type (FIGURE 9)  As so many mvest:
gators have done m the past (Lew:s, 1923a, 1923b; Schott and Weidenreich,
1909, Cunningham, 1922a, Clarke, 1915-1916; Holyoke, 1936).

(4) The fact that the reticulum cell population of the spleen, which is the
single largest aggregate of this tissue type 1n the body (Doan, 1957), should
very early 1n the course of embryonic development be set apart from that which
develops much later and quite obscurely from the ordinary diffuse mesenchymal
cell line, confirms the Iikehhood of functional possibilities for the spleen (Gor-
don, 1937, Rigler, 1956) beyond those related to phagocytic sequestration of
blood cells and hemopoiesis (Doan, 1957) The straight-line developmental
ongmn of splenic reticulum cells from the earliest pluripotential embryonic
mesoblast cells and the cytomorphic likeness of prevascular extraembryonic
mesoblast cells and reticutum cells of adult lymphoid organs affirm the generally
accepted view that the adult reticulum cell is essentially embryonal in capacity
and character

The Morphologic and F ! Resp of Some RES-Implrcated
Cell Types and Tissues i Vitro

The importance of the RE system 1n inflammation 1 mre has been well
recogmized for many years (Rebuck and Crowley, 1955, Aegerter and Long,
1949, Altschuler and Angevine, 1957) It has stimulated the imtiation of many
2 utro studies (Murray and Kopech, 1953) via the implementation of (1)

. Coasea s vl ol el

)

;u;ce'ssiul 1 titro cultuning must be dependent upon the refease of normal
¢ inflammatory processes within the explant (McCutcheon, 1953,

ntrinsi
’ processes u1 tilro compnse the basic mechanisms effecting

and others)  Such
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! pithelia of early diverging ! 1 and d ) 1 lines (see
section on b abovey similar pare FIGURTS 19 and 21} Th
are easily confused in organ-fragment cultures wherein organotypic relations
are lost or net sought (Congdon, 1915, Lewis, 19233, 1923b).

The role of coclomic epithelia in the formation of phagorytic evudate cells
and the question of whether they have a phagocytic capacity have been dis~
cussed for many years {(Cunnigham, 19222, 1922b, 192X, 1921, Maximow,
1927; Foot, 1921 ; Sampaio, 1936)  There seems ta be no general disagreement
that serosal epsthelial cells can segregate colloidal particles both in ritre and
en tne My studies of organ—<cultured adelt winary bladders mdicate that
serosal cells may phagocytize cellular debris also (riavee 14), whether they
beeome free histiocytes is unseltled.  In bladder organ-cultures, the serosat
epithelal cells may became round awed praject above the pentoneat surface
from slender anchonng ¢y toplasmic stalhs  Cunningham (1924) has reported
«milar behavior t rre  Whether this 1 a phase of transformation inta
free exudate cells has not been determuned, although, when one considers the
small amount of serous flmid present 1n the body cavibes under normal ar-
cumstances, the stalhed of the serosal epathelial cells could be of
distinct functional adyantage n phagocy tosts, without the necessity of therr
becomung free cells  In view of the several different tissue sources which, 1t
has been daimed, gnve nse to the phagocytic exudate cefls 1 wmilammation
{Cunmngham, 1924}, 1 should be stated thar there 15 no evidence ihus far
frum any of my serosat-surfaced organs in organ culture of excess production
anywhere within them of fived tssue histiocytes or free macrophages or of an
euxdus of macrophages It 3 wteresting to note that the claum made by Toot
£1921), that mesothelad cells are phagocy tic and probably perform the same
fune tion dor the serous caviues as do the endothelal cells, 15 rather exemplified
1 organwulttured bladders where both mesothelial and endotheha! cells have
been found to contamn ceflular debnis {F1cuREs 14 and 17}

In summary, 1t seems necessary to say that the coelomic epithelia  wire
11} have the capactty for normal histoty pic and organotypic self-mamtenance,
(2} that ther cells have a gh pleomorphic «apacity, (3) that they have the
capacnty, even though normally latent or restricted, to phagocytuze cellular
debris and coliotdal partites, and (4) that thewr rale, of any, i the production
of phagecytic serous exudate ecells remams 1o be deterrmuned

T titro response of the adrenal gland Invrew of the koown developmental
{see section on human mesoblasts, above) andt functional relanions between
the adrenal cortex, spleer, and other by mphoid organs (White and Dougherty,
1946, aret many others) and, second, because of the unsettled state of hnowledge
regarding the mechamsm of regenerztion of adrenal cortical epithehum {Scha-
berg, 1933, Lonzalez, 1933), 3t scems desirable to comment briefly on certain
of our hindings {Ruhter «f of , 1957} on the response of the adutt adrenal gland
of the bat 10 organ culture

Dunng cutinznon the adult gland acquues a relatively thick capsule of
fbroblastithe cells (Schaberg, 1955)  They are muotically actne and have &
«lose mmslanty to the general pentoneal emthehal cetls, even during mitosis
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retained, and specific tissue responses are usually very orderly, organized, and
controlled, so that dsfficulties of tissue and cell identification are lessened
materially. For instance, after many days of cultivation the end product
may be an ovary or lymph node that looks hike an ovary or lymph node and
apparently functions in part as such (FIcurLs 50 and 51)

(4) Basic celtular capacities, centering about such protoplasmic phenomena
as motility, pleomorphism, phagocytosis, secretion, hypertrophy, growth, and
mutosis, which 1 vive are held in abeyance, somehow concealed or normally
compensated for by the activities of other cell types or intercellular substances,
are frequently released by these methods of culturing. Consequently, various
degrees of exaggerated states of hypertrophy, phagocytosis, pleomorphism,
and so on may be attamed by cells 11 rofro that normally are attained in trto
never or only seldom, The degree of exaggeration is generally greatest
cultures of organ fragments and minimal in cultures of intact organs.

(5) Of signal importance 1s the point that in the intact organ culture methods
used, tissue responses are not obscured by the mobilization of blood-borne
leukocytes

In niro responses of coelomic epiheliol cells. The coelomic epithehum
generally, regardless of its specific designation as germinal epithelum, or
general mesothehum of pleural, pericardial, or peritoneal cavities, is capable
of 1tself 1 lastically both in wiro and 2 rie (Cunningham,
1924) In vie this capaaity is manifest occasionally in mesotheliomatous
growths (Stout and Murray, 1942) and in evpenmentally induced serous

tory processes (C 1 1924)

In wilro, 1ts growth response vares quantitatively and morphologically.
In cultures of intact adult ovaries, oviducts, and urinary bladders (Richter
¢t al., 1936), the surfacing germmal and general peritoneal epitheha are repaired
homoplastically through mitosis and retain their normal histetypic structure
and organotypic relations (FIGURLS 13 and 16). There 1s quantitatively no

E PR
1956, and others)

In contrast, homaplastic growth of coelomic epithehum 1n organ-fragment
cultures may result m massive outgrowths having modified histo-organotypic
patterns (Gaillard, 1950), or histotypic sheets (FIGURE 19) or vanously dis-
orgamzed sheets (Rosin, 1947, Chlopn, 1931) whose constituent cells show
diverse hinds and degrees of hypertrophy and pleomorphism (see FIGURE 19,
vers and Pomerat, 1947, Stout and Murray, 1912) Such histotypic and
cellylar pl hic deviations undoubtedly have been the basis for conflict-
at mesothehal cells and/or fibroblasts mutually transform from
her (Lews, 1923a, 1923b) and moved Bloom (1937) to comment
ps imposed on cellular 1dentification by pleomorphic «hanges
hs of cardiac mesothelum and cardiac endothe-

ing reports th
one into the otl
on the handica s
Well-organized histotypic growt
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liym—epithelia of carly diverging geneajogical and developmental lines (see
section on mesoblasts, above)-—are similar {compare FIGURTS 19 and 21). They
are easily confused 1n organ-fragment cultures wherein orpanoiypic relations
are Jost or not sought {Congdon, 1913, Lewis, 1923, 1923b),

The role of coelomic epitheha in the formation of phagocytic ewdate cells
and the question of whether they have a phagocytic capacity have been dis-
cussed for many years {Cunntagham, 1922a, 1922b, 1922¢, 1924, Maximow,
19217, Yoot, 1921; Sampaio, 1956). There secems to be no general disagreement
that serosal epithelial cells can segregate eotloidal particles both Hr witro and
o tna My stdes of organecultured adult winaey bladders adicate that
serosal cells may phagocytize celiular debns also (716URE 14), whether they
become free tustiocytes is unseltled  In bladder organ-cultuces, the serosal
epithehal cells may become yound and project above the peritoneal surface
from slender anchoning cytaplasmic stafhs  Cutminghem {1924) has reported
smdar bebaswor 1n trre, Whether thts §s = phase of transformation mto
free exudate cells has not been determined; although, whea one considers the
small amonnt of serous fluid present m the body cavities under normal cir-
« the stathed of the serosal epithelial cells could be of
dwstinet functiona) advantage in phagocytosss, without the necesaty of thew
becomng free cells  In wiew of the several different tissue sources Which, 1t
has been clumed, give nise to the phagocytic exudate cells wm aflammation
{Cunningbam, 1924), 1t should be stated that there 15 no evidence thus far
from any of my serosal-surfaced organs 1n organ culture of excess production
amywnhere within them of fived tissue Ristiocytes of frec macrophages or of an
exodus of macrophages 1t 15 inteTestang 1o note that the claim mate by Toot
(19214, that mesothehat cells aze phagocync and probably perform the S:Lme
functiga for the serous cavities as do the hal cells, 1s rathey
W organ-culiuced bladders where both mesothelnt and endothelu! cells have
Veen found to contain cellalar debns {Frovpes 14 and 17)

In summary, % seems necessary to say that ke costomic epsthela wr v
111 have the capacuty for normal hustetypic and organotypic seli-mamtenance,
{2} that thewr cells have a high pleomorphic capactty, (3} that they have the
wapacity, even though narmally latent or restricted, to phagotytize cetfular
debris and coltordal parties, and {4) that therr role, if any, . the production
of phagouytic serous exudate cells Yemams to be determined

fat atre response of e adrensl gland  Invien of the known developmental
(sce section on human mesoblasts, above) and functional relations betueen
the adrenal cartes, spleest, and other fy raphoid organs (White and Dougherty,
1936, and many others) and, second, because of the unsettled s1aze of knowledge
Tegarding the medhnmse of regensration of adrenal cortical epsthelmm (Scha.
berg, 1953, lanaalez, 1955), 1t seems deswable to comment briefly on certain
of our findings | Richter et ol , 1957) on the cespanse of the adult adrenal gland
of the U2t 1 organ culture

Durmg cultevatson the adult gland acquires a relatwvely thick eapsule of
ahroblasthhe cells (Schaberg, 1953} They are mutotically actrve and have a
clase smtlanty to the general peritoneal epthelia cells, even dunng mytoss
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(FIGURES 13 and 15).  After 19 to 21 days in culture, small organized epithe-
liord nodules and centrally directed cordlike structures are formed within the
capsule (FIGURE 52}; they appear to be differentiating cortical epithelial ceil
structures  ‘These findings are consistent with those of Schaberg (1955) on the
mouse adrenal 1n culture and would tend to support the view relating some
cortical cell regeneration to the capsule

In vitro response of common vascular endothelum. The phagocytic, prolifera-
tive, and developmental potentrality of the common vascular endothelal cell
15 yet unsettled, and 1s today the subject of almost diametrically opposed views
(Altschul, 1954, Policard, 1957, Doan, 1957, Jaffe, 1938; Toro, 1947).

In a wide assortment of intact organs from the adult bat and mouse in
organ culture, the major histo-organotypic alteration from normal that
has been observed 1s the disappearance of conventional blaod cells of all types
(except extravascular connective tissue eosinophils) and of capillanies

Blood cells, present m the vessels at the time of organ explantation, within
a few days undergo such processes as nuclear confluence, pyknosis, and autol-
ysis, and die within the vessels, as observed 1 1110 1n vessel igation (Richter,
1942, Clark and Clark, 1936}  Many of them, however, may be phagocytized
by the local common vascular endothelium  The cells of the latter, although
shghtly hypertrophic and contaimng rather considerable amounts of cellular
debns, do not give up their posttions within the endothelum (FiGUre 17).
An extravascular migration of the stranded blood cells has not been observed.
A simifar removal of peripheral blood elements occurs 1n the special venous

. TR I Vaeade Fal Lt 4 oelan
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cytologic, histologic, nor organologic evidence that the phagocytic endothehal
cells present are anything other than common vascular endothehal cells m
which a latent capacity to phagocyuze has been released under the mld m-
flammatory stimulus of the hemostasis occasioned by the method of organ
cultwvation {Jaffe, 1938). Perhaps the differences between ordinary and
special endothehal cells, such as the Kupfer cells and those of certamn other
venous sinusoids, are not as distinct as we are inclined to think and are more
of the nature of different degrees of expression of functional capacity than of
fundamental genenc difference (Jaffe, 1938) It seems evident that adult,
fully differentiated common vascular endothelium has the basic capacity to
take up both colloidal particles (Jaffe, 1938, Maximow, 1928) and also frag-
ments of worn-out blood cells under appropriate aseptic inflammatory cir-
cumstances The latter cannot be dismissed as an endothelial “transfer
process,” as has been done relative to colloidal particles (Jaffe, 1938), 1t 15 a reat
phagocytic process and, morphologically, preusely hke that observed 1n the
Tost “bona fide” fixed macrophages i other situations (FIGURE 57)

Whether endothehal cells can migrate independently inte extraendothelial
e positions, Which means an abandonment of their parenchymal

ective tissu
o (Altschul, 1953), 1s the crux of the disagreement regarding the

vascular status
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rale of vascular endothelium in inflammation (Doan, 1937; Toro, 1942, 1947;
Jaffe, 1938, Cunninghar, 1923; Ahischul, 1934, Mollendorfl, 1933, Maximow,

3928, Policard, 1937), The ansner to this question hinges on other specific
capacities of the common yascatar ¢ndothelind cell, such as its pleomarphic
awud maumy mmm&) :md \he <apauty of endothelsm for tustotypie and
n atgen caltuees, & scems evi-
dcn( llm vascular endo:hchum has a high capaaity to maintain sts normal
histotypic and organotypic character, and that the latfer is, 1 part at least,
effected by quantstatively controfled and orderly mitoses (rmtmr: 18} Indica-
e of the arderhiness by which normal organotypic character is ined is
the precise orientation of the dsiding cell, a8 mdicated by the cleavage plane,
which 13 of such pature that the resuhiing daughter cells orcupy pus'mcns within
the samp!: erdothehat hining {m.wz 18} This mdexly nstotypic and organo-

typic self. of 1y 15 obserned s capillanes
situated deeply within organ-fragment culmres even after lfong periods w
cultnaven (Flevre 23)  However, of the ssmple

type endothelum may be lacking near the traumatized severed ends of larger
1essels cut duning organ explantation  In these areas the endothelium thich.
ens, the constituent celis partally separate, acqure descriptnely fbroblasthhe
appesrances, xnd mgrate hitorally i the fumen of the vessel and out through
any break ra the vascular wall or through the open end of the vessel  They
ate not fibreblasts, but merely pleomorphic migratary endathehal cells ce-
sponding ta excessive lotal tissue trauma and physwcal ussue disorgamzation
Thus response m every way ts e the 1y uncontrolled h

growth of endothelial sheets (rroure 21), and streamers of fibroblasthihe
endothelial celfs prowing from the cut ends of capiianies i cultures of organ
fragments from diverse sources (FICURES 20 and 22—-s¢e also Mlaumon, 1928,
Lewss, 1922, Fulton ¢ ol , 1949)

In view of the demonstrable organatyue growth capaaty of wascular endo-
thehum generally, st sould seem that the general disappearance of capilaries
m Imact-orgarn cultures, as mentioned earlier, 15 more apparent than rea!
1t seems that the capilianes stmply collapse through the loss of plasma, and
that the capilary endothehum thus avquires the charactenstics of slender
sirands of attenuated cells that are descpinely hhe those camprising the
guming ups of capitianes commonly sern i organ-fragment volures (Fiovrr
22} la these Iatter nstances, were 3t nob for thew demonstrable hstolome
contipaity wath apitlanes, the leading endothehat cell strands
{esGuRe 22) would be virtually ampossible ta Wentify or to distingush fram
smmds of fibrablasts  Maimow has reported (1924, 1928), relative o these

h strands m organ-frag cultyres, that the cells gradually mave
;;w'xy from euh ather, develop side processes and, after a while, cannot be
hed {rom tymeal fibrobk: and that the only new cell 2ype the
endotheha} elecrents can produce & the Gbroblast  Thee Aifficulty 18 alto of
primary amportance 1n disttngushing between pnmitne angoblasis (Herug,
1933} and priautve connective tissue cells i those \ery carly stages preceding
blood vessel formation w the extraembryome mesoblast of hurpan embryos
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(r16ures 1 and 7). T agree that a pomnt may be reached in both organ and

organ-fragment cuitures, as well as in the earhest embryonic stages, wherein

mixed cell types are present 1n rather disordered array, that endothetial (and

angioblastic) cells are quite indistinguishable from fibrobl however, al
frnakd .

tha cama tims Candaal o

. . . . . a

The bulk of early embryonic evidence (Hertig, 1935} indicating separate
vascular and extravascular cell ines and the remarkable pleomorphic and mo-
tility capacities of endothelial cells, plus their evident capacity for histotypic
and organotypic self-maintenance 1 both organ and organ-fragment cuitures,
attest rather to the probability that endothelal cells represent a specific fully
differentiated generic cell type having a latent or somehow restricted capacity
to phagocytize,

Evidence as to whether the common endothelial cells, which in these studies
have been shown to possess a true phagocytic capacity, are able to acquire
the morphologic characteristics of the conventional histiocyte directly or
mdirectly, as many have reported (Toro, 1942, 1947, Cunningham e !,
1925; Doan, 1957, Jaffe, 1938, Doljanski, 1930) has not yet been found 1n any
of my in wiro material However, collecttvely considered, all data indicate
that common vascular endothehal cells are potentially phagocytic migra-
tory cells n therr own night, irrespective of the question as to whether they
can transform into monocytes and histiocytes.

In vitro response of lymph nodes The responses of lymph nodes tn tilro

. fae - - Fome 0 O e nera}

' v ‘ ]

. ol . . N rgan
culture, the mice used were gnen daily ntraperitoneal and subcutaneous
njections of trypan blue for several days  This was followed by a stabilizing
penod of several days without tnjections, after which the ammals were sacri-
ficed for removal of the nodes

Such mtact nodes 1 organ culture may maintain their organotypic and
histotypic characters for undetermined long periods of time (Trowell, 1952)
There 15 no general disorgamzed or quantitatively uncontrolled growth of any
of the several specific tissue types present, either within or associated ad-
ventitially with the nodes (FIGURES 50 and 51)  Histotypic and organotypic
characters are maintained, at least in part, by obvious homoplastc growth, as
revealed by the presence of limited numbers of mitosing cells in nearly all
specific tissue types and tissue structures, mcluding the fixed lining cells of
the lymph sinuses (FIGURE 58) as well as the extrasinusoidal fixed reticulum
cells (FIGURE 59)

Consistent with the findings i other organs i culture and with the same
type of media and other culturing conditions, the lymph nodes also show a
progressive degeneration and disappearance of peripheral blood cells  How-
ever, n the nodes, this phenomenon also invalves the free cells in the extra-
sinusoidal lymphoid cords and nodules and 1n the lymph sinuses as well
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Diminution of the lymphoid free cell population is not due to a mass exodus of
cells, as only occasional free lymphoid cells are found out of their normal his-
tologic positions (FIGURES 50, 51, 56-39; Trowell, 1952) Many of them
simply undergo pyknosis, lysis, and so on in st (FIGURES 56-59) Many are
removed through phagocytosis by thc lmmg smusmdal cells (meu:s 51—
39, Trowell, 1957}, ™ °*

blue (FIGURFS 54 an

not 1o phagocytze

the collodal dye (FIcures 54 and 55) The phagocytic and the generally
retrograde processes involving the free cell population frequently resulted 1n
the conversion of lymphaid cords and nodules into rather close-meshed net-

character (¢FIGURES 58 and 59)

The actively phagocytic and dye-storing fixed cells of the lymph sinuses
were generally slightly hypertrophic and somewhat rounded, and were de-
scriptively of two general types. those having a single large polymorphic
nucleus, and those with several normal-sized nucles  Smmlar hypertrophic
sinusordal cells were not found in the control uncultured nodes (FIGURES 53—

The responses of human lymph node fragments in culture are in marked
contrast in nearly every way to those of the mtact organ-cultured mouse nodes
The growth responses of the principal constituent tissue types are quantitatively

d, great, and {through loss of organotypic arrange-

1944, 1949, Grand and Cameron, 1946, Lewis, 1941, Lewis and Webster,
1921a, 1921b, Mauumow, 1922, Meer ef al , 1937, Rottino, 1949b)

The ordinary stromal connective tissue component during cultivation of
lymph node fragments produces heavy obscuring outgrowths of fibroblasts
that may completely dominate the culture and give mse to extensive but
unorganized meshworks of fibers (FIGURE 42)  The fibroblasts are extremely
hypertrophic relative to their prototypes n 1o, that 1s, to fibroblasts 1
uncultured portions of donor nodes (FIGURE 43) and also to fibroblasts of the
organ-cultured mouse nodes This hypertrophic tendency s charactenstic
of fibroblasts growing from any organ fragment i culture, whether 1t be a
fragment of anterior pituitary gland (FIGURE 43) or connective tissue from
the crest of the thum (FIGURE 45) It 1s typical, also, of the fibroblasts 1
wro 1 mflammation {Altschuler and Angevine, 1957) but, even so, 1t 1s less
than in viro

The response of the ﬁ‘(ed reuculum cells (FIGURE 32) of the parenchymal
Lymnbad ¢ e« m ammen fr s~ 4 eg -
cel - . - .
wr . L N . .
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constituent cells are equally similar. However, unhtke the fibroblasts, the
reticulum cells, when comprising histotypic formations hke that illustrated,
are not hypertrophic relative to their prototypes 12 o, nor are they char-
actenstically associated with lymphocytes or other lymphacytoid cells as in
w0 In the course of cultivation some reticulum cells retract their processes
in various degrees and transform into rounded cells which, through the medium
of repeated nuclear divisions, hypertrophy into grant multinucleate rounded
cells (p1GURES 34-37, 40, 41)  Others transform 1nto spindle-shaped or shghtly
stellate cells that hypertrophy without nuclear division into giant mononuclear
stellate cells (FIGURES 34-39) Neither the giant nor the larger transitional
forms of these two types were found 1z t120 Al of these vanously hypertro-
phic cells have been observed to phagocytize bactera accidentally introduced
nto cultures (FIGURES 37, 40, 41).

The 1dentities and implied genetic interrelations of these two descriptively
dufferent hypertrophic cell forms (FIGURES 34 to 41) have been variously re-
ported 1n the literature on cultured nodes  These cell forms have been denti-
fied as fibroblasts, phagecytic fibroblasts, clasmatocytes, fusion products of
mononuclears, Reed-Sternberg cells, transitional forms between reticulum cells
and farge lymphocytes and monocytes, hypertrophic reticulum cells, trans-
ormed endothehal cells, and giant cells ot Langhans type (Ackerman el ol.,
1952, Mavimow, 1922, Lewis and Webster, 1921a, Lews, 1925, 1927; Meier
ef al, 1937, Rotuno, 1949h, Trowell, 1955, 1957, Grand, 1949) It seems sig-
mficant, not only to the problem of their :dentity and genetic relation, but to
o e O N el S S

. . .
' .
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occur exaggerated forms mn organ-fragment cultures of normal nodes and
nodes with a wide assortment of lesions other than the Hodghin’s lesion (FI16-
URES 35~41, Ackerman e al, 1952, Mavimow, 1922, Lew:s and Webster,
1921a, Meer et al, 1937)

Analysis of these several papers indicates that, quite surely, these workers
were seeing members of the same groups of hypertrophic cells as illustrated
here (FIGURES 34 to 41) and that, in nearly every instance, their published
illustrations showed lymphocytes to be charactenistically associated with them
as illustrated here It has not, however, been generally appreciated relative
to the second point that this association 15 quite consistently an ass(iClath:l

o salml L. NP RN

;lgpresslons of the surfaces of the hypertrophying cells (FIGURE 38) as first
described by Lews (1925)  Such pockets are not digestive vacuoles, as they
do not concentrate neutral red  The lymphocytes are not within the cyto-
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plasm of the hypertrophic cells, they are merely enclosed by it (Lewis, 1925)
As shown in this llustration, many lymphocytes situated in such pockets
eventually die and undergo lysis v sun Some actually may be phagocytized,
Lut 1t 15 difficult to be sute of this  The fate of the Jytic products is not known,

rat thymus ’
7 ..

not ’
(Tre
whether the direction of action always progresses from the lymphocyte toward
the hypertrophying cell or from the latter cell toward the lymphocyte, or both,
This facet of the problem deserves much critical study for several reasans,
among which are the airc that Reed berg cells are
hypertrophic cells, and that advanced Hodghin's lesions are charactenzed by a
duminution of the lymphocytic free cell population (M. N. Richter, 1953),
"This association may have another sigmificance, 1t way indicate that the several
descripuvely different hypertrophying ceils (FIGURTS 34 to 41) have a certain
genetic sameness and may be genetweally a smgle cell species, namely, hyper-
trophic reticulum cells, as Tdescriptively have treated them here.  The mecha-
mism behund this association also may be involved in the general Jocalization
of lymphocytes within the lymphod organs and in other sites as well

Relative 1o 1he lymphocytic population of lymph node fragments i culture,
lymphocytes of several varieties have been observed 1n mitosis for periods of
up to two weeks, and hiving lymphocytes have been obsersed 1 culture through
forty days (FIGURES 37, 40, 41} The majonty show progressive retrograde
changes resulting 1n cell death and lysis  No positive compelling esidence has
heen found to indicate that the lymphocytes produce any cells other than
tymphocytes (Fhrich, 1916)

In wlro responses of hwman mast cells  The mast cell, although deeply
umphicated in the inflammatory process (Asboe-Hansen, 1957, Ragan, 1954;

ture 15 almost completely fimited to that of Zitcer et ol on matenal obtained
from an mfant with urticaria pigmentosa  The observations to be reported
are based on explants from the unnary bladder of an adult male whose case was
diagnosed as a chrome y reaction to meta-
plasia

My observations on the mast cells of adult tissue 1n culture are in accord
wath those of Zitcer ¢f af on the infant shin, although the extensive outgrowths
of mast cells obtained by them were lacking in my cultures, due m part, per-
haps, to 1mtial differences 1n mast cell populations characterizing these two
lesions  Explants after 29 days in culture show ed no outgrowths of any celiular
component except mast cells (FIGURE 61) Their cytomorphology ranged
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from essentially rounded cells of varied sizes densely filled with metachromatic
granules (FIGURE 60) to rather hypertrophic, pleomorphic cells sometimes of
fibroblastic shape and sometimes with long, slender dendritic-type processes
exceeding 80 ¢ (FIGURE 61) In extended, motile forms, the granules were
dispersed throughout the cell body and processes and were of diverse sizes.
Only occasional vacuoles were noted. Time-lapse motion picture records
showed that they exhibited a fibroblasthike movement and were capable of
dividing amitotically. It has been reported that size increase of the mast
cell may represent a developmental sequence (Sundberg, 1935). Relative
to this point, it was noted 1n the mam body of the explants that the smallest
mast cells were intimately associated penvascularly with postcapillary venules
and the larger ones with the larger arterioles and venules (FIGURE
60). \Whether this indicates some heteroplastic formation of mast cells from
primitive perivascular tissue could not be determined, although it 1s sug-
gestive of 1t (Ragan, 1954, Maximow, 1927; Sundberg, 1955).

While the relation of mast cells to the mucopolysaccharides of connective
tissue ground substance 1s not surely known, it 1s interesting in view of Ashoe-
Hansen’s work (cited in Ragan, 1954) to note that, even though mast cells
are reported to be present normally in large numbers 1n the urinary bladder
(Sundberg, 1955), mast cell growth has been obtained only in cultures from a
bladder showing a mucinous inflammatory reaction. Many hundreds of
cultures have been studied from urinary bladders with other lesions, mainly
neoplastic (Richter and Akn, 1957)

It would seem that the responses of mast cells m organ-fragment cultures
are consistent with those found in connection with others relative to uncon-
trolled growth and exaggerated cellular pleomorphic and hypertrophic tend-
encies

In witro response of fat cells and fai tissue It 15 generally agreed that the
fat cell, whether of brown or white variety, 1s of mesenchymal ongin (Sidmar,
1936, Murray and Stout, 1943, Stout, 1944, Burkhardt, 1934, Maximow, 1927,
Chevremont, 1948)  What 1ts relation 15 to other cell types m fully differ-
entiated fat ussue 1s not clear Chevremont (1948) visualizes the fat cell as
a fat histiocyte ansing from a mesenchymal or fibroblastic cell type Stout
(1944) regards 1t as ansing from a common ancestral cell type segregated
from the primitine mesenchyme and possessing certain metaplastic capacities
Wells (1910} views fat cells as being closely related to reticulum cells, lymphoid
tissue, and penivascular mesenchymal cells  Burkhardt (1934) views them
as remarkably pleomorphic and phagocytic cells reflecting certan mesenchy-
mal cell charactenstics It 1s generally agreed from in o studies (Wells,
1940) that fully differentiated signet-type fat celis do not undergo mutosis,
and that ymmature ones (lipoblasts) with hmited or no ntracellular fat -
clusions do so (Murray and Stout, 1943, Burkhardt, 1934), but 1t 1s not clear
whether the growth of fat tssue in all situations 1s the result of increasing
the fat cell population by homoplastic or heteroplastic means or both

n organ cultures contamng fully differentiated adventitral fat tissue, the
latter is extremely stable and retains its normal histologic features for un-
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determined Jong penods (p1Gurts 30 and 51). In such fat tissue the signet-
type cells have not been observed to nutose, and they remain virtually un-
altered during cultivation, Sometimes one or a group of them wilt show several
smaller fat droplets, but in these instances it cannot be determined whether
they are accumulating fat or removing it.  The stromal connective tissue
companent remains organized, and Lmited mitoses occur among jts cells.
Recause of the scarcity of stromal tissue and an abundance of capiliaries and
blood vessels in organized fat, the mitosing cells are generally perivascularly
situated

In marked contrast are the responses of cultured tissue fragments of adult
peritenal and other fat tissues  Qutgrowths are disorganized and are com-
prised mainly of two types of cells fibroblasts and hpoblasts {(Murray and
Stout, 1933). The lipoblasts ilustrated in Ficure 24 show a mnimum of
differentiation into fat-staring cells in the oulgrowth zones. In these loca-
. SO PO

RO R

PRI

cytaplasm (FrGurrs 23, 24, and 28) and by nuclear volume differences between
the smaller (e1cure 24) and the larger cells (FiGures 27 and 28). In many
instances the hypertraphuc lipoblasts can be traced m streams back nto the
main body of the explant to small, basophilic wing-shaped and elongate cells
Situated between fufly diffesentiated stable fat cells, and mn perivascular sites
{FicURE 26). In some jnstances the smaller wing-shaped cells, especally
around the blood yvessels, show a differential accumulation of fat and acquire
the appearance of rmmature signet-type fat vells (Fictre 25), They are
comparable to the differenuating fat cells uuasmn:.uy obtamed 1 cohures
of embryomc tissue (ncvxrs 2910 31) Mnonc acmny has been observed
only in the smatlest } which d the t 1 capacity
of the fat cell lme 'l’ho po<s1lnluy oi some helerophsuc growth from another

perivascular sites (FIGURES 25 and 26) It 1s anteresting to note that Cun-
mngham, et a/ (1925) publshed a photograph of marrow 2 wre quite like
FIGURE 23 and identified the small mitosing <ell as a pencapillary reticutum
cell In this connection, the hypertrophic lipoblasts described here, whih
can be traced rather directly to perrvascular and pcnc:xpmzry sites 1 the main
explant, are frequently found associated with lymphocy:es in the same way

of lymph

’Clcsc re-

1atron
that occasioned Burkhardt (1934) to consider his atypcal fat uells ns being

phagocytic
I1s wtro response of pibroblasts o gibroblastivke cells to cytotoric stimmdi Wath
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from essentially rounded cells of varied sizes densely filled with metachromatic
granules (FIGURE 60) to rather hypertrophic, pleomorphic cells sometimes of
fibroblastic shape and sometimes with long, slender dendritic-type processes
exceeding 80 x (¢IGURE 61). In extended, motile forms, the granules were
dispersed throughout the cell body and processes and were of diverse sizes
Only occasional vacuoles were noted Time-lapse motion picture records
showed that they exhibited a fibroblasthke movement and were capable of
dividing amitotically. Tt has been reported that size increase of the mast
cell may rep a develof al sequence (Sundberg, 1935) Relative
to this point, 1t was noted in the mamn body of the explants that the smallest
mast cells were intimately associated pentvascularly with postcapillary venules
and the larger ones with the larger arteroles and venules (FIGURE
60)  Whether this indicates some heteroplastic formation of mast cells from
primitive perivascular tissue could not be determined, although 1t s sug-
gestive of it (Ragan, 1954, Maximow, 1927, Sundberg, 1955)

While the relation of mast cells to the mucopolysaccharides of connective
tissue ground substance 1s not surely known, 1t 15 interesting 1n view of Asboe-
Hansen’s work (aited 1n Ragan, 1954) to note that, even though mast cells
are reported to be present normally in large numbers in the unnary bladder
(Sundberg, 1955), mast cell growth has been obtained only 1n cultures from a
bladder showing a mucinous nflammatory reaction Many hundreds of
cultures have been studied front urnary bladders with other lesions, matnly
neoplastic (Richter and Akin, 1957).

It would seem that the responses of mast cells in organ-fragment cultures
are consistent with those found 1n connection with others relative to uncon-
trolled growth and exaggerated cellular pleomorphic and hypertrophic tend-
encies

In wtro response of fat cells and fai tissue It 1s generally agreed that the
fat cell, whether of brown or white variety, 1s of mesenchymal origin (Sidman,
1936, Murray and Stout, 1943: Stout, 1944, Burkbardt, 1934, Maximow, 1927,
Chevremont, 1948)  What 1ts relation 15 to other cell types 1n fully differ-
entiated fat tissue 1s not clear  Chevremont (1948) visualizes the fat cell as
a fat histiocyte ansmg from a mesenchymal or fibroblastic cell type. Stout
(1944) regards 1t as ansing from 2 common ancestral cell type segregated
from the primitive mesenchyme and possessing certain metaplastic capacities
Wells (1910) views fat cells as being closely related to reticulum cells, lymphoid
tissue, and penvascular mesenchymal cells Burkhardt (1934) views them
as remarkably pleomorphic and phagocytic cells reflecting certain mesenchy-
mal cell charactenstics It 15 generally agreed from s tito studies (Wells,
1940) that fully cufferentiated signet-type fat cells do not undergo mtosis,
and that immature ones (hpoblasts) with imited or no mtracellular fat -
clustons do so (Murray and Stout, 1943, Burkhardt, 1934), but it 1s not clear
whether the growth of fat tissue m all situations is the result of increasing
the fat cell population by homoplastic ot heteroplastic means or both

In organ cultures containing fully differentiated adventitial fat ussue, the
latter 15 extremely stable and retains its normal histologic features for un-
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General Summary

The carly cytology and development of the human mesoblast have been
presented to establish the speaific developmental and genetic basis for the
particular functional and morphologic interrelations and attributes char-
actenzing (1) the splenic reticulum cell population, (2) the adrenal cortical
parenchyma, (3) the gonadal and oviduct-uterus parenchyma and, possibly,
{4) the nephnic parenchyma, all of which are deeply involhied in the total RES
problem,

An attempt has been made to establish, via responses of various RES-
impheated organs, tissues, and cells 1n organ cultures and in organ-fragment
cultures, the facts that # titro studies initiate a series of varionsly exaggerated
inflammatory functional and morphologic changes at both the organ, tissue,
and cellular Jevels, and that cognizance of the parameters of these changes at
all levels is essential to the establishment of generic relations, of functional
interrelations and capacities, and even of morphologic capacities of the several
RES-implicated cells and tissues
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the linkage of histamine and heparin to mast cells (Riley, 1953, 1954; Ehnich
et al., 1949), renewed interest has developed in connection with the role of
histamine on the morphology and function of connective and other tissues,
and has occasioned many ér viee and in tilro studies tnvolving the use of anti-
histamine, histamine, and histamine hberators (Chevremont, 1955, Feldberg
and Kellaway, 1938; Grossberg and Garcia-Arocha, 1954, Zweifach, in Ragan,
1954; Richter, 1956; Pomerat ef al, 1949, Riley, 1953, Schachter, 1952, and
Toro, 1947).

Histamne i phystological and near-physiological concentrations s known
to effect changes in secretory, contractile, and growth processes (Richter, 1956)
and to effect capillary integrity and endothelial cell changes (Zweifach, in
Ragan, 1954).

It 15 not generally appreciated that histamine (as well as anththistamine)
at toxic concentrations effects a progressive series of rather standard cyto-
pleomorphic transformations eventually resulting in cell death (Richter,
1956, Toro, 1947, Zweifach, 1n Ragan, 1954), and that these transformations
are precisely the same as those ehicated by a most diverse group of specific
and nonspecific chemical and physical agents, including arsenic, heat, cold,
trypan blue (Mollendorff, 1933, Bloom, 1938), atropine, bacteria (Tannen-
berg, 1930a, 1930b, Muhlethaler, 1952), and poisonous extract from Houi-
tecyma cordata (Ueta, 1935)  Certain phases of these retrograde cytomorphic
alterations are prone to musinterpretatton They frequently have been
musinterpreted and, insofar as I can determune, they have played hey roles
1 mfluencing our views on the plunipotential capacity and spectfic relationship
of the common fibroblast to the macrophage or histiocyte (Bloom, 1938,
Chevremont, 1935, Toro, 1947, Mollendorfl, 1933). Lastly, as histamine is
known to nstitute simlar retrograde endothelial cell changes 1 110 (Zw eifach,
m Ragan, 1954, Toro, 1947), the validity of at least part of the onginal work
bearing on the endothelial ongin of erythrocytes and macrophages (clasmato-
cytes) may have been jeopardized (Cunmingham ef al, 1925b) as the subject
ammals were given mjections of histarmne before sacrifice to effect dilatation
of the marrow vessels

Durning the past five years, studies involving several thousands of cultures
have been aimed at an evaluation of the cytophysiologic and cytomorphic
responses of cells to histamine, antihistarmine, cortisone, adenosine triphosphate
(ATP), and glutathione, when admnistered singly and 1 all combinations
These studies ndividually and collectively attest to the fact that the various
shapes of configurations assumed by fibroblasts (FIGURE 46) which super-
fically simulate, 1n sequence, macrophages or histiocytes (compare FIGURES
35 to 37 and 47), lymphoidhke cells (FIGURE 48}, and granular leuhocytes
(FIGURE 19) are retrograde cytomorphic alterations (modulations or adapta-
tions) to toxi O untoward stimult  Such changes and changed fibroblasts
are exactly pnmllel 1o those assouiated with the alteration of mature peripheral
Blood granulocytes into simulated promyelocyti and myeloblastic cells (Rich-

ter, 1942) to which the Clarks (1923, 1930) gave the name “‘dwindle cells
The fibroblasts here could well be calted “dwindle fibroblasts ”
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PraTe I*

Fiure 1 General view of 1{-day human ovam showing trophoblast (tr), extraem
bryonic mesoblast (xm), basement membrane (bm), entodermal vesicle (ev), amniotic vesicle
(av), and embryonic area (ea) Hand Et X339

Ficure 2 Portion of extraembryonic mesoblast area in FIGure 1, showing cytologic
detai of the 2 prinaipal types of extraembryomc mesoblast cells, small basophilic type and
large fibroblastic type Hand E X7’

IGURE 3 Cross-sectional view of lateral half of embryonic area of 14-day human ovum,
showing embryonic ectoderm (ee), primitive streak (ps), embryonic mesoblast (em), art:-
factual separation space {as), embryomic entoderm (ent), and extraembryomec mesoblast
(xm} HandE 3¢

T PR . e . ' .
X .

*All re h hs taken with the 35 mm Leica camera

a
1n combunation with the Micro Ibso attachment
Hand E = Hematoxyln and eosin staming
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Prate 11
TIGURE 5 General cross sectional view of lateral half of human embryo of fourth weeks
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Prate IV

T1GrRe 13 Tuenty-one-day organ- cultumj unnary bladder of adult bat, showmg
With cell in division (mit) H and

organized grow

urL A
l-u;mzz 18 Small venule, showing orgamzed maintenance growth of lining endothelum
with mitosing tndothchal cell (mut) from unnary bladder of adult bat 14 days in organ culture

HandE X778
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Prate V

FIGURE 19 Quantitatively uncontrolled histotvpic growth of mesothehum of 8-day
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Prate VI
FiGure 26 Lxplant of adult human fat tssue from crest of ihum five days in culture,
showing mature fat cells (fc) and small migratory, wingshaped bpoblasts (1)~ Giemsa
X3,

Fioure 27. Disorganized and unrestricted gronth of vanously pleomorphic and hy-
pertrophy ing, but nonfat-storing hpoblasts 1 an explant of adult human fat tissue 5 days n
culture  Gremsa 9

FIGURE 28 Variously_hypertrophic and pleomorphic lipoblasts with one i Jympho-
¢y tic assocation, from adult human fat tissue from crest of tham, 5 days i culture  Giemsa
X33

3
FiGere 29 Differentiating embry onal fat cells from 8-day embry ome chich heart 5 days
i culture  Giemsa X339

Ficures 30 and 31\ nodule of homoplastically dertved, fat-storing embryonal lip-
oblasts from 8-day embry omic chick heart 5 days m culture, enclosed by ordmary embryonal
connective tissuc fbroblasts  Giemsa  PIGURE 30, X84, FiGURE 31, X339
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Trate VII

Temwmn 27 Tl L11 et a . e . .

lymph node (FIGURE 32) Giemsa X339

Frorres 40 and 41 Moderate to gant hypertrophic multinucleate forms (hke mu of
FIGURES 35 and 36) with phagocytized bacteria and 1n hyving b mphocy te association from
1y mph node (FICURE 32) 40 days i cultnation  Giemsa
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Prate VIIT

Giemsa

FicurE47  Intermediate retrograde changes of 8-day embryome chick heart fibroblasts
5 days 1n_culture after treatment with ATP and 100 ug of histamme-HCI dunng days
3to5 Note the simulated macrophage apprarance of the rounded forms  Giemsa.
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Prate IN

Frotaz 51’ Unéultured control adult mouse lymph node, compare with PIGLRE U
Hand I X84

Tioure 52 Intactadrenal gland of adult bat 19 days in organ culture, showing the differ-
ential orgamization of eputheliond nodules (n) from capsular cels, viable atrophic zone (va),
and unviable atrophuc (ua) zone of “ghost” cells Hand E X339
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Prae IX

treatment with 100
d glutathione dunng

Fieure 50 Intact adult mouse l)mph node4 da)s 1n organ culture to shnw mamtenance
of nmmal organ-typic character  H and
E 51 Uncultured control adult mouse lymph node, compare with FIGURE 50
H z\nd E 81
Figure 52 Intact adrenal gland of adult bat 19 days 1 organ culture, showing the differ-
ential organization of epitheliord nodules (n) from c:lpsulmr cells, viable atrophic zone (va),
and unviable atrophic (ua) zone of “ghost” cells Hand L X339
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n part, b).' such factors as the acidic groups, relative concentrations, and degree
of polymerization of the mucopolysacchandes, as well as by the complex nature
of the other ground substance constituents It 1s therefore obvious that the
ion-binding capacity of a tissue would be closely related to its physiological
state!s "¢ Since 10n exchange can occur with both orgamc and inorganic
10ns, 1t would seem probable that 1on exchange activities of ground substance
could be extended te include its interaction with organic ions as well as the
1morganic.

Acidic mucopolysaccharides exist in the tissues as compleves with other
naturally occurning substances  An evample of this may very well be the

some workers to conclude that hepann can bind histamine n the tissues 7. 1
Recently, Werle and Amann,”” as well as Sanyal and West,* have demonstrated
that heparin sl bind definite amounts of histamine under standardized i titro
conditions  In our laboratory Brinck-Johnsen® has found that under simitar
conditions this amime can be bound by other acidic mucopolysaccharides as
well as heparin and, forthermore, that basic listamine releasers, such as com-
pound 48/80* and polymyin B, enhance the dissociation of these histamine-
mucopolysaccharide complexes This would appear to be an 1on exchange,
since these basic listamine releasers also form complexes with heparim  The
fund mmportance of has been discussed by Eyring and Dough-
erly i therr theory of molecular mechanisms 1n nflammation and stress.

Methods and Matenialst

Complex formation  The formation of hepann complexes with sanous
drugs has been determined as follows the system consists of 120 gg of the
dye toluidine blue (G Grubler and Co , Leipzig, Germany) m complex with
50 ug of hepann (117 n/mg ) 1 a senes of tubes  Graded amounts of the test
substances were added to mahe a final volume of 6 0 cc , all substances having
been dissolved 1n deonized water. The toluidine blue-heparin complex has
an optimat absorption at 540 my i contrast to the optimal absorption of ““free”
tolwdine blue at 630 mp The dissociation of the tolwdine blue-heparin com-
plex 1n the presence of basic substances for which hepatin bas an affinity can
therefore be determined spectrophotometrically The amount of free dye
can be determined and the results plotted against the respective amounts
of basic substance used The relauve affimities of various substances for
heparin can be compared

* Compound 43 80 (p-methoxy phenylethy) methy lumine, a condensation product with

formaldehy de) 1s an evpenimental product of Burroughs Wellcome & Co (U. S A) Inc,
Tuckahoe, N ¥

{The methods used 1 these expenments have been described mn greater deta
elsewhere 53



STUDIES ON THE FUNCTIONAL INTERRELATIONSHIP OT
FIBROBLASTS AND GROUND SUBSTANCE
MUCOPOLYSACCHARIDES *

By R, D. Higginbotham
Unitersity of Ulahk Medical School, Salt Lake City, Utah

‘The distribution of loose connective tissue throughout the body as a “pach-
ing material” for blood vessels implies that it is an intermediary in the trans-
port of metabolites to and from parenchymal cells, and may thus serve as a
site for detovification of endogenously produced noxious substances of the tis-
sues (for example, histamine). These functions would tndicate that the pres-
ervation of the physwlogical state in this tissue is necessary for the proper
functioning of the parenchymal cells and, ultimately, of the organism as a
whole. The mai e of this physiological equilibrium is therefore de-
pendent upon the interrelated activities of the loose connective tissue conslit-
uents

The fibroblasts are the major cellular constrtuents of the loose connective
tissue and can secrete a number of the ground substance mucopolysaccharides '
The ground substance, which has been described as the amorphous continuum
separating cells, vessels, and fibers of the connective tissues, coasists of such
materals as proteins, salts, and water as well as of the mucopolysaccharides
that characterize 1t? Thus the ground substance of the loose connective
tissue with 1ts complement of mucopolysacchanides constitutes the extracel-
lular environment of the fibroblast. The synthesis, as well as the catabolism
of mucopolysaccharides, would appear to be a function of these cells. These
processes can be modified by varous hormones® The interrelationship of
fibroblasts and ground substance mucopolysaccharides can therefore be view ed
as one aspect of the dynamic state of interaction between the cell and 18
environment  This mteraction of cells and ther environment is a natusal
basts for the regulation of the physiological state of a ussue, In this regard, ac-
1dic mucopolysacchanides form actd-base complexes with various novious sub-
stances that are subsequently ingested by fibroblasts of the Joose connective
nssue ¢ & We have named this phenomenon myceflophagos:s and have postu-
lated that it 15 a mechamsm for the mamtenance of the physwological state
in the tissues *7

The actdi. mucopolysacchandes can he briefly and generally described as
macromolecular polymers of hevoseamme and hexuromc acd units that
possess 1onIC properties ansing from thew uronic acid constituents that may

be supplemented by varying amounts of estenfication with sulfuric acid
Specific wformation s available 1n reviews and commumcations concermng
the respective stIuctures, properties, and distributions of the actdic muco-
polysaccharides of the ground substance *  Ground substance may function
v - - ~norted by Grant No DA 99 007 \f1-13 from

. . sashington, D C, and grants from Burroughs
- "N, and C has Phizer & Co, Inc , Brooklym,

1RA
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Fiocar 1 Compariaon of the dye relcasng actoies of graded amounts of polymy xin
B, compound 48/80, clupen, and ACTH  Note that all sulstances complee with hepann,
as shown by there release of toludine Thoe

by Jacques?® The dye release occurs 1 a hnear fashion relative to the log
dase of releaser substances (Ficure 1). The affinity of hepann for various
drugs, relative to its affinity for tolwdine blue, can thus be compared

A number of toxic drugs have been tested 1n this system, and 1t has been
found that certain antibiotics (including polymy‘m B, ncom)cm and s!l’!p~
tomycin), histamine releasers (such as ¢ 48,3{) {b
and vanous other substances, including the venom of Rusell 'S viper, possess
this ability ® 7.7 The relative affimties of heparin for representatne basic
substance of diverse chemical natures are shown m FIGURE 1 Tt 15 evident
that this polysulfated mucopolysacchande can teact with a varety of
substances Its affinsties for compound 48 80% and for polymyxin B (a
basic polypeptide)® are comparable to 1ts affimty for the protamine substance
clupein®  Its interaction with the basic protein ACTH 1s much weaher

The demonstrated t rafro exchange of one cation (toluidine biue) for another,
such as the toxic lnstamine releaser compound 48, 80, would have a protective
valuetnmzo  Forinstance, hepann in complex with histamine would exchange
cations as 1t formed a second complex with compound 48/80 and thereby
reduce the active concentration of this latter substance  Although the pro-
tection thus achieved would be gained at the expense of exposing the tissues
to the released stores of tissue histamine, this exchange could be markedly
benefival, since compound 48 80 15 many times more toxic than histamine
In this respect, the mability to exchange could be fatal These pormts will
be considered further mn this paper
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Tissue sampling. CBA muce, 8 to 10 weeks old, were injected subcutaneously
on the dorsal surface with 10cc of air to form an air bubble in the loose
connective tissue. Test substances, in a volume of 0.2 cc., were then in-
jected into the bubble formed within this tissue, After sacrifice of the animal
at an appropriate interval following injection, the connective tissue bubble
was di d free of the sur ding tissues and a section of it rapidly re-
moved, spread on a glass microscope slide, air dried, and stained with May-
Grunwald-Giemsa. Simular preparations were stained with azure A or tolu-
dine blue for comparison Test substances, suspended in 1sotonic sterile
saline, consisted of 500 pg of mucopolysaccharide exther alone or as a mixture
with 100 zg. of an appropriate basic substance per injection dose. A number
of mice were prepared 1 this manner, and at least 3 mice were sacrificed at
each mterval for sampling.

Tolerance studies. To evaluate the effects of acrdic mucopolysaccharide on
the tolerance to mice of letha! doses of various noxious substances, both intra-
penioneal and intravenous routes of drug administration have been used
In the first case, ammals were pretreated with a standard dose of heparin
by the intrap I route and chall d 30 mnutes later with graded
amounts of the toxic substance by the same route 1In the second case, a
series of graded doses of the test mucopolysacchande, each contaimng 2
standard lethal amount of a given challenge substance, was admimistered as a
single mtravenous injectton The effects of the mucopolysaccharides on
tolerance were determined on the basis of numbers of animals surviving
24 hours after challenge *

Aedic Mucopolysaccharides i Vilro

To nvestigate the potential 1z vreo abihty of acidic mucopolysaccharides
to act as ton exchangers for various organic substances, a simple 122 t1iro mode)
system consisung of a tolmdine blue-hepann complex has been used to simulate
a readily dissocrable mucopolysaccharide complex of the tissues® Those
substances for which heparin has an affimty can replace the cation tolwdine
blue m ths complex and have therefore been designated as “releasers” The
releaser-heparin complex, at optimal proportions, forms a precipitate, and
ihe dissociated dye 15 freely dialyzable The equibbrium of this reaction
would be governed by the relative concentrations of this cationic dye and the
releaser substances, as well as by the dissociation constants of their respective
hepann complexes  These interactions have been considered in greater detail

e, sucnemny S .
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Acidic Mucopolysaccharides in Vivo

Tate s tissues. 1t has been previously observed that metachromatic granules
appear 1n local fibroblasts of the loose tonnective tissue following the sub-
cutaneous injection of hepann ¥ In FIGURE 2a fibroblasts of the loose
connectine tissue are shown with these metachromatic granules as they appear
2 hours after the injection of this mucopolysaccharide Heparitin sulfate
(described by Meyer as a monosuifated heparin}'® is also ingested by these
cells (p1GURE 2b). Metachromatic granules can also be found in a few fibro-
blasts following the injection of chondrontin sulfate A (f1GURE 2¢). Howener,
they are not easily obsenned On the other hand, chondroitin sulfate B,?
originally called beta heparin, 1s readily deposited as cytoplasmic granules
by the fibroblasts (¢16URF 24). The observations made regarding the fate of
these 1 4

polysaccharides are ized fu TABLE 1. It is indicated that
fibroblasts can ingest vanious types of these substances that temporarily are
stored as granules in their cytoplasm before disposal, this is micellophagoesis.®
Tibroblasts thus participate in the catabolism of ground substance mucopoly-
saccharides as well as in their synthesis  This process is not to be confused
with phagocytosis, which mcludes the active cytoplasmic engulfment of
foreign particulate matenal and is more ably performed by cell types occurring
only 1n limited numbers in normal loose connective tissue.
dditional studies employing ct Ily sulfated prey of hyal

acid and polysulfated chondroitin sulfate revealed that these substances
appeared n the fibroblasts within two hours. However, cells that had in-
gested these chemically altered mucopolysacchandes appeated unable to
dispose of these materials In marked contrast to the 24- and 48-hour per-
sistence of the natural mucopolysaccharides, these substances persisted as
granules in their cytoplasm for at least one month after injection Thus
sulfated hyaluromc acid, which has been reported to be chemically simiar to
heparin,® 1s not as readily dealt with by cellular mechanisms as 1s the latter
substance (FIGURE 2¢). It 1s more toxic to fibroblast tissue cultures than
equivalent amounts of hepann® and, in the present study, 1t initiated a marked

TABLE 1
TiME OF APPEARANCE AND PERSISTENCE OF TISSCE MUCOPOLYS ACCH ARIDES
AS METACHROMATIC GRANULES 1N FIBROBLASTS

Substance® Tatracytoplasmic Kranules Granule persistence

Natural

Hyaluronic acid — (vacuoles) —

eparm + (2 hours) 2410 48 bours

Hepantin sulfate + (2 hours) 24 to 48 hours

Chondraitin-S0, A 2 (5-6 hours) -

Chondroitin S0, B + (2 hours) 2110 48 hours
Polvsulfated

Hyaluronic acid + (2 hours) 31days

Chondrortin 50 + (2 hours) 31 days

¢ Mucopolysacchande (500 ug ) nas iyected subeutancously into mice At appropnate
ntervals thereafter, 3 mice 1n each group were sacnificed and tissue samples obtained from
the area of injection
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Fioure 2 Aw-dnied spreads of loose connective tissue of the mouse, showing meta
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and deposit it as rather large vesicular granules that often completely fill
the cy toplasm of these cells (FiGurr 4d) and appear within about 2 hours after
mjection Like heparin, these complexes secem to be digested within 24 to
48 hours,

Each of these basic substances, compound 48/80, polymyin B, and clupein,
can produce lethal intoxication in the mouse  The demonstrated fibroblastic
sequestration of mast cell granules and of these heparin complexes can there-
fore be considered as evidence of a collaborative function of cells and acidic
mucopoly saccharides in the maintenance of the physiological state in the tis-
sues.

Acidie Mucopolysaccharides and Tolerance

Lnhanced tolerance. The tolerance of mice to either compound 48/80¢
ot polymyxin B* has been shown 1o be related directly to the concentration
of administered hepanin in the ussues A quantitative dose response tnter-
relationship of hepann and polymyxin B is shown in FIGURE 3. Mice given
standard doses of hepann by the 1 route were into
groups of 3 animals each and challenged 30 minutes later with increasing
concentrations (5 pg /gm increments) of polymyxin B Each of these titra-
tions was performed at least twice. The results obtained were accumulated
and plotted in terms of the LD doses of polymywun B The straight line
was obtained by the method of least squares These data wdicate that in-
creasing doses of heparin give mcreased tolerance to a gven dose of the toxic
agent and, with ncreasing doses of the latter, mcreased amounts of heparin

450—  ["Eoch group represents 30)
- 10 75 crumols Results
b {LDsp) are presented
g 08 means (e) with thew
- standord errors fr——}
Z 300

19 HEPARIN IN PRETREATME!
2
S

8 2
CHALLENGE DOSE OF POLYMYXIN BN uq /gm, BODY WEIGHT
Tirogr € Taae o maoee s St b . .
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FIGURE 4 Awr-dred spreads of loosc conneclive issue at noted intervals of time after
° -~ - . LoLeEan .

granules are often distinctly different from those of “free” heparn  Cells
filled with heparin in complex with the histamme releaser, compound 4880
(FIGURF b}, can be compared with the cells of a heparin control (FIGURE 4a)
Granules of this hepartn complex appear within 30 nunutes after injection,
1n contrast to the two hours required for the appearance of granules in the
contro! preparation  Cells filled with this material more closely resemble a
mast cell than a fibroblast ¢ Fibroblasts also ingest a complex of polymyxin
B-hepann (FIGUEF 4c), and the granules are apparent within 30 1o 60 minutes
and are usually more numerous and shghtly darker 1n color than those mn the
hepann control These cells will also ingest a complex of heparin and dupem
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can be taken as evidence of the formation of drug-mucopolysaccharide com-
plexes that are fairly stable i 1no.  In this manner, the “frec” or active con-
centration of an othersise Jethal dose of a drug is reduced to a Jevel of measur-
able tolerance in the tissues of the animal (that is, 50 per cent survival)

On 1he basis of the foregoing studies, it has been considered 1hat the natural
capacity of the Lissues (o tolerate gven amounts of such cationic substances
s compound 48/80, polymyxin B, and clupein js related fo the capacity of
endogenous mucopolysacchanides in the tissue to form complexes with them.
Tolerance can thus be schematically represented as the capacity of an easily
dissociable mucopolysacchatide complex to form a second complex with
the novious substance:

{X=Mps) + R=2 [R~Mps) + X m

in which X is any basic substance of the tissues, such as histamine, which can
be replaced by a given dose of the toxic releaser substance R as the
mucopoly sacchande Mps forms a second complex with the toxic drug.  Toxi-
city would then be represented as an overshelming of this capacity by an
increased dose of thie toxic substance which would enable more of it to remain
free to interact at other and more vital sites i the tissues,

IX—Mps) + ARz [R~Mps) + X 4 R 03]

However, an enhanced tolerance 10 an increased amount of the toxic agent
can be achieved by the admmmstration of exogenous mucopolysaccharides
(FIGURE 5, ALY 2).

IX—Mps} 4+ ~R + Mps= AR~Mps) + ¥ &)

Decreased tolerance This concept of acidic mucopolysacchandes 1n the
maintenance of the physiological state in the tissues 13 analogous to a cation
exchange teaction m which the mucopolysacchande is the exchanger The
capacity of an ton exchanger is a quantitative measure of 1ts ability 1o exchange
one substance for another and, duning the course of 1ts operation, this capacity
would become smalier unless regenerated Thus, the changing and betero-
geneous nature of the substances i and moving through the ground substance
could modify the capaaity of the endogenous mucopolysacchandes to perform
thus function  The possibifity has been examined that naturafly occurring
substances that can form complexes with hepann, such as ACTH, may decrease
the capacity of the ussues to tolerate certam of the tovic drugs® In this
event, it would be expected that this reduced binding capacity of the uissues
would result 1 a reduced folerance i which a relatvely farger amount of
given dose of a tovic substance would remam free to nteract with more vital
sites or activities in the yssues (SCHEME 2) and thereby imtiate intotcation

ACTH
IX-Mps) + R + ACTH = s+ ACTH + X + R @)

R
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TABLE 2
CoxPARISON Of THE E¥FECTS OF VARIOUS ACIDIC MUCOPOLYSACCHARIDES ON
TnE Toxicrry oF CERTAIN Noxiovs AGENTs Iv Mice*®

Mucopolysacchanides

Chondroitin sul- [Chondroitin sul-
fepanitin sulfate froutin e

Drugs and challenge doses Hepann

50 per cent protective doses
Gk /gm)

(1) Componnd 48/80 036 129 none none
(26 ug /gm) (20 02) (£2'97)

(2) Polymy<m B 0.56 5.3 none 54
(504 fgm) (&0'01) (0'88) (1 55)

(3) Clupen 713 18 7 190 15 35
(500 ug /gm) (0 09) (x4 35) (%4.0) (£1°35)

* Groups of mice, 10 animals n each, were injected intravenously with single doses of
graded amounts of one of the test mucopolysaccharides  Each dose contamed a standard
letha! amount of the respective challenge agent Results are presented as the 50 per cent

)} h with 1ts standard error,

are required to achieve the same degree of tolerance. Related studies have
shown that heparin can enhance the tolerance of mice to various other notious
substances with which 1t can form complexes? This tolerance therefore
appears to be initially dependent on the direct interaction of heparin with
the novious agent rather than on an indirect effect of heparin in some detoxify-
ing process 1n the tissues.

A qualitative and quantitative comparison of the respective abilities of
various acidic lysacchanides to form compl with certain noxious
basic drugs and thereby influence their toxicity 1s shown in TapLE 2. Groups
of mice were injected intravenously with single doses of a series of graded
amounts of one of the acidic mucopoly: ides, each dose contai a
standard lethal amount of one of the challenge agents The numbers of
surviving animals 1n each of the challenged groups (10 ammals in each) were
recorded, and the amount of mucopolysaccharide necessary to protect 50 per
cent of the mice was determined This procedure was repeated with each
of the mucopolysaccharides versus each of the lethal drugs

Qualitatively, heparn and hepantin sulfate decreased the toxicity of all
three challenge agents, whereas chondroitin sulfate A was effective only agamst
clupein. However, chondraitin sulfate B was effective against both polymyxin
B and clupemn. Quantitatively, hepann was approximately 10 times more
active than the other mucopolysaccharides with regard to the toxiaities of
compound 48/80 and polymyxin B, but only 2 to 3 times more actwve against
the tovicity of clupen  In general, ther relative activities would appear to
be: hepatin > heparitin sulfate > ct droitin sutfate B > chond sulfate
A. It is evident that acidic mucopolysacchandes may differ both quantita-
nively and qun\i\mwe\y 1n their abilities to xcduce.lhe touieity of chemically
diverse novious substances. The m!uchon i toviaity of these basic drugs,
when administered as complexes with the vanous aadic macromolecules,
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Further studies performed 10 investigate these findings ennsidered the
possibihty that, if ACTIT wese acting through the mechanism suggested above,
1t should ala reduce hepann-cnbanced tolerance to othersise Tethal doses
of polymyxin B In this event, the nentralised folerasce would be schemati-
«ally represented as a componite of sentrstrs 3 and 4.

ACTH
[V-Mpsl 4+ 2R + Mps + ACTIL = 2 /.\[[N
R
4+ X 4 ACTH + R

A lethal dose of polymyxin It (50 pg./gm ) was employed. This dose could
e tolerated when administered in combination with a small dose of heparin
(15 g /gm).  This combination was injected intravenously as a mixture with
255y /gm of the test substances in the same manner as before.  In part B of
TaBLE J it 1s shown that ACTH also potenuated the tovicaity of polymyun B
in this situavon  This demonstrates that this effect can be accomplished by a
neutralization of the protectve effect of hepann.  Clupein, as well as toludine
blue, also reversed the protective effect of heparn in these mice challenged
“ith otherwise lethal doses of polymyun B 1t can be concluded from these
expeniments that the effects of acidic mucopolysaccharides on tolerance to
noxious substances can be marhedly mfluenced by other substances n the
tissues that can compete with the toxic drugs for available groups on these
acuhic macromolecules

)

Discussion

The theory has been proposed that fibroblasts and mucopolysacchandes
have a coll ¢ tofe in the p of the physiological state in the
tissues  Dorfman’s group has clearly demonstrated that these macromolecules
have a measurable rate of turnover in the tissues, and that this can be influenced
by various hormanes® ¥ Turnover of acidic mucopolysaccharides can be
wisualized as consisting of thewr synthesis by fibroblasts, followed by their
secretion into the ground substance fram which they can be subsequently
ngested by these same cells and then dealt with according to the metabolic
apacity of the individual velt  The physical and chemical states of the ground
substance are therefure a reflection of both qualitative and quantitative aspects
of these celivlar acuviies  This nfluence of the metabolic acuvines of the
cefl on the nature of the ground substance 15 an imtegral part of an interde-
pendent relationship of celf and ground substance 1n which the latter, serving
as the extracellular environment, influences the function of the cell This
nteraction of cells and environment 1s a natural basis for the regulation of the
phystological state of this tssue

The polyanomc nature of the ground substance mucopolysacchatides 15
analogous to the essential molecular charactenstics of cation exchange resins ¥
Marun® has stated that the behavior of the lon-active groups of these latter
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TasLE 3
Errecis o ACTH awp OrtmsR Basic Drucs oN ToreRANCE
oF Micg To Porvivav B

Challenged groups Drugs added to challease dose | Number of survvors

A. Sublethal polymyxin dose*

(1) Polymyxin B Control 33/35
(2) Control ACTH 10/10
Polymyxin B ACTH 6/15
(3) Contral _ Clupein 10/10
Polymyxin B Clupesn 1/10
() Control Toluidine blue 10/10
Polymysin B Toludme blue o/1e

B Lethal polymyun dose plus heparint
(1) Polymyxin B Control 0/15
(2) Polymy xm-hepann Control 15/15
(3) Polymyxin-heparn ACTH 1/10
(4) Polymyuin-heparin Clupein 0/10
(3) Polymyma-hepann i Toluidine blue 0/10

* Intravenous 1njection of 3 S pg polymyxin B/gm alone (1) or as a mrxture with one
of the test substances (2-4)

1 Intravenous njection of 50 pg polymyvin B/gm (1) plus 15 ug heparn alone (2)
or as a mixture with one of the basic test substances (3-5)

This possibility was evaluated by injecting groups of mice intravenously
with single doses of graded amounts of ACTH, each dose contamng a standard
sublethal amount of polymyxin B# It was found that this otherwise non-
Jethal dose of polymyxin B became progressively more toxic with increasing
amounts of ACTH. This was mterpreted to mean that the polymyxin tol-
erance of the tissues 1s related to the polymyxin-binding capacity of the endog-
enous mucopolysacchandes that could be reduced by ACTH Thereby
more polymyxin remained free to mteract With more vital sites i the tissues
and thus induce lethal intovication

The 1mportance of ACTH as a hormone necessitated further study regard-
ing the spectfiaity of this ACTH effect TARLE 3 contains a summary of some
of the expeniments performed to evaluate this actvity  Groups of mice
were challenged by the ntravenous route with mixtures containing 25 pg of
the respective test drugs gm body weight with the standard sublethal dose of
polymyxin (35 pg gm) It can be seen that the dose of polymywin 1s not
lethal by 1tself, but becomes so when mjected as a mixture with ACTH ~ Sim-
larly. a nonlethal dose of clupen will enhance the toviaaty of polymyxm  This
shows that the ACTH effect on polymyxin toviaity 15 nonspecific and supports
the 1dea that ACTH potentiates polymy«in tovcity by competmng with this
substance for the endogenous mucopolysacchandes of the tissues**  This
was further supported by the next result 11 which 1t 1s shown that the basic
dye totmdime blue, which has a well-hnown affimty for hepann both tn 220
and w ttre, will also enhance this effect
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of a novious character and represent a potential source of injury to the tissue,
‘Turnover of this material is therefore essential to the continued normal func-
tioning of the tissue as a whole e have considered that the occasional and
mld degranulation of mast celis with the subsequent fibroblastic ingestion of
this matenal represents a salutary process whereby the stored granular material
of the mast cell 1s made available 1o the more active metabslic processes of the
fibroblasts ® *  This disposition of stored material can prevent the accumu-
Iation 1n the tissues of excessive amounts of such substances as histamine which,
1n the event of injury to the tissues, can be released and further contribute to
an already unphysiological condition.

Summary

‘These studies have considered a tissue termed micellopk
which is a collaborative role of fibroblasts and ground substance mucopoly-
saccharides in the mantenance of the physiological state of the loose connective
tissue. The relationship between cells, mucopolysaccharides, and basic sub-
stances 1n this tissue are indicated diagrammatically in FIGURE 6, The fibro-
blastic ingestion of shed mast cell granules or foreign polysaccharides, as well
as of tissue mucopolysacchandes, may function as a local means of detovifica-
tion. In the latter case, the acidic mucopolysaccharides may bind with basic
substances (including amines, polypeptides, and protems) released from 1n-
jured cells, and the resulting complex may then be taken up by the fibroblast,
1 possible, these ingested materials will be digested  However, if thie material
1s sufficiently altered or foreign to the cell, or the cell itself 15 metabohcally
deficient, such materal may persist for a considerable period of time as stored
granules  Cells containing such material are often morphologically simlar to

MUCOPOLYSACCHARIDES ~— SYNTHESIS

PRODUCTS
NOXIOUS
(Ground substance) | ioreo sy //
METAROLISM
asT ULES
{Cytoplasm} STARAGE
Vi STORED
GRANULES e MAST CELL #—7 ——GRANULES

FIGURE 6 General scheme of the functional interrelationship of fibroblasts and acdic
mucopolysaccharides of the ground substance  Reproduced b et
of the Reliculoendothelsal Swily . eprodiced by permussion from the Bulletun
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substances 1s jdentical with that of those same groups attached to soluble
molecular units. ‘The ability of the acidic mucopolysaccharides to act i w10
as ion exchangers would be modified by the heterogeneous nature of the various
substances in and moving through the ground substance, The equilibrium of
mteractions with various cationic substances would be governed initially by
the relative concentrations of the cations concerned, as well as by the dissocia-
tion constants of their respective mucopolysacchanide complexes.

For theoretical purposes it has been considered that the tolerance of tissue
for certain toxic histamine releaser substances 1s related to the fon exchange
capacity of the endogenous mucopoltysaccharides of the tissues7® ¥ In this
regard, a subliminal dose of these toxic agents is one in which the ion exchange
capacity is not overwhelmed, the activity of the toxic substance being restricted
by its formation of a complex with the acidsc mucopolysaccharide The en-
hanced tolerance of heparin-treated mice for otherwise lethal doses of the
histamine releasers compound 48/80 and polymyxin supports this rdea and has
been discussed 45 * In the present study it was shown that other acidic
mucopolysaccharides can also reduce the toxicity of these basic substances, but
that they differ from heparn beth quantitatively and qualitatively in this
effect

Although the ion exchange reactions of the mucopolysaccharides would be
of a reversible nature, the formation of less easily dissociable complexes would
tend to reduce the 1on exchange capacity of these mactomolecules, The inter-
action of the mucopolysacchandes with a given amount of one basic substance
could reduce their abthty to form complexes with a second basic substance In
the event that the second substance 1s toxic, the capacity of an ammal to
tolerate this drug would be reduced in proportion to the reduction tn the capac-
1ty of the mucopolysaccharides to exchange  ACTH and other basic substances
that form complexes with heparm will potentiate the toxicity of polymyxin B
Thus has been interpreted to mean that ACTH can compete with polymysin B
for the available 1onic groups on the ewdogenous mucopolysaccharides® It
was demonstrated that ACTH, toluidine blue, and clupein can neutralize the
protective effect of ad; d heparin on polymyxin B toxicity. The in~
fluence of acidic mucopolysaccharides on the physiological state in the tissues 15
therefore related to the physical and chemucal states of these macromolecules,
as well as their concentrations  The tendency for these substances to reach a
relatively stable (that 1s, less reversible) state necessitates a physiological means
for regeneration of the ton exchange capacity of the ground substance  This
could be accomphshed directly by local increases of morganic cations, such as
sodium, and indurectly by the renewal of the mucopolysaccharides by the cells

Metabolism of the ground substance mucopolysacchardes is a natural and

necessary cellular event  The mability of cells to perform this process after
ingestion of these substances mevitably leads to therr storage within the cell,
accompanied by the storage of whatever other substanices these acidic macro-
es may have bound The presence of such material in a cell lmp]xe.s a
Juction 10 1ts capacity to perform its essential cellular activities,
those substances bound to the acidic mucopolysaccharides may be

molecul
physical re
in addition,
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appear to be analogous to that of jon exchange resins in which various inor-
ganic or organic cationic substances can be bound or released under the ap-
propriate conditions. This 15 a dynamic process in which the evchangers are
regenerated by synthetic and catabolic activities of the cells and interact,
according to their specificities and capacities, with the various substances m
transit between the plasma and cells of the interstitium and parenchyme.
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MORPHOLOGY, CHEMISTRY, AND FUNCTION OF MAST CELLS*

By Earl P. Benditt
Department of Pathology, Unwersily of Washington, Seattle, Wash

Introduction

Our appreciation of the mast celt as a distinct cellular entity is now just
eighty years old. It was initiated by Ehrlich’s discovery! of 2 group of cells
exhibiting a strong basophilic metachromasia. In doing so he differentiated
these from the larger group of menonuclear cells previously recognized n con-
nective tissues, Since this time a voluminous hterature concerning these cells
has accumulated > The large mass of data, which unfortunately contains
some mismformation, is confusing A part of this confusion can be obviated
by a consideration of the following. Cells of like nature have fundamental
simularities, but they also have subtle differences The mast cell, which ap-
pears to be present in practically every vertebrate animal thus far examined,
15 such a cell type  We must recognize at the same time both the broad sim-
ilarities and the important differences between mast cells of various species,
The systematic examination of the mast cells of a single species provides the
beginning of the unraveling of its mysteries What follows 1s some of the in-
formation thus far at hand on the mast cells of rats

Morphology

Shape, size, and denstly  Mast cells 1n vanous sites in the rat have a poly-
morphous or an oval form  The polymorphous form 1s seen adjacent to blood
vessels and 1n the connective tissue. It appears oval in the mesentery ~ Free
cells 1 the pernitoneal fluid, when solated, are round. The dameter of free
cells averages 134 p. The volume as measured by packing a known
number of cells averages 1 32 4= 0.2 X 10~¥ cumm per cell A similar value1s
obtamned by calculation from the mean diameter of the free cell or by estimates
of volume made st In some sites such as the dermis of the skin the cells
may appear smaller following shedding of their granules  When isolated from
the pentoneal fluid the cells appear to have a specific gravity that hies between
1088 and 1100. These values were denved from measurements made in
concentrated albumin  Previously we had found that i a concentrated
sucrose medium the cells would sediment 1n a density 1n excess of 1267 This
appears now to have been due to the fact that the cells shrink m the very
hypertome sucrose

Staining properlies. Characteristically, mast cells stain with any basic dye
such as toluidine blue, and they exhibit charactenistic metachromasia  The
staining appears to us to be entirely resident in the cell granules  The granules
do not stam with hematoxylin under most circumstances, but occastonally
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one can see pafe blue staining withthisdye, Theirnucler are, in general, round
and resemble slightly those of plasma cells or histiocytes. Thus, in hema-
togy lin-eosin preparations the cells are not usually differentiated from other
monomucleat connective tissue elements They do stain with the Schiff
reagent following periodic acid ovidation,

Electron microscopic characteristics,  In the electron microscope the granules
are dense after osmic acid fivation. They have round, oval, or irregufar forms;
the latter is probably an altered form. We? have been unable to discern any
fine structure within them. There is a less dense intergranular material
surrounding and connecting the adjacent granules We have not yet seen
any mitochrondrial of ch st ¢ i Occasionally a
thin dense hine at 1he perimeter of the cell is visualized, suggesting a tenuous
cell membrane

Chemsiry

Hleparin.  Lison® d that the hubited by the basic
dyes under the appropriate conditions was indicative of the presence of com-
pounds containing ester sulfate radicals  Holmgren and Wilander' connected
the presence of considerable sulfate 1n heparin and the metachromasia of mast
cells  Together with Jorpes'! these imvestigators showed that tissues nich in
mast cells also contained much hepanm, Ehtlich and others confirmed this
We have now obtained direct evidence that a material with the properties of
heparin is present in mast cells and have estumated its concentration. By
modifying the method of Padawar and Gordon® to provide a larger yield and
purer (90 to 100 per cent) preparation of mast cells, a sufficient quantity could
be obtained for analysts **  The analysis of one preparation is givenin TABLE 1.
The matenal wsolated had the appropnate metachromasia and appropnate
mobifity on ¢t phy It had lant actwity and contained
hevosamine  The quantity of matenal present . the cell estimated from the
several available parameters ranged between 2.7 and 4 6 per cent of the cell
volume.

Histamine and 5-hydroxytryptamne  Riey* and Fulton ef al* provided
evidence indicating the probable presence i and release of histamine from

TabLe 1
Hepamix 1y Isoratep RaT Mast Crus

V' o Prepared
‘-

Pronieas am oty Q1 pow pme - - o

. - ¢ e VL L e, 2. 4 digestion
under dualysis

color appropriate !

Hecoramine content ucosamne equialent 108 per cent of cell vahume _ Madiied Morgan
and Elson procedure, . Calculated to be equivalent approsimately to 46 per cont
of volume of mast cell
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TaBLE 2
EvIDENCE THAT HISTAMINE AND § HYDROXATRYPTAMINE ARE ASSOCIATED
Marxry wite Mast CELLS N RAT Sxiv

Shon region ? },{1”/‘,,‘;1}’. [ Histamne SHTY

| s wg /s

Feet, areolar subcutaneous 31 259 107
Feet, dermus 61 74 1
Back, areolar subcutancous 51 36 18
Back, dermus 30 20 15

* High power microscopic field
1 5-Hydrovytryptamne

TaBLE 3
Ci TICS AND Q1 oF AND S-HYDROXATRYPTAMINE
N IsoraTED RAT Mast CeLis
Histamme S-Hydrovytryptamine
Synthetic | Mastcell | Synthetic Mast cell
Pharmacologic assay
11 28
Gutnea pig ileum + o mm -+ -+
Rat colon - - + 06k
cumm
Chromatographic mobihity (Rf)
Butanol-acetic acid-water 016 0 08-0 16 044 042
Color reactions
Diazotized sulfanilamide Red- Red- Violet Violet
orange | orange
Dimethylaminobenzaldehy de . = Violet-> | Violet->
ue hlue
Fluorescence with HCHO Yellow Yellow

mast cells We have found that S-hydroxytryptamine 1s present in rat mast
cells * The association between mast cells and histamine and between mast
cells and serotonin in the and suk tissues of the rat 1s
shown 1n TaBLE 2 From 1solated purified mast cells we have been able to
extract and to ch 1ze these two sub as shown m 1ABIE 3, As
can be scen there, the concentration of histamme 1n the 1solated mast cells 15
11 ug /cu mm of cells, ar 11 per cent of the cell volume. The concentration
of S-hydroxytryptamine 1s approximately one twentieth of this or 006 per
cent of the cell volume Schayer has provided evidence indicating that
histadine decarboxylase 1s assouiated with the mast cell We have demon-

- A S s e . [

IE:IE;MC walh properites resembling chiymotrypsin  Gomon'® destnbed the
fact that mast cells are demonstrated selectively when tissue 1s tncubated with
chloroacetyl-2-hydroxy-3-naphthoic acd ambd under the appropnate histo-
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Taste 4 ;

PropeaTies of a Hiorotvric § azsye 1v Mast CFULS WiTi SUBSTRATE
R IRFMPNTS Rnnuau\r. CHAMGTRY NN

Mast eelly Chymoteypsin

.
Substrat
Ch[omnct\) 1.2 hydroty-3 naphthoic  aad  amhd
ANAS + + +
A\cqu lr)‘p(nph:mc ethyl ester (ATl L) + +
Acetyl tyrosine ethy { ester + +
Aceth] pheny halinine eihy} ester + +
Toss | arginine methy) ester - -
2H Optuena 84 80
Tnhubition _— o 't x| 6 ! x
Th ssopropy | flusrophosphate T0% at /3
eprers T I 10~ b
Competitive between CANAS and AT(LE + . not tned

chemical conditions  We have found (TAME 4) that this enzyme has prop-
erties resembling chymotrypsin? If the enzyme has a simular activity to
weight ratio as chymotrypsin, then its concentration in the cell s of the order
of 1 per cent of the cell volume.

Absence of discermible sucanic dehydrogenase and other milochondrial en-
symalic properites We have thus far been unable to demonstrate succimic
dehydrogenase activity i the mast cell of the rat, nor have we been able to
demonstrate the charactenstic color reaction of Janus green B. These facts
suggest that there are only small amounts, if any, of the usual mitochondrial
enzyme systems *

The strucinre of mast cell granules  Several years ago we® 'S artempted to
isolate mast-cell granules from the subcutaneous tissues of the rat. In the
course of the evperument we found that the granules hegan immediately to
swell following comminution of the tissue  During this and the subsequent
process of punfication the granules lost their chamcl‘ensuc capacity to stain

TRt (R

this stage they are assoctated with a certain amount of connective tissue
debris, a large part of winch can he removed by washing in sotonic sodum
atrate. These granufe residues (FIGURE 1) are about the size of blood platelets
They contam httle, 1f any, hexosamine and no demonstrable heparn, his-
tamine, or serotonin  Their size and, to some exient, therr form 1nduced us
to compare their capacity to accelerate the clotting of recajofied platelet-poor
cnrated rat plasma with the known activity of blood platelets and also with
similarly prepared rat hiver miochondria The average behavior of the
several different types of particles 1s recorded in FIGUPE 2 Here can be seen
*J Tadawar (personal states that with

indicaLor mstead of neotetrazhum, ahich e wseds SaCre Qe drogenass. ac\nny 1 de-
monstrable in mast cefls in rats
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Frovns §  Mast cell granule “ghosts” rsolated from rat subcutaneous tissue in sucrose
and washed with sodum atrate  Giemsa stam X 2500
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ST C1L, CuNLIY

8

LoT1z36 T A8 § OF PLASW TIE

y L .

o ol o1 as 2]
COTDITUTION - ¥0. DAY REIGHY

r 2 Theomboplist activuy of rat bloos pk\ltkts, fsolated mast. cefl granule

ghosls, "and e mutochond

the usual behavior of blood platclets shown 1n terms of their capacity 1o reduce
the clotting time of platelet-poor rat plasma. It can be seen that the mast
cell granule “ghosts™ prepared in sucrose and washed with cutrate behaved in
a manner similar 10 the platelets, but on a per-unit dry-weight basis they
were more active Liser mutochondnia were substantiaily Jess active  This
15 p evidence for p 1on of a part of the mast cell granule
in tissue (hmmboplasuc activity  This “ghost” must also contribute to the
focal tissue in the response to injury

‘The evidence indicates that the cell granule 1s an organized complex struc-
ture  One of us principal ingredients 13 hepatin, another ingredient is prob-
ably hustamune, which 1s present 1 an amount sufficient to account for a large
proportion of the c::uon necessary to the presence of the strongly amonic
beparin? PP from ussues with the spill of
mast cell granules Hepann and histamine are probably not present in a
simple salt combination, The mast cell granule “ghost” may be a sort of
matric i which hepann and histamine are held  Disruption of the matnx
would then be required for histamine release  Consistent with this notion we
have observed that substanual amounts of 48/80* will not “displace” the
fustamine from 1solated mast cells, but will release 1t from mast cells w sin.
The chymotrypsinlike esterase may be present in the mast cell granule. The
functional interactions of the enzyme are stili obscure  Previously we have
reported'® that chymotrypsin 15 capable of hydrolyzing peptides associated
with such acidic mucopolysaccharides as chondroitm sulfate. It 1s reasonable,
therefore, 1o suspect that this enzyme may operate \n this fashion s sty We
have no clear evidence thus far for this

3-Hydroxytryptamine may not be 1 the mast cell granule complex  We
have found that following reserpine ad w 1mvo the ¢

* A cherricat compound with the eapactty o iberate histarome
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S-hydroxytryptamine 1n isolated peritoneal mast cells is reduced by about 50
per cent without alteration of either the cell numbers, their morphology, or
therr listamme concentration. It may be that this material 1s in the inter-
granular substance. Another substance capable of disappearing without gross
morphologic alteration is the pyridoxal-S-phosphate component of the 5-hy-
droxytryptophane decarboxylase system

Functional Properties of Mast Cells

The response lo mechanical and chemcal stimulation Mechanical manip-
ulation, such as pinching the skin or administering a saline injection, will
produce some spillage of mast cell granules, The effects of this are easily
observed 1n the passage of Evans blue from the circulating blood into the local
site Certain chemical substances, in particular 18/80, ovomucoid, dextran,
and some yet-unidentified substance in testicular extract?®. 2 will produce in
sufficient doses given itravenously, locally, or applied to surviving tissue
in witro mast cell disruption  More chemical stimulators of mast cell granule
release remain to be identified in animal tissues  These wiit probably be more
interesting than those substances thus far discovered.

Adrenal corticoids, cortisone, and hydroxycortisone, 1nsofar as we can find,
do not alter the numbers, morphology, or histamine content of mast cells when
given for ten days in doses sufficient to cause thymus and adrenal involution
and also body weight loss  These indices of alteration may not be sufficiently
sensitive, since Schayer'* has observed a reduction n histamine formation
duced by these compounds,

When mast cell granule release 15 produced by one of the several situations
or agents mentioned above there 15 a simul release of b and
activation of 3-hydroxytryptamine.® #  These operate locally upon the skin
vessels in the rat to produce mncreased capillary permeabihty, which can be
shown by the leakage of Evans blue from the circulation It is possible that
the histamine that disappears rapidly from the local site can stimulate the
pitwitary to secrete adrenacorticotropic hormone (ACTH). The release of
histamine from certan local sites provides the possibility of a “feedbackh”
mechamsm, Thus peripheral or visceral stimulation may (and a major wmjury
to a part almost certainly can) activate the pituitary-adrenal cortex system
via histamine

Tollowing the admnistration of large doses of ovomucoid we have not yet
been able to find evidence of prolonged blood coagulation or activation aof the
nipemia-clearmg factor, which one might expect from release of heparnn into
the creculation  Riley and tis coworhers™ have reported that there 1s no
reduction in tissue hepann following similar treatment of rats with 48 80
This evidence 15 consistent with the notion that the heparin interacts locally
with some tissue elements present  What 1t may interact with 1s not yet
evident.

Conclusions
We can now state with reasonable assurance the following things about rat
mast cells they contain about 3 to 4 per cent heparin, about 1 per cent hista-
mine and, perhaps, 1 per cent of a hydrolytic enzyme  There, together with
N
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cytoplasm are probably S-hydrosytryptamine, at least the pyndoxal-3-phos-
phate part of the S-hydroxytryptophane decatboxylase, and other yet-un-
determined substances  When released, the substances interact in an organ-
wed fashion with local, some with distant, tissue components Mast cefls
thus can be classed both with stimulus receptor and secretory cefls. Several
chapters on the mast rell are partially written  Thesc need to be fimshed and
he key s 1o the remaining chapters discovered

References

1 Taeuen, P 1917 Batrage zur Kenntow der Ambnfarbungen und threr Verw endung
1n der mikrowkopischen Techndh  Arch miktoskop Anat u Fotwicklungsmech 13¢

2 Mioizss, X A 1933 The mast cel I Handbooh of Hematology. : 222 H
ownes, EA Hocber  New York, N

3 AshoE Haley, G 1953, The mast cell. Intern Rey Cytol 3.3%

3 Ritey, J.F 1955 Pharmacology and functions of mast cells Pharmacol Revs 7:

5 Foutox, G T, F L Maneo, J F Ruey & G B West 1957, Humoral aspects
of tiséue madt cells Physiol Revs 373 221

6 Papuwaw, ] 1957 Studes on mammalien mast cells Trams X ¥ Acd Sa
Ser, 11 13(8)2 690

7 Boapiin, T AL Apacr 3 A0 E Dremrg 05 1 abamina and Benein o seplabad
ot mastcells J v T

8 Mmzoy, D 19535«

9 ; .

10 . .

. . .

o Lo

7. . e . s .

o . v ,

e s L o e s fats e s

14 Scmavem, R W 1956 Formation and binding of histamine by free mast cells of rat
pentoneal fud _Am ] Physiol 186, 1

15 Lagtvorr, D, K B Laws,E Rogeer &L P Besorer 1957 5 Hydronytryptamine
- U . e T Proc 16(1582

16 © Troc Sa¢ Lxpth

+ tesembling chy mo-

irypen  Eederaton Proc 16(1646)

18 Desbrrp & P AD Miraica 1955 Some propertics of nolated rat mast el granules
Troc Chicago st Med 0. 303

19 Bexprrr L P & J E Frencn 1933 Histochemstry of connective tissue 1 The
it of enzymes a5 speafic histochemical reagents . Ifistochem and Cytochem 12

20 Bevortr, E P, S Buorr &R B Lax 1955 Studies of the mechamsmn of acute vas-
cular feactioh to imury A M L “Arch Tathol €0. 104

Rowiry, D A & E T Revourr 1956 S-Hydrowtryptamine and histamine as
mediators of the vascular mnjury produceil by agents which damage mast cells in rats
J Fout Niel 108 50

Stuere (P &L H Swrs 1938 sechansm by which bistamine stmulates
ACTII release in tats  im § Physiol 177- 405

Rugy § FLD M hernnan & 6B Newr 1955 Funcuon of hepann  Nature

=

8N



MEASUREMENT OF THE FUNCTION OF
THE RETICULOENDOTHELIUM

By John H. Heller
New England Instilule for Medical Research, Ridgefield, Conn

Introduction

The identification of the reticuloendothelial system (RES) as such was
made 1n 1913 by Aschoff and Kiyono! Since that time constant attempts
have been made to determme the functions of this system, as well as how to
measure them. Great difficulties stemmung from the very nature of the system
have been apparent from the beginming. It is only recently that some of
these difficulties have been solved through the introduction of physical methods
of measurement

Problems Intolved in Measuring RES Funchion

Deltneation of RES A primary difficulty hes in the fact that there 1s no
consensus as to all the types of cells that should be included within the system
Investigators 1n this field use three major criteria for delineating this system
The first group relies on morphological identification, using histological evi-
dence and differential staining techmiques The second school utilizes em-
bryonal factors, and tends to mnclude those cells that derive from primitive
mesenchyme. The third group 1s more physiologically orented and prefers
to use more functional standards Many investigators utilize intermediate
criterra  Although all workers in the field always include such elements as
macrophages, some violently debate the question whether eosinophils, mast
cells, lymphocytes, and plasma cells should be included

Rather than become nvolved 1n this classic dispute, I shall rely upon the
suggestion given by Chester Hyman of the University of Southern Calhifornia
at Los Angeles, who replied to the question of which cells should be included
1n the RES “Like the elephant 1n the ancient Hindu fable, the reticuloendo-
thelial system has been certanly identified and defined by many people as
many different things In Carl Sandburg’s version of the Hindu classic,
the men of different opinton ¢ did mot put up any arguments, They did
not throw anything 1n each other’s faces Three men saw the elephant three
ways and let 1t go at that ' ”

EADSE ] vo o e PEC  AAdad Afrliine 1n o

thus precluding one classi. method of measurement that involves the use of
extirpation. The mability to remove a significant segment of the system also
eliminates methods of measurement that involve chemical analysis of cellular
components and products

The problem becomes considerably more complex when one considers that
various cell types within the system have different functions  As a matter of

212
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fact, even similar cefis such as macrophages, when located in different organs,

appear to have somewhat dissimilar functions Thus there is evidence that

fiver RE cells have pnmarily a metabolic function, slule those of the spleen

zppc:\r 1o be more m\ul\e(l in :mnbody fmmahon. T'urther, there is pre-
1 ot B S S

p

stimulus, relatively undifferentiated cells can be stimulated to become RE
cells, whereas under normal circumstances they would have developed into
other elements.

Whether the new RE cells produced 1n response to a stimulus can perform
all the functions of the regular RE elements is not known, Turthermore, the
ability of fised cells to become mobile and of mobile cells to become fixed
feaves us with a system inordimately difficult 1o measure

Known and Suspected Funclions

It is aviomatic that one must have at least some idea of a function before
methods can be devised to measure it Among those functions of the RES
which are known or are* (1) phagocy of elec
charged particles, ranging in size from proteins to erythrocytes, (2) intra-
celtular destruction or metabolism of phagocytized substances, (3) antibody
formation—ta the extent that phagocytosis appears to be one of the initial
fequisites in antibody production (if plasma cells and lymphocytes are in-
cluded m the definition of the system, the role of the RES in antibody forma-
tion becomes further extended), (¥} olher aspects of host defense, such as the
ole of the RES 1n the host-t and allergic S
detoufication of substances such as alcohol and barbiturates, (6) normal
metabolic pathway for certamn lipids, such as cholesterol; and (7) hemato-

esIs.

A hst of other suspected functions 13 too long to be catalogued here.

Early Attempts ot Measurement

The first attempt to measure RES function relied upon histological tech-
mques. Because the RE cells had a particular affinity for certain vital dyes,
staimng techriques became the first obvious method to use  An extension of
\hls pmcedure rehed pon the ablhly of the RE cells spcufu ally to sequester
D S -
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titatave. I‘unhermore, as with most histological methods, 1t has lhe disad-
vantage of giving the investigator a picture of a single point in time in a single
animal, and the extrapolation back to an i tive and dynamic state is always
dufficult  Fnally, because of the diffuse nature of the RES, the stological
examination of an animal becomes a tremendous chore in that 1t anvolves the
examnation of most of the tissues throughout the body,
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engorge RE cells with particles in order to produce blockade. The short-
comings of dyes lie in the fact that many are not pure chemicals, and one pro-
duction batch can differ from the next. Furthermore, since most of them are
not completely colloidal, the soluble fraction produces complications, since it
15 frequently cytotovic Different cytotosic agents can mduce a primary
depression of RES function, which 1s frequently followed by a secondary
compensatory hyperfunction that yields confusing results.

In addition, many of these substances have heterogeneous particle sizes,
resulting in further error and in discrepanctes between one batch of test sub-
stance and the next,

India 0k 1s another colloidal substance that has enjoyed considerable use
Biozzi el al? showed that the shellac used 1n making India ink (the amount
and type will vary from one producer to the next) is toxic, and the net result
1s to produce intravascular aggregates, resulting in microemboli, particularly
m the pulmonary circulation.

More Recent Attempts at RES Measuremen!

One of the most important steps in attempting to make consistent defimitive
and quantitative measurements of the RES was taken when the International
Society for Research on the RES was founded in 1954 This society, which
has a world-wide membership, has become, through its symposza, its re-
glonal and nternational meetings, and 1ts journal, a vehicle for the exchange
of wformation and the dissemination of data leading to the development
of better and more precise methods of measurement with certam universally
accepted critena.

The current emphasis on developing methods of measurement of phago-
cytosis relies upon the use of wert collowds  In order to meet the criteria now
generally accepted, these collmds, i addition to being nert, must have a
umform particle size (not only n the syringe, but also in the blood) They
must not aggregate i the blood, and they must be susceptible of chem:cal or
physical measurement 1 relatively small concentrations  Among the colloids
now 1 use are carbon, metals, insoluble metallic salts, and plastic spherules
When such collowds are 1njected intravenously, their disappearance from the
blood should fellow an exponential function (FIGURE 1)

The intravascular half life of these colloids 1s easily calculated from such a
curve A more sophisticated mathematical approach to the analysis of such
a curve may be had by using the formula suggested by Biozzi efal 2 C =
Cy 10757,

Many mvestigators rely to a great extent on the use of colloidal carbon *
“This carbon 15 stabilized n colioidal suspension by fish glue and gelatin, and
has served very satisfactonly for many studies of phagocytosis However,

our studies have shown that the Gunther-Wagner type of carbon still leaves

* Obtained from Gunther-Wagner Pelihan Werke, Hannover, Germany
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much to be desired, An analysis of methods of producing this carbon shows
that certain unavoidable errors are inherent in the method of production  As
Ahss carbon is produred by incomplete combustion of hydrocarbons, there are,
in addition to discrete particles, a significantly large number that ase joned
together (FIGURF 2),

Whereas very large particles of carbon can be sedimented out by differ-
ential centrifugation, the final product sull presents a spectrum of particle
sizes

In order 1o circurmvent this problem, we are unlizing polysterene spheres
made in such a way as to obtawn a range of standard particle sizes, beginning
at several hundred angstroms, with 2 maximum deviation 1n each group of 5
pet cent. In order to tag these spheres a technique can be used that wall
suell their surfaces temporarily, giving nse to interstices on the surfaces  Into
these nterstices one can introduce metallic atoms  These atoms should have
a high cross section for neutrons, so that bombardment in a moderate flux
{10% neutrons) from a scaled-tube accelerator will induce radwoactivity 1n the
metal atoms but leave the polysterene virtually undamaged. Carbon can
also be made 1 such @ way as to obtain a range of standard particle sizes
To do this one begins with the production of plastu spherules  All elements
other than carbon are driven off by pyTolysis, leaving a pure carbon spherule
of definstive partacle size  The carbons can then be treated with a variety of
chemical or physical techmques, resulting in a surface that can sefectively
adsorb various products  This opens a whole new avenue of techmques for
study of other RE functions, these T shall mention presently  These homoge-
neous particles must then be suspended tn a medwim that maintains the par-
ticles as a true colloidal suspension It is imperative that, when the collod
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F1oRr 1 Exponential disappearance of mtrayenously jected carbon collord  The
heavy line 15 the mean value of 25 mice, and the farking Lkt Unes show the standard devia
Uon  From this curve 1t can be calculated that 50 per cent of the carbon disappears from
the airculation 1n 20 rmautes
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Ficure 2 Electron mucrograph of the collo:dal carbon that s m general use for RLS
testmg  This carbon 15 obtaned ! of hye m a hmited
ovygen atmospherc X 100,000

1s injected mntravenously, aggregation will not occur as a result of the altered
physical-chemical conditions due to the presence of blood proteins and elec-
trolytes The use of appropriate collowds and the calculation of the disappear-
ance veloaity from the blood can give considerable important data on phagocy-
tosis by the RES

Tn the same general area of phagocytosis 1s a technique wherein radioactively
tagged bactena are mjected and their uptake by RE cells studied This
techmique 15 useful 1n studying the ability of the RES not only to take up
bacteria but also to destroy them  Accordingly, when the RES 1s damaged,
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as by radiation, phagocytosis is not significantly altered, but the abiluy of
the RE cells 1o destroy the ingested bacteria 15 seriously impaired, conse-

gested bacteria
Another vanation of this technique has recently been proposed by Bena-
cerraf ¢/ al® They use a partlly denatured serum protemn fraction labeled
with I, The protein is phagocytized and, as it is metabolized within the
cells, iodine escapes back into the circulation The measurement of the rate
of reappearance of iodine is thought to give an index of RES metabolic func-
tion. However, several problems exist with the use of iodine, including the
role of liver iodase and thyrmd uptake and urinary excretion.  In order to cir-
cumvent these problems we are working with a method wherein we adsorb
1o our carbon colloids molecules tagged with radioactive elements that are not
it to bolic i in the body. In the case of adsorbed
proteins, this technique demands that adsorption to the carbon should not be
o great as to denature the protems and yet be sufliciently strong to prevent
desorption in the circulation
We are using another modification of the same approach i order to measure
antibody formation as a function of the RES activty We accordingly
caa e - L A

made 1n order to obtain an ndex of the role of the system in antibody for-
mation,

Another method used to evaluate RES function capitalizes upon a method
tially suggested by Rous and Beard! and more recently refined by St George
etal® Magnetic iron colloid 1s injected ntravenously and 1s phagocytized
by the RES. An organ such as the Iner 1s forced through the mesh of a
sk screen, resulting 1n a mixture of free RE and parenchymal cells 1f a
strong magunetic field 1s placed at night angles to the contaner, the parenchymal
cells will sink to the bottom, and the wron-contaimng RE cells will aggregate
along the lines of magnetic force. This permuts the 1solation of a relatively
pure group of RE cells, These cells tannot be considered completely normal,
as they contam phagocytized 1ron collowd, but the techmque 1s most useful and
has been utilized by Friedman ef ¢/ * 1n determining that the RE cells are
significantly ivolved 1n the uptake of exogenous C'labeled cholesterol,
Such a method 15 obvicusly quite effective 1n measuring uptake as well as
metabolic functions of labeled phagocytized maternal

A useful method to determne some other functions of RE cells is to block-~
ade or stimulate the RES  “Blockade” 1s at best a relative rather than an
absolute term, 1t indicates that cells capable of phagocytosis have phago-
cytized virtually all the matenal that they are capable of ingesting The
term “blochade” must, however, be used with caution for, as determined by
Biozzi et al 7 the RES bas a preferential affimty for certain colloids  Thus,
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Fioure 2 Electron micrograph of the collodal carbon that 1s in general use for RCS
testing  This carbon 1s obggged by b of m a hmted

osygen atmosphere X100,

1s mjected intravenously, aggregation will not occur as a result of the altered
physical-chemical conditions due to the presence of blood protems and elec-
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In the same general area of phagocytosis 1s a technique wheremn radioactively
tagged bacterra are myected and their uptake by RE cells studied This
techmque 1s useful n studying the ability of the RES not only to take up
bactena but also to destroy them  Accordingly, when the RES 15 damaged,
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hypeshpemsic fraction from the circulating Llond, consersely, stimulation of
the RES can accelerate it

A simular blockading and stimulating technique can point up the role that
the RS plays 1 the detavification of hatbiturates, alcohol, and other sub-
stances, quaniitation of this function ran Le obtaned by cosrelating the
degree of blockade or sumulation in terms of the pharmacological effect of the
substances studied *  Similar techniques can demonstrate the role that the
RES plays 1n the handling of bacterial endataxins and evotovins,'®

Tinally, current studies in our laboratory supported by the Damon Runyon
Memorual Fund for Cancer Research, Inc., New York, N, Y, have indicated
that blochade and stimulation of the RES appear to have a significant re-
tatonship to the percentage of “take” 1 certain transplaated tumors, tn their
rate of growth, and in metastasis  One very usefu) agent in s study, which
has an nhibitory as well as a stimulatory effect upon the RES, 15 zymosan
Although most insestigatars ace studying this agent in jts role in (he properdin
system, we are studying its effect upon the RES The cotrelation of the
RES effects of this substance with the growth or inbition of tumor, as wel)
as with {nfections, makes 1t a most jntriguing arca i which to use quantita.
tive methods  Uurther data on 23 mosan, us fractionation, and its efect on
the RES is to be presented at the Third International Symposium on the
Reticuloendothelial System {August 1938, in haty) ®

Prase-Contrast Time-Lapse Microcinematography

Another method of measurement that 1 useful m studying mdividual RE
cells 1n mfro 5 the use of phase-cantrast time-lapse smicrounematography
The wse of such techniques in the hands of such investigators as A Policard
from the Centre 1Eiudes Recherches des Charbonnages de Yrance i Tans
and G, Vasin from the Héputal Samnt-Antome, also in Pans, has gnen con-
suderabile dats on the mechantsms mvohed in phagocytosis  Other interesting
phenomena can be correlated with this techmque, such as the incredible ¢y to-
toviaity of a presumably nert silica particle as opposed to a vanety of other
colloids

In Vito Depression or Desivuchion of the RES

An mmportany teck 1f 11 could be ad iy evolved--would be the
development of a collordal particle that would be lethal to RE cells Tt would
be assumed that, after such a collodal particle had destroyed an RE cell, 5t
would be released, rephagocytized and, in turn, destrny another RE el The
success of such a procedure depends upon the atahity of the particle to kil
RE celis more rapidly than they can be regenerated In cur laboratory,
S$%Jabeled collods could not destroy the RES because regenerztion atways
exceeded the killing rate A more recent experiment s currently bemng carried
out at Stanfard University, Stanford, Calif by J € Pool, who 1s using tritated
polystyrene spherules  This investigator uses material that delivers more than
250 me per ral, but thus far she has been unable 10 destray the RES

Chemical methnds to depress the RES, using substances such as cortisone®




218 Annals New York Academy of Sciences

Ficure 3 Radioautograph of mouse hver, showing charactenstic RES locahization of
$% laleled protein adsorbed to carbon collowds

if one njects two different colloids simultaneously, the one may be taken up
first, to the virtual exclusion of the other Once the first colloid has been
ingested, the second 1s then phagocytized It 1s therefore open to question
whether cells that are “blockaded” with one colloid may not still be able to
take up amounts of another collod for which the RES has a high affimity
Furthermore, some RE cells do not seem to take up colloid even 1f 1t 15 present
1n the circulation for a protracted period  This may be due to the fact that
not all the vasculature 1s patent, thus precluding the impingement of collord
upon certain RE cells In addition, the regeneratne rate of RE cells 1 so
tremendous that so-called complete blockade 15 at best short-lved

This blocking technique, although 1t 1s relative rather than absolute 1n
nature, 1s nevertheless useful in evaluating certain functions  For instance,
if the hyperhpemic fraction of sera of a cholesterol-fed ammal 1s mjected
intravenously into a second animal, the rate of disappearance of the choles-
terol from the recipient ammal can be plotted exponentially  Blochade of the
RES by an mert colloid can retard significantly the disappearance of the



Part III, Cytology and Etiology

CYTOLOGY OF THE STERNBLRG-REED CELL AS REVEALED
BY THI ELECTRON MICROSCOPE*

By Walter J. Frajola, Marie H. Greider, and Bertha A. Bouroncle

Herman A Hoster Research Laboratory, Department of Medicne, The Ohso State Unsersity,
Columbus, Ohio

Although Hodghin’s disease may have been described as early as 1661,
Themas Hodgkin's report in 1832! of several cases involving lymph node en-
largement, cachexia, and fatal termination marks the beginning of many
years of study of the disease that now bears hus name. Forty years passed
belore cytologists reported the presence of giant cells in Hodghin's disease?
In the next three decades many Greenfield,! Dreschield,! Gold-
mann,* Dietrich,* and Sternberg’ verified Langhans’ original observation of
giant cells in Hodgkin's disease? The complete description of these cells by
Dorothy Reed® in 1902 has won her lasting fame She wrote: “The large
giant cells vary from the size of two or three red blood cells to cells twenty
times this size. The nucleus 1s always large in propartion to the size of the
cell It may be single or multiple If simgle 1t is usually round or bean-
shaped and irregularly dented nuclei are common .. . The chromatin network
15 prominent in these nuclei and one or more large nucleol are always pre-
sent.... The protoplasm 1s usually homogeneous, may appeat granular, show
vacuohization or contain fat or pigment granules  Cells having bizarre and
wregular nuclei are found 1n the oldest growths ™

In the fifty-six years since these observations were made scientists have
invented and perfected a new tool, the electron microscope, for visualizing
the smallest of structures, even those approaching molecular dimensions
Although descriptions of electron micrographs of the Sternberg-Reed cell have
been reported,*'" 1t 1s of interest to reexamine Dorothy Reed's description of
the cell charactenstic of Hodgkin's disease and to compare her description
with what 1s seen in the electron microscope

Inasmuch as other ¢ to this have d MNus-
tratons of the Sternberg-Reed celf as seen in the fight and phase microscapes
1t 15 convenient to proceed dueclly to the elecuon microscopy of the cell
Fioure 1 1s an electron the general app of
tymph-node secnons ﬁ-om paumts with Hodgkm s dlsnsc The m:dummant

- and POUREIRS S S -
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This mlcmgmph and those that follow were obtained by fiung the tissues
immediately upon biopsy in 1 per cent buffered osmium tetroxide, dehydrating
* The work reported 1 this paper a3 sunporied 11 pat by grants from the Dorotby 1
and Lews Rosenstiel Foundation, New York, N ¥ , and the Andre Crot Cancer Rescarch
Fund of the Ohio State University, Col\lmbus, ot
21
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and chlorpromazine,” are effective, but they involve too many other phys-
alogical parameters.

Conclusion

Because of the diffuse, diverse, and dynamic nature of the RES, all tech-
niques aimed at physiological measurement must, perforce, be 1 vrto and
indirect. However, it is to be hoped that the use of physical methods will
permit an mcreasing development of quantitative techniques to evaluate
actual and suspected functions of the RES.
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to X1000

with alcohel, embedding m methacrylate, polymenzing with a catalyst and
heat, sectiomng with a Porter-Blum mucrotome,* and examining the sections
1in an RCA EMU-2 electron microscope T

Fioure 2 illustrates, we believe, a reticulum cell in transition to a Stern-
berg-Reed cell A prommnent large nucleus, nucleolus, many small normal-
appearing mutochondna, and a few scattered fat granules are present. For
size cOMparison one may note a portion of a lymphocyte at the lower center
FIGURE 3 is an electron micrograph of a Sternberg-Reed cell, This celt is
much larger than the previous one, its nucleus 1s irregular, and the cytoplasm

contamns numerous mitochondria and other structures Fioure 4 1s sull
Vi beem Dand waH ke 4 olonn e RN

mrmnt

sitional form of the reticulum cell were presented to the Sixth International
Congress of Hematology in Boston, Mass, i 1937, and are being published
soon 1n the pmceedmgs“’ of the Congress so that 1t 1s not now necessary to
revien this m any greater detml  Fioure 3 illustrates another Sternberg-
Reed cell wmith distorted and irregular nuclear membrane and two bizarre

. ¢ of Tvan Sorvall, Inc , Norwalk, Conn
1;::‘33351 of The Radio Corporation of America, Camden, N J
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Fioure 6 Micron bar (nght) denotes approvimate magmification, 1 mm 15 equivalent
to X1000

nucleoli Two large Iipid granules, as well as degenerate mitochondna and
other structures, are present in the cyloplasm FIGURE 6 1s a portion of
another Sternberg-Reed cell having a much more aberrant nucleus than the
previous cells It 15 bilobate and has a very irregular nuclear membrane, a
promnent nucleolus, and scattered nonhomogeneous chromatin

The Sternbetg-Reed cell of FIGURE 7 has the usual large, iregularly in-
dented nucleus, nucleols, hondnia, c 3t fat granules,
and some other nuclear structures that one might be tempted to call nuclear
mclusion bodies or viruslihe mnclusi At higher (FIGURE 8)
the nuclear membrane, the cytoplasm, and the mitochondna are easily rec-
ogmzed The previously mentioned nuclear structures now appear to consist
of 2 membrane enclosing some particles By means of serial sectioning these
structures can be 1dentified as mere extensions or projections of the cytoplasm
mnto the nucleus

In senal sectioning, each section 1s cut from the block of tissue so that the
corresponding areas of several subsequent sections can be examined With
the ultrathin sectiomng mucrotome one 1s able to cut sections about 005 4 1n
thickness  Thus, if every third section were examined, the cell structure at
depth intervals of 01 x could be determined  Semal sectioning 15 dlustrated
by FiGures 7 and 9 to 11 FIGURE 7 illustrates a Sternberg-Reed cell i the
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FiGURE 11 Micron bar (night) denotes appronimate magrfication, 1 mm 1 equrvalent
to X 1000

first or uppermost section cut from the block of tissue  FIGURE 9 represents
the same cell after 10 sections, or about 0 5 x deep into the cell. FiGuRe 10
represents the cell another 0 5 i deeper  The bottom section of the cell, which
1s another 05 u deeper, 15 seen 1n FIGURE 11 The nuclear contour and nu-
cleolar configuration have changed, and some of the cytoplasmic projections
or extensions nto the nucleus have disappeared

Inasmuch as M J Kopac describes nucleolar reactions elsewhere in these
pages, it may be of mterest to look at the nucleolus of this same cell at higher
magnification  FIGURES 12 to 14 1llustrate the nucler in higher magmfication
m the same senal sequence The cytoplasmic extension or projection near
the nucleolus 1s very evident The nucleolar material 1s not bounded by a
membrane and appears to consist of a disortented nonhomogeneous matenal
A lipid granule and a mutochondrion are now easily apparent 1n the cytoplasmic
projection 1 FIGURE 12 The nucleolus appears vacuolated. In some in-
stances the nucleolar matenal 1s adjacent to the cytoplasm with only the
nuclear membrane separating them In FIGURE 5 both nucleoh appear to
border on cytoplasm.

The cytoplasmic components of the Sternberg-Reed cell differ greatly from
those of a lymphocyte  Normally, a lymphocyte has a regular nuclear mem-
brane, a few small round mitochondria with internal structure, and only a
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Ficure 16 Micron bar (right) denotes approumate magmification, 1 mm s equivatent
10 X1000  See text for symbols

small area of cytoplasm (rtGURE 1)  FIGURE 13 shows a portion of a Stern-
berg-Reed cell having an uregular nuclear membrane, many small round
mitochondrit, one rod-shaped mitochondrion, a few lipid granules, and a
large area of cytoplasm  In contrast to this cell the cytoplasm of the Stern-
berg-Reed cell shown in ¥IGURE 16 1s vastly different The cytoplasm ap-
pears to consist of numerous vacuoles (V), a rare normal-appeanng mito-
<hondrion (M), many degenerate mitochondria and, in the center of the field,
a structure (S) consisting of a membrane enclosing several other structures
FicuRes 17 to 20 sepresent this same cell at successive depths of about 005
#  1f one examines the large round cytoplasmic structure in the serial sections
1t 15 apparent that this structure contains some small particles as well as a
large one, and that 1t 15 hke a cylinder 1n the cytoplasm of the cell If one
follows the vacuole (V) through the seric3 1t becomes apparent that something
1s 1n the vacuole (FIGURE 17)  As one sections deeper into the cell this ma-
tenal almost fills the vacuole (r1GUREs 18 and 19) and, finally, the mateniat
appears to be a mitochondrion (FIGURE 20) Observe the changes in the
mitochondrion (M) The mitochondrial cristae are only partially present
(r1GURE 16) They became less apparent and, 1n the bottom section of the
sequence (FIGURE 20), 1t 15 apparent that the mutochondnion was lying tan-
gennially to the plane of sectioning, and that enly two cristae are present
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F1cure 21 Micron bar {right) denotes approvimate magnification, 1 mm 15 equivalen
to X 1000

Froures 21 to 23 (a round reticulum cell, a plasma cell, and a bundle of
collagen fibers, respectively) illustrate other structures often present m Iymph
nodes of patients with Hodghin’s disease. The plasma cell 1s recognized by
1ts round, regular nuclel, small, dark normal mitochondria, cytoplasmic vac-
uoles, and structures known as endoplasmic reticula. Adjacent to these are
noted the so-called mbonucleic acid (RNA) granules FIGURE 23 shows a
bundle of collagen fibers, a portion of which were cross-sectioned and another
portion sectioned tangentially

One of the aims 1 this electron microscopy study of the Jymph nodes of
patients with Hodgkm’s disease was to discover, 1f possible, whether the

berg-Reed cell c a ¢ or comp which, by the
physical standards of size, shape, and osmium-tetrovide-staiming properties,
resembled known viruses Electron microscopists often point out struce
tures present in tissue sections and idenufy them as viruses or as virushke
structures on the basis of these physical characteristics However, such
dentifications are not generally accepted as valid, even if they were, 1n this
study ne components of the Sternberg-Reed cell were observed which, 1n our
opmion, resembled viral structures It 15 possible, first, that the virus of
Hodgkin's disease, should such an enlity ewist, may have physical propertics
&fflerent from those expected, second, that 1t may not be present in the Stern-
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berg-Reed cell, and, finally, it may be that the techniques used were not capable
of revealing the virus,

‘The micrographs presented here indicate that the nucleus of the Sternberg-
Reed cell, as well as the nucleolus, 1s interacting with some cytoplasmic com-
ponent The many degenerate mitochondna present are associated with the
extensive vacuolization noted in the cell. These changes may be interpreted
as reflecting some abnormal metabolic activity.
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MALIGNANT NUCLEOLI: CYTOLOGICAL STUDIES
AND PERSPECTIVES*

By M ]. Kopac and Gladys M Mateyko
Department of Biology, G\{aduute School of Aris and Science, W ashington Square Center,
New 8

York University, New York, N 1
INTRODUCTION

Atypical nucleols have been recognized in neoplastic cells by many cytolo-
gists  Pianese! was probably the first nyestigator to note an increased nucle-
olar size in malignant cells. MacCarty? also concluded that nucleoli are larger
in malgnant cells, and MacCany, H; der, and Berkson® esti: d the
ratio of nucleolar area to nuclear area to range from 1:17 to 1.3 1n mahgnant
colls and from 1:45 to 1:13 in normal cells Additonal information along
similar lines was published by MacCarty* ¥and by MacCarty and Haumeder.*
1t should be pointed out that large nucleol are frequently seen in neurocytes
and oocytes, 1n hepatic cells, or 1n cells undergoing some hyperactive function,
especially secretion.

The more recent studies are those by Long and Taylor’ on human ovanan

Mo o3 te o oaah - Megil. Al PR

1 £ 1 snophilic and blv elat
was pumped from the nucleus to the cytoplasm
T ROV vooTe

et ALl e - R R . -

d by the nucleolus,

were undertaken 1 order that the possible role of the nucleolus in the neo-
plastic processes can be more thoroughly evaluated

1t soon became evident that size or number represented only two of the
many vanations found mn the nucleoft of malignant cefls In fact, these two
charactenistics may turn out to be the Jeast important, since many other and
more strihing nucleolar manifestations have been discovered  The evaluation
of the role of the nucleolus in malignancy requires a consideration of all atypical
features and all types of nucleolar lessons  In addition, consideration must be
gnen to the fine structures of the nucleolus, mcluding the nucleclonema, the
pars amorpha,t and the nucleolar organizers in relation to normal and atyprcal
nucleolt  Most important is the nucleolar-chromosomal complex, which may
turn out to be one of the fund: 1 regulatory 1n the cell,

* The mvestigations reported mn thus paper were supported in part by Grants C-2018 and

C-3490 from the National Cancet Institute, Pubhe Health Service, Bethesda, Md , and Grant

DRG 271 from the Damon Runyon Memorial Fund for Cancer Research, Tnc , New York,
1 See helow, under NtcLeoLAR StrucTURES
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berg-Reed cell; and, finally, it may be that the techniques used were not capable
of revealing the virus

‘The mucrographs presented here mndicate that the nucleus of the Sternberg-
Reed cell, as well as the nucleolus, 15 interacting with some cytoplasmic com-
ponent The many degenerate mitochondria present are associated with the
extensive vacuohization noted in the cell. These changes may be interpreted
as reflecting some abnormal metabolic activity,
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nucleolus and s chromosome may, under certam conditions, lead 10an unregu-
h!:d production of both nucleolar matertai and chromatin.

Tha s arcne rhopre ad mudaates wlimin s avs intacantal nia a crhama that

e no more meamngiul than were isolated studies of cells 1 haryokines:s be-
fore the muotic cycle was cslabhshcd By now, however, the chromosomal
wyde is famy well Wi o a symiar congd con-
cermng nucleoli 1s not yet avaiabie, although the scheme presented here 1s an
attempt \o provide ths,

Tinally, we include some notes on the transplantation of nucieoli from one
cell 10 another, 1ogether winh the methods devised for studying immediate or
shart-term changes following nucleolar transplantaion  The mamm purpose
of this report is to provide a morphologsic background for furore studies on
nucleolt that may elucidate the posaible function of these structures 1n both
normal and neoplastic cells

NUCLFOLAR STRUCIURES

Although the nucleolus in the interphasic nuclens seems to be 3 reasonably
simple structure, there is as yet no umnersally accepted interpretation of
erther s structure or function  The earher studies of nucleofar morphology
have been reviewed by Momgomesy,® by Gates' and, morg recently, by
Vincent™ and by Hert1’> Many of the earlier studies have rerogmzed the
presente of vacuoles within nucfeoli, while others refer 1o the presence of
nudleohnt The former structures are chromophobic, whide the latter stam in-
tensely with several dyes The evolution of nucleolar vacueles s human
hepatic cefls was studied by Macary ®  The vacuolar matenal generated by
1he nucleolus 1§ extruded through the nutlear membrane with the formation of
2 «Jear pertnuclear ring i the cytoplasm.  Cyrochemica) studes of these vacu-
oles were negative for hipases, acid ot alkaiine phosphatases, nuclew acd bases,
putine bases, nucleic acd phosphate, protemns, amino ands, and won  The
vauoles sometimes contaned fine fatty granulations  Chromaphobic vacuoles
are trequently seen 1 neoplastic cells, in some 1stances, vacuoles of the same
size and posiion become mtensely stamned by eosin  Several examples of
nutleatar vacuolation will be dlustrated and descnibed fater

One of the most iiluminating concepts of nudleslar morphology s that elabo-
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Included in this report is a summary of many detailed cytological studies of
nucleolr made on the cells from human ovanan and other gynecologic reo-
plasms, augmented by observations on cells of the adenocarcinoma of the frog
kidney, melanotic and amelanotic cells from Xiphophorm fish mel and
from cells of lymph nodes obtained from Hodgkin’s diseased patients and grown
in tissue culture.

Portions of surgically removed human tumors were sent to our laboratory
by messenger from the College of Physicians and Surgeons, Columbia Uni-
versity, New York, N Y. through the courtesy of Howard C. Taylor, Jr A
prehminary diagnosis of tumor and grade of malignancy was made by members
of the staff of the Department of Obstetrics and Gynecology, with final diag-
nosis confirmed by the Department of Pathology of the College of Physicians
and Surgeons We now have nucleolar, micrurgical, and cytochemical infor-
mation on solated cells and tissue cultures of over 200 human gynecologic
neoplasms, Included are 3 thecomas, 2 of the rare disgerminomas, over 65
serous papillary cystadenocarcinomas, and 55 pseudomucinous tumors (all
ovarian)

Most of the specimens of ovarian neoplasm received at our laboratory are
grown 1n tissue culture, either as roiler tube (fluid media) or Maximow double
cover-glass preparations (fluid and solid media) ~ Special mention 1s made of
the usefulness of sterile human ascites fluid, both homologous and heterologous,
as a substitute for serum in the culture media The ascites fluid of ovarian
malignant ongin and specifically from metastatic serous papillary cystadeno-
carcinomas not only provides an excellent growth medium for human tissues,
but also supports the growth of piscine epidermal celis and amphibian kidney
cells, both normal and neoplastic

While 37° C 15 the optimal temperature for cultures of human tissues, 1t has
been found that well-proliferated cultures can be kept safely at 4 to 6° C for
periods of several weeks without renewing the culture medwm  The storage or
“hibernation” period can be terminated at any time by returming the cultures
to room temperatures  After the cultures have been kept at room tempera-
ture for 24 hours they can be mcubated at 37° C, the medium renewed, and
prohiferation once more ensues This simple procedure extends the period
during which cultures of special matertal can be made avaitable, especally for
mucrurgical or cytochemical studies

The matenal studied mcluded conventiona! histological sections of the neo-

plasms, smears taken from solid tumors or from separated cells, and also those
recovered from ascites fluids and uissue cultures  The cells, following the use
of appropnate fivatives, were stained with hematoxylin and eosin or phloxtne,
methyl green and pyronmn Y, Schleifstemn’s technique (basic fuchsin and
methylene blue), eosin and methylene blue, Feulgen reaction, aceto-orcemn and
fast green FCF, gold and silver impregnation, and supravital staimng with
methylene violet (Bernthsen) and other thiazine dyes When fived 1n cold
methanot and staned with methyl green and pyromn Y (Long and Taylor’)
smears of tumor material are most useful for the study of nucleolt and ¢hroma-
tin structures  Samples of solid tumors subjected to mid mcdmnun'l agita-
tion, trypsin digestion, or both, provide suspenstons of separated cells (Kopac®)
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LUMOT (ells TOM LIE 110 BAENOATLNOMA Were Uselul 101 1DE Lransplantation
of nucleolt.

Some of the nucleolar atypia seen in malignant cells also may be found in the
non-neoplastic cells  Howerer, these atypia are more intense and occur more
frequently in mahgnant cells. There is perhaps one feature that ultimately
may distinguish the nucleolt of normal and malignant cells. This feature in-
volves the nucleolarchromosomal complex 1n which dissociztion between the
nucleolus and 1ts chromosome may, under certain condutions, lead to an unregu-
lated production of both nucleolar material and chromatin

The vanous ebsenved nucleolar atypia were integrated into a scheme that
serves as 2 working hypothesis for the many morphologic and, possibly, physio-
logic marifestations of nucleol in both normal and malignant cells  Wuthout
such a scheme, even though provisional, the vanous nucleotar aberrations would
be no more meaningful than were 1solated studies of cells 1n karychinesis be-
fore the mitotic ycle was established. By now, howeser, the chromosomal
cycle s fauly well blished  Unfy 1y, & similar deration con-
cermng nucleol: is not yet available, although the scheme presented here is an
attempt to provide this

Finally, we include some notes on the transplantation of nucledli from one
cell to another, together with the methods devised for studying immediate or
short-term changes following nucleolar transplantation The main purpose
of this report 15 to provide a morphologic bachground for future studies on
nucleoli that may elucidate the possible function of these structures in both
normat and neoplastic cells

NUCLEOLAR STRUCTURES

Although the nucleolus 1n the interphasic nucleus seems to be a reasonably
simple structure, there 15 as yet no un {ly accepted P of
either its structure or function The earlier studses of nucleolar morphology
have been reviened by Montgomery,'® by Gates and, more recently, by
Vincent!® and by Hertl® Many of the earfier studies have recogmized the
presen('e‘c{ vacuoles within nucleoli, while others refer to the presence of
nucleolini  The former structures are chromophobic, while the latter stain 1n-
tensely with’several dyes The evolution of nucleolar vacuoles 1 human
hepatic cells was studied by Macary. The vacuolar matenal generated by
the nucleolus 15 extruded through the nuclear membrane wath the formation of
a clear pennuclear ring in the cytoplasm ~ Cytochemacal studies of these vacu-
oles were negative for ipases, acid or atkaline phosphatases, nuclesc acid bases,
purine bases, nucleic acid phosphate, proteins, ammno acds, and iron  The
vacuoles sometimes contained fine fatty granulations Chromophobic vacuoles
are frequently seen in neoplastic cells, in some instances, vacuoles of the same
size and position become intensely staned by eosin  Several examples of
nucleolar vacuolation will be illustrated and described later.

One of the most luminating concepts of nucleotar morpholagy 1s that elabo-
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rated by Estable and Sotelo5:16 These investigators postulated that the
nucleolus consists of two mam components; that is, a filamentous structure
called the nucleolonema, and the other more bulky but homogeneous structure
called the pars amorpha

According to these authors, the nucleolonema can be made visible by gold
or silver impregnation, by ferrocyamde techniques, by postwital staiming with
pyronin and, in hving cells, by phase-contrast (Denues and MottramV), dark-
field, or transmtted illumination. Furthermore, a filamentous, reticulated,
or laminated structure within the nucleolus has been demonstrated by electron
microscopy {Borysko and Bang* Bernhard e of,'* Rozsa and Wychoff,?’
Porter™ and, more recently, by Novihoff}

Near =5 atpontiona and gmal 23323 0 4l bhn koo apaT 2 thon m ealealanamn

Estable and Solelo“ stated that a nucleolus may contain several nucleolonemal
tufts m contact with each other by bridges. Severat independent nucleolone-
mata are formed if these bridges are broken Other vanations in size and
shape of the nucleolonema may occur during mutosis, cell growth and differ-
entiation, different degrees of cellular activity, and in the course of pathologic
processes  According to these authors these changes are morphologic, chemi-
cal, and physicochemical m nature

The structural changes in the nucleolonema are the most stnking during
mitosis  From the tightly woven tuft as the nucleolonema exists during inter-
phase, an unfolding occurs during the prophase  The nucleolonema becomes
thinner and spreads throughout the nucleoplasm and comes close to the chromo-
somes. It grows during the premetaphase and metaphase and becomes asso-
ciated longitudinally with the chromatids When the chromosomes separate
during anaphase each one has 1ts corresponding nucleolonemal segment  Dur-
g telophase the nucleolonema thickens and becomes shortened and finally
assumes the compact glomerular configuration characteristic of interphasic
nucleoll. The pars amorpha disappears during mutosis and reappears dunng
the telopt as a condensation of suk that accumulates around the
glomerutar tuft

The law of ongmn of the nucleolonema, according to Estable and Sotelo, is
omns nucleolonema e nucleolonema *  Furthermore, the lack of a chromosome
does not nterfere with the existence, growth, or proliferation of the nucleo-
lonema, Consequently, this structure 15 to be considered as one of the five
fundamental structures common to all germinal or somatic cells

Sosa™ has studied the argentophilic spherules frequently seen within the
nucleoti of large neurons (pyramidal, Purkinje, mitral, and anterior-horn multi-
polar cells) of birds and mammals These stmcxures are Fculgen negative and
should not, therefore, be ¢ i as ch " The
spherules may become connected 1nto a network of mnable complexity and
extension It is probable that the structures described by Sosa are similar to
the nucleolonema 1f not identical with it

+ Every nucleslonema denves from [another] nucleclonema
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The relationship of nucleah to certain chromosomes by way of the nucleotar
organizer has been extensively studied by McChntock,? by Kaufmann,® and
by Matsuura,® and has been reviewed by Kaufmann @

Nucleolar organizers in the mouse cells have been studied recentiy by Ohno
et al®™ In the mouse, only the X and Y chromosomes are found in associa-
tion with the nucleolus, the nucleolar orgamzer being located near the Lineto-
chores  Ohno and Kinosita® found that the nucleolt in rat lymphoblasts are

[ d by a few In hehal cells of the rat omentum,
Ohno and Kinosita® showed an attach of certam ch at their
subterminal regions to the nucleolus, thus resembling nucleolar chromosomes
with SAT*ike zones described in other organisms

Schultz and St. Lawrence’ have produced a cytological map of the autosomal
nucleolar chromosome 1n man following a study of the pachytene male chromo-
somes during spermatogenesis  Inaddition, Schultz and St. Lawrence reported
that the X chromosome also forms a nucleolus  Thus, 1n the diploid cells of
the human female one might find as many as four nucleol orgamzed from four
separate nucleolar chromosomes  On the other hand, follow g fusion of one
or more nucleoly, it would be possible to find one, two, or three nucleoh  Re-
versible fragmentation and fusion of nucleoli during the telophase have been
reported in Trilliem by Matsuura? and in Tresipteris by Yeates®

There is no need, at this ume, to define the precise nature of the nucleolar
orgamzer nor to limit the number of genes, if any, to the function of forming a
new nucleolus during telophase  Schultzand St Lawrence have shown that the
nucleolar organizer in the human autosome 1s definitely associated with the
tenth and eleventh chromomeres of a chromosome that has twenty-two recog-
nizable chromomeres  This position seems to be fairly constant and, further-
more, the ch: to which the nucleolus 1s attached are ynusually large
and become densely stamed with orcein

The relanionship of the nucleolus to the chromosome and to its “cycle”

during mitosis would be more mtelligible 1f the nucleolonema (Estable and
Sotelo'®) were continuous with the nucleolar orgamzer or were part of 11
‘Thus, the nucleol the nucleolar orga , and the nucleolar chromo-
somes would be the self-replicating structures Dunng mitesis the pars
amorpha disappears, as postulated by Estable and Sotelo but, dunng mitosis,
the nucleolonema, the nucleolar organizer, and us chromosome must be
replicated  During reconstitution of the nucleus, following the early telophase,
the nucleol becomes condensed and gled to form a tuft that then
presents a substrate on which the new pars amorpha accumulates If the
nucleolar-chromosomal complex 1s carrectly interpreted, then it could be that
this complex not only determines the number of nucleols, but the number of
nucleolar chromsomes as well In addition, the onset of replication must be
mutually controlled 1n that one cannot replicate without the other

The sigmificance of the nucleolar-chromosomal complex n the neoplastic

process will be discussed below

* SAT stands for “sine acido thymonucleiico”  An SAT chromosome 15 one that 1s
associated with the formation of the nucleolus or that possesses one or more satellites
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NucreoLir Lesioxns 1v Nrorrastic CELLS

Human orarian fumor cells. The term nucleolar lesion is used to designate
any atypical manfestation of the nucleolus, either morphologic, cytochemical,
or functional. Various nucleolar structures and behaviors were noted in the
study of cells of serous papiilary cystadenocarcinomas of the human ovary,
and these variations are summarized 1n FIGURE 1. Some of (hese nucleolar
features can be seen with some modification in normal cells, others may appear
in cells undergoing some active phase such as secretion or protein synthesis, and
still others have been seen regularly only in neoplastic cells  The more striking
nucleolar mamfestations are summarized in FIGURES 1 and 2, while other
examples are shown 1n FIGURES 3 to 8

In the human ovarnan cystadenocarcinoma cells, the nucleoli make their
first appearance during telophase  In FIGURE lg, the new nucleoli are imitially
visible as small, solid, strongly pyroninophilic structures One incipient
daughter cell, shown here, has threc small nucleols, while the other has only two
Following the N of ch and before the reconstitu-
tion of a nuclear membrane, the nucleolt become larger, and some fusion may
occur, For example, 1n FIGURE 1b one incipient daughter nucleus has a single
large nucleolus with vacuoles, while the other incipient nucleus shows three
smaller solid nucleols

During the interphase, the nucleolus may undergo a variety of changes
It may become hypertrophied without vacuolization, as in FIGURF 1¢ In
others, the nucleolus may hypertrophy with considerable vacuolation, as m
FIGURE 1d  Following extensive vacuolation, both internal and marginal,
the hypertrophed nucleolus may assume bizarre shapes, as in FIGURE le
Frequently the marginal vacuoles will rupture to produce stll more bizarre
shapes  Highly vacuolated nucleoly, as 1n FIGURE 1f, may separate into irregu-
lar masses that may or may not be joned by beaded strands of pyronnophtlic
matenal  Some nucleoh may also show the formation of buds or satellites.

The large nucler will frequently become multinucleofate, as in FIGURE 1g
This nucleus has twenty-one nucleol of various sizes, ranging from the smalt
ones seen in telophase to the large ones seen m mterphase  Such multinu-
cleolate situations may anse by fragmentation of large nucleoh (FIGURT 1f)
or through the presence of more than the usual number of nucleolar organizers
and chromosomes According to the studies of Schultz and St. Lawrence,”
cells of the human female should have a maximum of four nudeolar orgamzers,
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uggesting that the formation of vacuoles 1s perhaps an independent functton
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ancestry and wlentical cytoplasmic eny ronment, should have the same nucleolar
pattern  Barning any mitetic madents that might lead to monosomic or
trisomi nucleolar chromosomes, both nucler should have the same chromosomal
complement and hence the same nucleolar configuration  As reported by
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Nuctrorar LEstons 1N NeorLastic CELLS

Human ovarian {umor cells  The term nucleolar lesion is used to designate
any atypical mamfestation of the nucleolus, either morphologic, cytochemical,
or functional, Various nucleolar structures and behaviors were noted m the
study of cells of serous papillary cystadenocarcinomas of the human ovary,
and these vaniations are summarized m FIGURE 1  Some of these nucleolar
features can be seen with some modification 1 normal cells, others may appeat
1 cells undergoing some active phase such as secretion or protein synthests, and
still others have been seen regularly only in neoplastic cells The more striking
nucleolar mantfestations are summartzed in FIGURES 1 and 2, while other
examples are shown in FIGURES 3 to 8.

In the human ovaman cystadenocarcinoma cells, the nucleol mahe their
first appearance during telophase  In FIGURE la, the new nucleoli are initully
wisible as small, solid, strongly pyromnophilic structures One ncipient
daughter cell, shown here, has three small nucleoli, while the other has only two
Followng the regrouping of telophase chromosomes and before the reconstitu-
tion of a nuclear membrane, the nucleoli become larger, and some fusion may
occur  For example, in FIGURE 15 one incipient daughter nucleus has a single
large nucleolus with vacuoles, while the other incipient nucleus shous three
smaller solid nucleoh

Dunng the interphase, the nucleolus may undergo a variety of changes
It may become hypertrophied without vacuolization, as in FiGure 1c In
others, the nucleolus may hypertrophy with considerable vacuolation, as
FIGURE 1d  Following extensive vacuolation, both internal and marginal,
the hypertrophied nucleolus may assume bizarre shapes, as in FIGURE le
Frequently the marginal vacuoles will rupture to produce still more bizarre
shapes H T . ' -
lar masses
matenal .

The large nucler will frequently become multinucleolate, as in FIGURE 1g
This nucleus has twenty-one nucleoh of various sizes, ranging from the smat!
ones seen 1 telophase to the large ones seen m interphase  Such multinu-
cleolate situations may arise by fragmentation of large nucleol (FIGURE 1f)
or through the presence of more than the usual number of nucleolar organizers
and chromosomes  According to the studies of Schultz and St. Lawrence,”
cells of the human female should have a maximum of four nucleolar orgamzers,
that 15, one on each of two autosomal chromosomes and on two X chromosomes
n FIGURE 1g, even if the smaller nucleolar masses were derived by budding or
fragmentation, there still remain more than four reasonably typical nucleol:
Presumably, mn this nucleus there must have been more than the euploid number
of nucleolar chromosomes ~ The extraordinanly large size of the nucleus would
suggest a polyploid condition  In this nucleus, two nucleoh show the forma-
tian of small satellttes by budding Only a few of the nucleol are vacuolated,
suggesting that the formation of vacuotes 1s perhaps an independent function
of cach nucleolus §

The variability in size, number, shape, and distribution of nucleoh can best
pe compared n binucleated cells which, because of a presumably common
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seen frequently in the nucleoli of neoplastic cells (FIGURE 1d, ¢, and f) It
might be that these vacuolar inclusions become strongly eosinophilic under
certain conditions and then appear as pink to bright red inclusions in cells
stained with hematoxyhn and eosin or phloxine  Older references in the
literature mention the nucleolinus as a small intranucleolar inclusion that
stains intensely with vanous dyes It is unhkely, however, that the eosino-
philic inclusions observed in the tumor cells are the same as the nucleolnus,
There is no striking constancy in the number of eosiophilic inclusions found
m either the nucleol, the nuclei, or the cytoplasm  As many as five inclusions
have been seen in the nucleolus There may be five or six larger eosinophilic
bodies in the nucleus  Frequently, several inclusions may be seen in both the
nucleolus and in the nucleus that suggest that the eosinophilic material is
repeatedly elaborated by the nucleolus In the cytoplasm one usually finds
a single large mass, although in binucleated cells there may be two masses of
approximately the same size and staining density
Several stages in the development of eosinophilic bodies were seen in cells
grown in tissue culture from a serous paprlary adenocarcimoma (grade III)
of the human evary  Furst 1s the appearance of bright eosinophific bedies in
a strongly basophilic nucleofar body. The substance is then extruded by the
nucleolus, and both are ded by a common ch hobic corona.  Later,
oot - ' e e »mpact at first,
Frequently, a
leolus, which is

always vacuolated

The smaller bodies may appear as doublets in the nucleus, giving the impres-
sion that they may pinch in two  The bodies vary mn shape from spheres to
rods, when large, they become irregular, almost amoeboid, in shape  These
nuclear inclusions become larger and are eventually extruded from the nucleus
mio the cytoplasm (see FIGURE 2a)  The eosinophilic masses in the cytoplasm
are large, and their staming capacity may vary from faint pink to bright red.
These masses are also surrounded by a chromophobic corona, no matter whether
they are in the nucleus or in the cytoplasm  When in the cytoplasm, the
eosinophilic extrusions may become vacuolated, and may even persist 1n the
cytoplasm during mitosis.  In one cell, a large mass was seen on the polar side
of one set of anaphase ch with 1ts ch habic corona extended
to the chromosomes.

In tissue cultures of another tumor (papillary serous adenocarcinoma, cells
from paracentesis flud, grade III), the were v lated
The shapes of these bodies also varied from sphenical bodies, as they appear
1side the nucleolus, 10 rods or highly irregular shapes In this tumor many
nucleols contamed small, compact, and sphenical eosmophilic inclusions  In
some nucles, rod-shaped bodies seemed to be spun out by the nucleolus  Occa-
sionally there were suggestions that these mtranuclear mclusion bodies may
also divide by pinching in two

In binucleated cells, where the eosophilic mclusions appear within the
nucleols of both nucles, their development m the two nucler may be almost
synchrenous  The bodies are ded by bic coronas,
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Kopac and Mateyko,® approximately 54 per cent of binucleated cells from a
serous papillary cystadenocarcinoma, grown in tissue culture, show similar
nucleolar number (1 to 8), size, shape, and position, while 46 per cent of binu-
cleated cells show unmistakable dissimitarities.

Mechanisms of nuclear anisogemcity may be related, among others, to mitotic
incidents such as tripolar, tetrapolar, and even pentapolar spindles. In
addition, the lagging chromosomes, if involved in nucleolar organization, would
thus account for nucleolar anisogenicity. The fusion or fragmentation of
reconstituting nucleoli also may be partly a genic or nucleolar organizer
tesponse.  The wmize, shape, and position of nucleol 1n these binucleated cells
are more variable than number, since 72 per cent of such cells will have the
same number of nucleoli in each nucleus

Simutar studies were made on binucleated cells occasionally found in smears
{from tumors or in paracentesis fluids by Jaffe, who found that the three most
vanable parameters in reference to nucleolar variability are number, size, and
distribution.  The least vanable parameter is shape, since nucleol probably
tend toward a spheraidal configuration  For example, where 73 per cent of
the binucleated cells may have nucleoli of different sizes and 83 per cent may
have different distnibutional patterns of such nucleoli, 87 per cent of the cells
will have nucleoh of essentially the same shape. In FIGURE 1/ both nuclet
have essentially the same nucleolar pattern in reference to number, size and,
to a certain extent, distribution and shape  On the other hand, in FIGURE 1i,
the two nucler have different numbers of nucleoh, one having eight nucleolar
masses while the other one has but four In both examples there is vacuola-
tion within some of the nucleol in each nucleus

Interphase nucleol, exther with or without associated chromatin, may form
filaments, as shown by riGURE 1;. Fantastic nucleolar configurations are
frequently seen n association with large irregular masses of chromatin enclostng
spherical aggregates of alveolar material that 1s famntly pyrommnophilic; such
bizarre nucleolar configuration 1s shown in F1Gure 14 The association of
amorphous lumps of chromatin with alveolar masses 1s common, as are chroma-
tinnms  Ludford® has also studied nucleolar associated masses of chromatin
n tissue cultures of tumor cells (see also Hertl¥) In addition, 1t 1s not un-
common to find large nucleolar masses, either sohd or vacuolated, in close
prouimity with amorphous chromatin and alveolar masses The alveolar
matenal apparently 1s extruded by the nucleus into the cytoplasm  Numerous
mstances of alveolar and pyronmnophilic inclusions have been seen n the
cytoplasm and, n one Instance, the actual process of extrusion was visible

Nucleol, 12 fofo, may be extruded 1nto the cytoplasm, as 1n HGURE 1/, other-
wise the filamentous structures may be extruded, as m FIGURE 1m In the
latter figure the nucleolar residue nside the nucleus 1s associated with amor-
phous chromatm The extrusion of chromatin along with the nucleofar
matenial, however, has not been seen

1n addition to the nucleolar atypia already described there 1s another aberra-
1i0m seen 1n Serous papillary «ystadenocarcinomas of the human ovary  Bright
eosinoplulic 1nclusions can be found 1n some of the nudeoli  These nclustons
are of the same size and position as the chromophobic vacuoles, as may be
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and at first they occupy such zoncs jomntly with the nucleoli, Migration of
these bodies away from the nucleolus oceurs later, and there 1s some increase
in size of the bodies as they migrate toward the puclear periphery i both
nucler  ‘The development and subsequent extrusion of cosirophilic bodies mto
the cytoplasm is almost synchronous,

In another binucleated cell there were several eosinophilic bodies in the
larger, extensively vacuolated nucleols, Inaddition, ene nucleus had a compact
ntranuclear inclusion, and the ettrusion of another wrepular or amoebord
mass into the cytoplasm was also evident. The other nucleus bad a faurly
farge cytoplasmic mass adjacent to it. In another binucleated cell there were
two eostnophilic masses, each of which was adjacent to a nucleus and in about
the same relative positions in the cell, These observations suggest suil further
the possibility of synchrony in the twa nuclet

’rhe s mﬁcan:e of lhese eosing] hnhc mclusmns is unkno\nn hu“e»er lhcrc

1

'
cytoplasm  Although the eosinophilic material, when in the nucleus or cyto-
plasm, 15 surrounded by a chromophobic (orona, the early intranucleolar
clusion hodies are not surrounded by a clear zone  One or several compact,
strongly eosinophihic bodies are visible embedded 1n the basophilic carcass of
the nucleolus  Whatever their significance, these eosinophilic bodies may be
the manifestation of a nucleolar and nuclear pump, as reported by Duryee®
m connection with the Lucké tumor cells.

Cells of Lucké Adenocarcinoma. The nucleoh of cells from the renal adeno-
carcinoma of the frog, grown i ussue culture, also show considerable varia-
biity 1 size, shape, and activity FIGURE 2a shows several eosinophslic
masses 1n the cytoplasm of a multinucleated cell  Also shown 1s one mass
‘being extruded mio the cytoplasm by the nucleus, with a faily large portion
stll remaining inside the nucleus  This eosinophilic material, whether nuclear
or cytoplasmuc, 15 always d by a ch hobic corona  The inclu~
sions seem to orginate w the nucleolus and apparently appear as compact
eosinophulic granutar inclusions 1n otherwise vacuolated pucleoh

Pleomorphic nucleals, frequently intensely vacuolated, are shown in FiGURE
2b 10 ¢ Some of these are shown surrounded by extensne chromophobic
coronas, as in FIGURE 2g, &, I, m, o, p, and ¢ AN nucleols, howerer, are sur-
rounded by chromophobic coronas, and some, as 1n FIGURF 2g, are extensive
The nucleolus 1n FICURE 2g appears to have pulled apart 10 form two masses
connected by persisting strands It 15 amazing how extensive vacuolation

may be  For example, the nucleoh shown in FIGURE 26, ¢, and & are not much
more than a cluster of vacuoles with only the thin vacualar walls persisting to
mamiain the structure

Aceto-orcemn and fast green FCF stains highlight the nucleolar-assorated
«hromatm when present in Lucké tumor cells  The nucleol may be rimmed by
4 shell that stains intensely with arcesn (chromatin)  Even the outer contours
of a pleomorphic nucleotus may be completely surrounded by a shell of chroma-




3

Frorrr 2 Nucleolar lesions n renal adenocarcimoma cells of the frog O

ng
10 water color, taken from tissue cultures stained with hematoty lin an(lgmwm Bn;}n&ra“‘mgs
of structures are included 1o the text  X1150 seriptions



Kopac & Mateyho: Studies of Malignant Nucleoli 147

and at fitst they occupy such zores jouly wath the nucleoli  Migrauon of
these bodies away from the nucleolus occurs later, and there 1s some increase
n size of the bodes as thcy migrate toward the ruclear peniphery in both
nuclei. The fop and extrusion of hilic bodies into
the cytoplasm is almost synchronous.

In another binucleated cell there were several eosinophilic bedies 1 the
targer, extensisely vacuolated nucleoli  Inaddition, one nucleus had a compact
intranuclear mclusion, and the extrusion of another wregular or amoebad
mass mto the cytoplasm was also evident. The other nucleus had a farly
targe cytoplasmic mass adjacent to it. In another binucleated celi there were
two eosmophilic masses, 2ach of which was adjacent to a nucleus and yn about
the same relative positions in the cell. These observations suggest stiil further
the possibility of synchrony n the two nuclei

T T g L
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StANces 01 exlusiult 1Ol lluteous o nuaeds, 45 well as irom nuceus to
uytoplasm  Although the eosinophilic materiaf, when in the nucleus or cyto-
plasm, 1s surrounded by a chromophobic corona, the early ntranucleolar
mnclusion bodies are not surrounded by a clear zone  One or several compact,
strongly eosinophihic bodes are visible embedded in the basophilic carcass of
the nucleolus  Whatever their significance, these eosinophilic bodies may be
the mamfestation of a nucleolar and nuclear pump, as reported by Duryee®
m connection with the Lucké tumor cells
Cells of Lucké Adenocarctnoma, The nucleolt of cells from the renal adeno-
carcinoma of the frog, grown m tissue culture, also show considerable vana-
bilty in size, shape, and activity FrGURE 2¢ shows several eosinophilic
masses 1n the cytoplasm of a multinucleated cell  Also shown 15 one mass
being extruded mto the cytoplasm by the nucleus, with a fairly large portion
still rematning mside the nucleus Thxs eosmophlllc materal, whether nuclear
or cytoph 15 alnays d by a hobic corona  “The ncly-
slons seem to originate 1n the nucleolus and apparemly appear as compact
eosmophulic granular inclusions 1n othersise vacuolited nucleolt

Pleomorphic nucleoll, frequently intensely vacuolated, are shown m n(,um:
2b to g Some of these are shown ded by extenstve (h
coronas, s 1n FIGURE 2¢, 1, I, m, o, p, and ¢  All nucleoly, however, are sur-
rounded by chromophobic coronas, and some, as in FIGURE 2¢, are extensive.
The nucleolus in FIGURE 2¢ appears to have pulled apart to form two masses
connected by persisting strands It 1s amazing how extensive vacuolation
may be  For example, the nucleols shown 1n FIGURE 25, ¢, and  are not much
more than a cluster of vacuoles with only the thin vacuolar walls persising to
mamtamn the strycture.

Aceto-orcen and fast green FCF stains highlight the nucleolar-associated
chromatin when present 1n Lucké tumor cells ~ The nucleol; may be rmmed by
a shell that stamns wntensely with orcem (chromatin). Even the outer contours
of a pleomorphic nucleolus may be completely surrounded by a shell of chroma-
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tin, The nucleolar masses are uniformly stained by the fast green I'CF,
Other nucleoli are not rimmed by chromatin; instead, small masses of it are
associated with the nucleolus, and as many as five 1o seven of such masses may
be found.  Other nucleoli are rimmed by chromatin and, 1n addition, a number
of smaller spheroidal chromatin masses are attached to the nm It 1s not
possible to tell whether these smaller masses are chromosomes, but they might
be. Hertl" has described paranucleolar Feulgen-positive masses in hypothala-
mus cells, but these are somewhat different in form and behavior from those
seen in Lucké tumor or human ovarian cancer cells  The nucleolar-associated
chromatin in rat lymphocytes apy ly rey the ponsibl
for organizing the nucleolus (Ohno and Kinosita®),

Cells stained with hematoxylin and cosin will also show masses or nms
associated with the nucleoli that are generally more acidophilic than basophilic;
some of the larger nucleoli may have as many as ten small spheroidal basophilic
masses attached to them  These particles are strongly hasophilic and cannot
be distinguished from the regular chromatin masses distributed elsewhere in the
nuclei

Extruded nucteoli are also found 1n Luché tumor cells, as n FiGurr 2r and
s These two extruded nucleoli are vacuolated and surrounded by chromo-
phobic coronas in the cytoplasm. In FIGURE 2r the extruded nucleolus and the
nucleolus, 1 sin, have approuimately the same color as when stained with
hematoxylinand eosin.  On the other hand, in FIGURE 2s the extruded nucleolus
is much less basophilic than nucleol 1 suu

The larger nucleolus, shown 1 siu 1n FIGURF 2s, is surrounded by a shell of
small vacuoles with basophilic walls, and the substance contained by these
vacuoles may be ble for the c} phobic corona that frequently
surrounds the nucleoli, especially those that show some type of lesion In
other words, this rucleolus and 1ts associated structures may be the inter-
medtate stage that leads to the development of the peninucleolar chromophobic
coronas

The ntranucleolar vacuoles are generally chromophobic, however, these
bodies may occasionally show a rather pronounced eosmophibia similar to those
seen 1n the nucleoh of human ovarian cystadenocarcinoma cells  Fosinophilic
inclusions are made more evident by staimung the nucleolt with eosin and
methylene blue The small inclusions are red, while the main bulk of the
nucleolus 1s blue, indicating its basophilic nature

The extrusion of material from the nucleus to the cytoplasm is fatrly common,
and it has been described and illustrated by Duryee® We have also seen
numerous examples of this event  Many cells can be found with large eosino-
philic masses 1 the cytoplasm, always surrounded by extensive chromophobic

coronas  The density of staiming with eosin vares from cell to cell, ranging
from bright pink to orange to famt pink  The large eosmophilic masses are
frequently vacuolated It 15 possible that differences in texture and staiung
density, as well as the presence of vacuoles, merely represent stages in the
disintegration or utilization of the inclusion substance, whatever its composition

may be
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TorRMATION OF TILAMFNTOUS STRUCTURIS BY NreLroLn

Several examples of filaments formed from nucleoli of serous papillary
cystadenocarcinoma (grade 11{) cells of human ovarian cells are shown mn
feuRt 3 Exther simple or complex filamentous structures may appear as
products of the nucleolus  These structures are ali pyroninophilic and may
or may not be associated with methyl green staining matenal, presumably
chromatn or desoxynbonucleic acid (DNA)  The first stages are shown by

from

. Ak of

. tance

FIGURE 3d, ¢, f, &, }, and E are mote complicated branched filaments, and each
one s ated with ¢k in. The of the ch in residue

may vary considerably. TIn some, the residue ewsts as amorphous masses
(FIGUPE 3/) or as smaller spherules (FIGURE 3¢), or as slveolar masses (FIGURE
3h, g, and 1), The nucleolar filaments may exst as single threads (MGURE
31 and k) or as spherules jomed together by a thread (¥IGURF 3¢, ), 4, and D).
Ficure 3k indudes a single ilament emerging from a small vacuolated nucleolar
body rimmed by 2 shell of chromatin  Associated with this nucleolus 1s an

The farmation of flaments 1s evident in two wnstances, and w one of these
there 18 a suggestian of rephcation of the headed filamentous structures
TIGURE 31 consists of an extraordhnandy complicated and tangled filamentaus
wit  One mght postulate that replication has already occurred several tumes
wn this spectmen A somewhat less complex filament 13 shown by FIGURE 3p
Replication 15 suggested tn FIGURE 37 and o, although here the configuration 1s
complicated  This filtament 15 assoctated with several masses of amorphous
chromatin Al these filaments presumnably tepresent the nucleolonema with
telatively small amounts of pars amorpha. The sigmficance of the nucleolo-
nema to tucleotar rephcation has been mentioned previously and 15 discussed
wm greater deta below

On the basss of filament formation, there 13 the possibihty that there may be
at least two types of nucleol  Some of these consist of the nucleolonema and
pars amor pla, while the others consist only of pars amorpha  Since there s a
suggestion of replication of the filaments, there 1s the further possitality that
the of fil or thin strands from the nuceoh
involves the uaraveling of the nucleotus, with the nucleolonema as the gmde
Tt 15 possible also that the resulting Glaments consist masly of a care repre-
sented by the nucleclonema and a thin coating of pars emorphas  The forma-
tion of hlamentaus canfigurations sould, therefore, be hmited to those nucteoh
that tamam the nucleclonema  Thase nucleoh lacksng the nucleolonema
cauld nat form fitaments, but they might stdl form vacuoles and become
pleomorphic or fragmented

The mudeol of mesenchymal chik fibroblasts, i tissue cultuze, can be
mduced to form flamentous structures through ithe actior of adenocsine
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h (same tumor ¥IGURE 1)
me 3 TFormation of filamentous structures by nucleo! as i

o x‘x:;r] Urawings (0 water color, taken from smears stained with methy | grecn and py romn ¥
l)résgcnpuun of structures 15 included 1n the text  X1500
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(Lettré™). Even without added adenosine such nuclealt will undergo some
transformation from dense, compact nucleol: to the Joose, filamentous struc-
tures Occasonally, two filamentous structures may be seer 1n a single
nucleus  Filamentous structures can also be induced through the action of
adenosine on HeLa cells, human myoma, and mouse mammary carcinoma cells
Wilson™ has mcluded the description of several examples of spiremelihe con-
hgurations emerging from nucleoly, especially 1n vertebrate oocytes

Tt should be pointed out that the filamentous structures as described by
Lettré” are Feulgen positive and are also stainzble by methyl green These
structures, therefore, are identical neither with the filaments described in
human ovarian cystadenocarcinoma cells nor with the nucleolonema of Estable
and Sotelo!® The filamentous structures that emerge from the nucleoll, as
shown in FIGURE 3, are pyromin positive and methyl-green negative In
reference to the action of adenosine, it would seem that this agent must promote
the dispersal of the amorphous nbonucleic acid (RNA}-protem components of
nucleols, in contrast to the action of cobalt ions, which prevent the dispersal of
the mamn nucleolar bulh (Heath'™)  There 1s a question shether the formation
of filaments may ot be a partial recapitulation of events that occur normally
during mtosis, that 15, the disappearance of the pars amorpha and the per-
sistence and replication of the nucleolonema. In fact, one might consider that
the formation of the filaments from a nucleolus during the interphase may be
an attempt to recapitulate reproduction of the nucleolar elements, especially
when the nucleolus 15 separated from the chromsome to which 1t 15 normally
attached

The formation of branches similar to the simple filaments shown 1 FIGURE
3a, b, and , has been studied by Hsu* in the pral cells taken from the newborn
Kitten and grown n tissue culture  During prophase an irregularly shaped
nucleolus produced a small side branch first appearing as a knoblike projection
near the base of one of the ongnal Jarger branches, later a second small branch
had developed by the side of the first one  Both branches broke away from
the nucleolus, and the pieces were seen to wander 1n the nucleus for some time

During the rotation of the nucleus many small branches were produced and
detached from the nucleolus The nucleolus had been constantly changing
1ts shape, becoming smaller, and acquirng 2 dense periphery and a pale center
showsng a much lower density (as viewed by phase-contrast optics) The
nucleolus disappeared at about the time the nuclear membrane disappeared
During early mutosis the nucteolus of the pral cell 15 highly pleomorphuc,
constantly changes its shape, and forms branches that break off from it
The disappearance of the nucleolus 1s preceded by a striking decrease in density
as viewed by phase contrast

The study of pial cells mdicates that pleomorphic and large nucleol may be
found n nonmalignant cells The formation of filamentous structures 1s

p:ol:ably a proprrl)i p‘usessed by many types of nucleoln  The disappearance
OF the mawn 1ol o e et s L D “

1n attempt will be made to mcrease the amount of filament-forming matersal
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Ticure 4 Pleomorphic nucleol (serous papullary cystadenocarcinoma of human ovary,
grade IIT, P &S No 39566) Ongmnal drawings in water color, tzhen from tissue structures
statned with hematoxylin and eosin Description of nucleok 15 included in the text X 1350

m such cells.  The association of fitamentous material with amorphous chroma-
tin may be another factor, this 1s discussed below
PLEOMORPHIC NUCLEOLE

The nucleol from serous papillary cystadenocarcinomas of the human ovary
(grade 11I) frequently become grossly pleomorphic in tissue culture In
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FIGURT 44, b, ¢, and d the nucleali are huge and stnkingly modified by extensne
vacuolation, both internal and marginal  There is a great variation in the
size of the vacuoles, the larger anes presumably being derived by the coalescence
of the smaller vacuoles. The Jarge margwmal vacuoles fallowng the break-
through of the vacuolar watl undoubtedly contebute 1o the bizarre architecture
of these nuclealt  The more compact, vacuolated nuclech are shown by
FIGURE 48, f, £, t, and 7. Elongated nucleoh are shown by ricus 45, m, and
». Elongated nucleoh suggesting fission are iflustrated by rioure 44, 7, and o,

‘These nucicol are frequently eosiophilic, afthough the vacuolsr content
is chromophobic, As a rule, the vacuoles within the pleomorphic nucleoh
vary i size, some being small, others bewg kurge  These inclustons are chromo-
phaobie, in no mstance hasve the small eostnophilic snclusions beess seen an these
nucieoh. On the ather hand, without exception the pleomorphic nucieol are
always surrounded by extensive chromopboebic coronas

Less pleamorphic nucleoli are seen in cells of the Lucké adenocarcinoma
On the other hand, the Jarge stromat cells that appear an tissue cultures of
Hodghm's-iseased lymph nodes are as pleomorphic as those seen m cells from
ovarian Cysmdtnmrcmamas

Nucteolar pleomorphism can be mduced in mesenchymal chick fibroblasts,
HeLa cells, human myoma, and mouse mammary carcmoma cells through the
action of adenosine (Lettré®}  Hughes™ has ebserved nucleolar fragmentation
 cells of chick tissue cultures through the action of adenosine and moderate
fi ¥ dazole or Such fi 1§ re-
verable, and “regeneration” of fragmented nucleoh occurs withm 30 te 30
minutes after remosal of the nucleoside Cells wuth fragmented nucleoh
enter prophase and subsequent mutosts It 15 quite possible that the factors
feading to filament formation or fragmentation are essentially the action of
some agent, ether MINNSIC Or extoinsic, on the pars amorgha fraction of the
nucleolus

NociroLar Eazrusion

Neoplastie cells  The extrusion of nucleolt has been observed in numerous
wstances 1 cells of human ovanan serous papifary cystadenocarcinomas
smears or m tissue culture  Etamples of nucleofar extrusion m transit are
shown by FIGURE 3e, 8, ¢, and 4 Large sucleoh may be extruded i toto, 1n
some, only the the filamentous portions are extruded, as i sicvRe 5¢ and d
Mazny nucleoh were found an the cytoplasm, and these are essentwally similar
to the nucleoh w sit 1 regard ta compactness or extent of vacualation

Fiourr 5 shows four nucledlar masses thas may have been extruded sepa-~
raely or else a larger nucleolar mass that became fragmented after it was
zxtruded  The farmer would seem to be the correct ntespreration, based on
companson of the sizes of the nucleoh 1 suu, extraded, or i transit as shown
m RGURE 5% In FigURE 31 two almost wdentical nuclech are shown i the
cytoplasm, possibly wiicating a double nudleotar exrrusion mside 2 binucleated
el It 8 remarhable that both nucleoh i the tyroplasm have substantially
wentral vacuotes

The cytoplastme o extruded nucleols are att surrounded by chromophobie
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Trovee 5 Extrusion of nucleoli (same tumor as in FIGURE 1) Onginal drawings taken
from smears stained with methy] green and pyromn ¥ Nucleoh 1 cvioplasm as shown
here are essentially unchanged  Descriptions are 1n the text 000

coronas, such coronas are evident even around small nucleolar fragments  In
FIGURE 5d the obvious extrusion of the nucleolonemal component 15 also
surrounded by a clear and reasonably large corona  Nucleolar-associated
chromatin was not seen in the extruded nucleolt

Some of the extruded nucleol may be sumilar to nucleoli 27 suf, or else there
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[RSTEPRUGIE . JPURPU

Ficuxr & Torusion of suckolt srame tumor 28 o rost 1 Ongwsl diawings
water color, taken from smears stasned with methst green and pitonn 3 Nucleok 1
©opiasm shown here ar yndergomg » atuelition, fragmentaun, of other signs of disinte-
peatiey  Dewrgitons are s she tent e

niay be strhang changes m moephiology  Such changes might be induied by
the action of cyraplasm on the estruded nacleols  The derelopmens of exces
stve vatuolalion 4s 1 FILURY 6a, ¢, and g may be ane of these changes The
contsguratinn of the cytoplasmue nuclestus w FIGURE Gu shaws the associatian
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Ttoore 5. Lxtrusion of nucleol (same tumor as tn Fictre 1) Onginal drawmgs tahen
from smears stained with methyl green and pyromn Y Nucleoh in cytoplasm as shown
here are essentially unchanged  Descriptions are in the text  X1000

coronas, such coronas are evident even around small nucleolar fragments In
FIGURE 5d the obvious extrusion of the nucleolonemal component 1s also
surrounded by a clear and reasonably large corona  Nudleolar-associated
chromatin was not seen 10 the extruded nucleol:

Some of the extruded nucleoh may be similar to nucleoli 1n si/x, or else there
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Froure 7 Extrusion of aucleol (same tumor as 1n FIGURE 1) Onginal drawings i
water color taken from smears stawed with methy| green and pyronin Y Nucleok in cyto-
plasm shown hete are formng filamentous structures, 1 some, siich structures were extruded
directly from the nucleus  Descriptions are in the test  X1150
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of an ah eolar mass, 2long with a vacuolated nucleolzr mass. Such 2 configura-
tion inside the nucleus would usually be accompanied by chromatin masses;
hu“ ever, in lhc cymplasm such chmmaun components are not found
Ad e T e £ £
L]
th .
FIGURE 6g contains 2 considerable amount of nucleolar material consisting of
two large, \amolatcd masses )omkd togelhcr by what appears to be a thin
- ' small alveolar
. Here again,
chromophobic
coronas
The extruded nucleolus in FIGURE 6¢ is surrounded by a rim of methyl-green
stained matesial  This might be chromatin, on the other hand, this shell could
be the remnant of the nuclear membrane, especilly if part of it containing the
nucléolus were pinched off from it. Of the many extruded nucleoli studied,
this 15 the only instance seen in which the nucleolus in the cytoplasm was
surrounded by methyl-green staining material

Follommg nlmsmn nto cytoplasm, nuclcoh my exist either completely or
partially as fl uch are shown in FIGURE 7.
The filamentous conﬁgumnons of the nudeolus mn cytoplasm may result from
direct extrusion of the filaments (F1GURES 1mand Scand d)  In other instances
the filaments may be formed after the nucleol are extruded (FIGURE 7a, £, 3,
and /) In all these examples 1t 15 clear that part of the nucleolus may still
be recognized as a compact structure with occasional vacuolation in the
mam body The filaments themselves may be associated with vacuoles
{FIGURE 7d, &, 7, and /) The extruded nucleolar masses shown in FIGURE 7c
could be the result of f followng the ion of the fil
configuration  Several of the nucleolar filaments in cytoplasm suggest replica-
tion (FIGURE 7o, d, ¢, g, and k) The filamentous structure in fIGURE 7g 18
Anotted and is a minature version of the giant intranuclear filaments of
FIGURE 3u, which are also knotted  In each instance, the nucleolar masses are
surrounded by chromophobic coronas ~ No nucleolar-associated chromatin was
evident 1n any of the cytoplasmic nucleolar filaments

The examples of nucleolar extrusion shown in FIGURE 8 are from cells m
tissue culture of an omental metastasis of a caranoma onginating an the
human endometrmm  Nucleolar extrusion 1s fasrly common 1n these cells
In some nstances the nucleolus, while bemng extruded, 1s accompanied by
additional nuclear matenals, as in FIGURE 8, f, g, and m.

In these cells, the first sign of 15 the ap of a chromaphob:
zone even before any structures are actually extruded, as in FIGURE 8¢, z, and
L. Other examples show estruston i progress (PICURE 8¢ Byt 1 ks "and 1]
The extruded nucleol or other dernatives of the nucleus are always surrounded
by extensive chromophotsc coronas,

1In s1tu, the nucleol n these cells are pleomorphic and frequently vacuolated,
as m FIGURE 82 and p  The vacuoles tend to be mamnly marginal, although
internal vacuolation does occur, as m PIGURE 80 and ¢ These nucleol,
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in stt, are always surrounded by chromophobic coronas, as in ¥IGURE 8, 3, f
k,and ]

The following 15 a résumé of the observed variations in nucleoli durmng extru-
sion,

(1) The main bulk of the nucleolus 1s stilf 1n the nucleus, with a delicate net-
work and some pyroninophilic vacuoles ectruded into the cytoplasm The
network 1s still attached to the nucleolar mass inside the nucleus (FIGURF 1)

{2) A highly fragmented nucleolus, continuous with the nuclenlonema 1n the
nucleus, some solid nucleolar matenial, nucteolonemal or filamentous structures,
and pyronmophihic vacuoles in the cytoplasm (FIGURF 5d)

(3) A partly extruded compact nucleclus with vacuoles  Small sohd nucleo-
lar fragments 1n the cytoplasm (FIGURE Sa)

(4) A partly extruded nucleolar mass, with another similar mass already 1n
the cytoplasm  These masses are compact and without vacuoles (FIGURE 55},

{5) A vacuolated nucteolus 1n the nucleus attached to an amorphous, vacuo-
lated nucleolar mass extruded mto the cytoplasm (FIGURE 3c)

(6) In some tumor cells the nucleolar body 15 extruded, while m others
parts of the nucleus are pinched off and extruded with the nucleolus (FIGURT
8, c,d, e, f, g I, 1, I, and m)

Over 50 examples of extruded nucleol: ase illustrated in the figures The
following list outlines the appearance of such nucleol 1n the cytoplasm,

(1) Cytoplasmic or extruded nucleali are clear-cut compact structures atmost
1dentical 1n appearance to nucleol 12 51tz The staming with pyronin 1s of the
same intensity as shown by nucleoh 1 stfu Peripheral borders are clear cut,
Some nucleoh contain vacuoles, others do not In one binucleate cell, two
nucleol 1 the cytoplasm are almost identical 1n shape, size, and vacuolar
pattern (rIGURES 1/, 2r and s and 5/, &, k, I, and #)

{2) Other extruded nucleols are much more vacuolated, with somewhat
irregular borders, probably indicating some disintegration  Staming intensity
with pyronm 1s similar to that of nucleolt 1 sty Several nucleolt have exten-
swve margmal vacuoles Irregular shapes and diffuse peripheral borders of
some of these nucleoh probably indicate the onset of degenerative changes
(FIGURES 5m and 0 and 6a, ¢, d, g, b, and 1)

(3) Fragmented nucleoh, apparently the disintegrative phases of previously
compact nucleol, Some of the fragments are vacuolated, others are attached
to the vacuolar walls (FIGURES 5a, 6b and f, and 75 and ¢)

{4) Numerous nucleol show filamentous, highly dendntic structures In
some, this represents the nucleolar substance as 1t was extruded, while in others

the unraveling or formation of nucleolar filaments must have occurred after
extrusion Several examples were seen i which only part of the nucleolus
had formed filaments  These filamentous structures are occasionally associated
with pyronmophihic vacuoles (FIGURES 5d and 7a, d, ¢, f, g, &, 1, and ;) In
every instance, no matter how small the nucleolar fragment 1s in cytoptasm,
1t 15 surrounded by a chromophobic corona

In terms of nucleolar extruston, there appear to be three prmcipal hinds
of nucleoly

(1) Solid nucleoh consistng mainly of pars amorphs  On extrusion this
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Srinastavat described the extrusion of nucleotar bodies in the cocytes of
Lumbricus  Tn these cells, the globular or vacuolar bodses insicle the nucleotus
increase m swze, apparently by the fusion of the smaller globules  When fully
developed, the large glabule 1s extruded into the nucleoplasm, and from there
1t passes through the nuclear membrane into the cyloplasm  These globules,
either mtranucieolar ov cytoplasmic, do not become stained

The extrusion of entie nucleoli oceurs in the nocytes of Holothuras, as de-
serbed and tliustrated by Oka % Usually, when the nucleafus is about 1o be
extruded 1t is so heavily sacuolated that it resembles a mosula; the actual
extrusion imvolves the pinching off of a portion of the germnal vesicle mem-
brane. After the extrusion er pinching-off process is completed the residue of
the membrane 1s dissolved 1n the cytoplasm and a clear zone appears sur-
tounding the pucleolus, The ettrusion of nucleoh may be repeated in the same
ceft  On becommng embedded in the ¢y toplasm the nucleolus becornes more
sacualated, its outhne becomes frregular and, as a resalt, 1t forms an amor-
phous mass that stans with acidic dyes such as eosn rather than with basic
dyes, as it normatly would mside the nucleus

According to Chaudhry,® the nucleoli of teleost oocytes pass through the
nuclear membranes mio the cytoplasm as whole bodies  On reaching the
cytoplasm, the extruded nucleolt may dwvide into smaller bodhes and assume
vanious shapes. The evtruded nucleoh lose thawt stameg pioperues snd
become only faintly colored  These nucleoh move toward the periphery of
the cell and finally become lost in the cortical cytoplasm At first, the ssze,
shape, and staming properties of nucleols ether nside or outside the nucleus
are exactly wentical  In the eggs of Salorios as desenbed by Epgert,t the
nueleol first appear 1 outpocketings of the nuclear membrane  Tallowing

and farther ek of the pockets, constnction ocours and
separation from the sucleus 15 completed

Dunng oogenesis of Sacchobrancus, Clarias, and Angbes, Naram® observed
evtruded nucleols 1n the eytoplaste  These aucleol: pass out of the nucleus
through the nuclear membrane as whole bodies without leaving & tear and
firally dissolve zway w the i cytopla: Durmy ! wn
Gasterostens, matenal from khe nudeelus passes 1nto the Lytoptasm as granules
or threads (Singh and Boylet)

In nssue culture the pucteoh of mesenchymal chuck ﬁbrablasts migrate
toward the nuclear it , and the b
wntor the cytoplasm (Letté™)  The extruded nucfeolar mateniat xs mrrounded
by a clear zone  Lettré bebiesed that the nucleols 1 these cells conssst of two
parts theamorphous portion that stams pink with pyronin, ang the filamentous
portion that stans with Feulgen regent or methy! green and, actordingly, s
regarded as chromosomal i nature  On this hasis, as mentioned previousty,
these filaments are ot wentical to the nucleolorema of Estable and Sotelo,
the tatier bewy Teulgen neyatine  Letird mentioned that the <hromosomal
part of the nucdeolus, under normat (ondstions, remaws wntact s the nucleus,
and new amorphous (pyrominophsin ) material s accumulated

In addition to the extrusion of nudleols, for which stages showmy the extru-
siont have been obcerved, there are other records of cytoplasmic nucleoh




260 Annals New York Academy of Sciences

type of nucleolus may remain intact, or 1t may acquire vacuoles and later
become fragmented.

(2) Sohd nucleoh that contain both the nucleolonema and pars amorpha
On extrusion such nucleoli could remain intact, develop vacuoles, and become
f 1, or spin out fil that later might also become fragmented

(3) Extrusion of filamentous structures with part of the nucleolar body re-
maining in the nucleus. Such nucleolt can be derived only from those bodies
that possess the nucleolonema. In no instance are the extruded nucleol or
filaments from nucleoli associated with chromatin,

Other cells  The extrusion of entire nucleolr or portions of them mto the
cytoplasm is by no means unusual, There are numerous instances occurning
n vertebrate oocytes, for example, in the oocytes of .{mphinme and Squalus
(Dodson®); vanous oocytes of marme tcleostean fishes (Chaudhry*); eggs of
Salarios (Eggert'); eggs of Gasterosiens (Singh and Boyle'); undifferentiated
germ cells and young ova of Xiphophorus (Essenberg™); early oocytes of
Oryzias (Oka*’), and early stages of developing gametes of Lophins (Dodds*).
In several instances, vitellogenesis has been related to nucleolar extrusion and
the appearance of RNA 1n the cytoplasm

The extrusion of nucleols into the cytoplasm of various cells in tissue culture
15 also reported Ludford® described this phenomenon m the fibroblasts
from mouse tumors induced by tar applications In addition, Ludford®
reported on the extruston of nucleol: in fibroblasts of the kidney of the rat.
In these cells, entire nucleoh may be extruded In others, only portions of
nucleolt are extruded. Occaswonally, a portion of the nucleus containing all or
part of the nucleolus 1s pinched off, the contents of which may persist for a
time as a secondary nucleus and then disintegrate. A slow ameboid movement
of the extruded nucleoh was reported,

The discharged nucleolar matenal was surrounded by a vacuole, presumably
the chromophobic corona  Tn tissue culture, endothelal cells of the chick
embryo also show nucleolar extrusion (Lewis™) In these cells the extruded
nucleol are surrounded by a *‘vacuolelike area

Ludford®* has described nucleolar extrusion 1n cells of the epididyms The
phenomenon 1s believed to be related to secretory activity. The nucleols,
surrounded by a clear zone, persist for some time 1n the cytoplasm, only to
‘become converted ultimately to small granules In this material the nucleolus
is first acidophilic, then grows and becomes basophilic  The basophilic nucleo-
lus fragments and portions are extruded mto the cytoplasm Lettré” has
shown nucleolar extrusions i mesenchymal chick fibroblasts cultured n the
presence of crystals of estradiol or methoxytoluquinone

Duryee and Doherty® described and ilustrated the passage of nucleolar

matenat from the nucleus to cytoplasm in the oocytes of Triturus Prior to
this, Duryee® described the eversion of peripheral nucteoh through the nuclear
membrane by treatment of the ococytes with dilute aads, for evample
Through such treatment the peripheral nucleol could be induced to evert
their contents through the nuclear membrane into the cytoplasm  Multiple
rounded structures were found m the surface of the nuclear membrane that
corresponded to nucleolar remnants
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The nuclet of the polynucleated cells are approxtmately 2 to 3 times the size
of the lymphocy te nucleus and are, therefore, much smaller than the nuclei
of the stromal cells that range from § to 7 times the size of the lymphocyte
nucleus  In addition, there 1s considerable difference in shape The nucler
of the polynucleated cells are more consistently simple in architecture and are
usually ovoid in shape Occasionally, the relatively smooth contours will be
mterrupted by minor fobulations  The nucler of the stromal cefls show a
greater vanability in shape, some being ovoud, others nearly spherical  Then,
too, these nuclei tend to considerable lobulation and may, indeed, be quite
bizarre structures

Considerable differences in the nucteoli of the two cell types also ewst. In
the polynucleated cells the nucleoli are small and spherical and are generally
compact, well-defined structures, no suggestion of nucleolar extrusion has
been seen 1n these cells  On the other hand, the nucleol in the stromal cells
are large (some are even larger than lymphocyte nucler) and frequently vacuo-
lated Many nucleolt have extremely bizarre shapes such as mght, for
example, be seen 1n FIGURE 3. In binucleated stromal cells there 1s usually a
wide disparity in number, size, and shape of the nucleoli n the two nucler

Unquestsonably, nucleolar variability m terms of number, size, and shape
reaches 1ts peak in the stromal cells These are not unhke the nucleoh seen
mn tissue cultures of human ovanan tumors  Angular, elongated, or irregular
nucleol have been previously reported from a study of Hodgkin’s-diseased
cells, among others, by Lopes Cardozo ® Some of the nucleoli may have the
shape of an exclamation mark

TABLE 1 summarizes the nucleolar numbers in polynucleated and stromal
cells, Using as critena nucleolar number and structure, it would seem unlikely
that the polynucteate condition is achieved by any mechanism other than
reasonably conventional karyokinesis On the whole, the nucler and nucleoli
1n any one polynucleate cell are too sumfar to justify the conclusion that such
a condition might be reached by the fusion of different cells.

As noted 1n TaBLE 1, the number of nucler per polynucleated cell tends to
be si¢ or more, with occasional cells seen 1 which over thirty nucler have heen
counted The stromal cells are generally mononucleated The situation 15
reversed 1n reference to number of nucleolt per nucleus The polynucleated
cells rarely bave more than two nucleol per nucleus, while the stromal cells
rarely have less than four or five  Another striking difference between these
two cell types becomes evident if the nucleolar patterns are compared 1n
binucleated and polynucleated cells Thus, 60 per cent of the nuclet n a
polynucleated cell will have essentially identicat nucleolar patterns m terms
of size, shape, or number  Approvimately 40 per cent of such cells will mani-

fest some differences, either mn number (the most common difference) or 1n
size or shape In the binucleated stromal cells, perhaps one cell i ten will
have two nucler with identical nucleofar patterns  All athers will show con-
siderable vanations in nucleolar patterns  Furthermore, 1n binucleated stromat
cells, even though the number of nucleol: might be the same, there 15 no con-
formity in either the size or shape of the latter There 1s, therefore, a much
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Tor example, in Tmesipleris, Yeates” has scen nucleoli in the cytoplasm,
apparently derived from the previous generation. These cytoplasmic nucleoh
cventually disappear,

More recently, Heath” has prevented the disappearance of nucleoh during
mitosis of chick fibroblasts in tissue culture with critical concentrations of
cobalt chloride (001 to 0 015 mg /mL).  Although the nucleoh persist in cobalt
ion treated cells, mitosis proceeds at the usual rate, and the distribution of
RNA and DNA in both nucleus and cytoplasm remains unchanged. Following
mitosis, the persisting nucleoli may become extranuclear, and then they may
undergo slow random movements similar to chromosomal movements The
action of cobalt 1ons on the nucleolt may be 2 fixation of the RNA or the
mhibition of a posstble “nucleotar-dispersing enzyme,” This effect cannot
be produced by Ni, Zn, Cr, Mn, or Fe 10ns

Nucrrorar Varmapuiry 1N Lysen Nooe Crris (HonchIN’s DISTASE)

A series of cultures of lymph nodes from a patient with Hodgkin's disease
(designated as series 218) was hindly supplied by A, Rottino of St. Vincent’s
Hospital, New York, N Y This sertes included cultures that were fived with
Zenker-formol at intervals ranging from 1 to 7 days of growth and then staned
with the Giemsa mixture (Rottino®™) The types of cells that emerge in the
cultures include lymphocy tes, eosinophilic and neutrophilic leukocytes, stellate
wandering cells, and two types of relatively large cells

One large cell type appears mamly dunng the first few days of culture and
has a distinctive nuclear and nucleolar pattern. These cells, herein designated
as polynucleated cells, have a tendency to develop many nuclei, and such
cells may become grants  Cells similar to these have been seen in tissue cultures
of Hodgkin's-diseased lymph nodes by Grand®® and by Rottino % These
cells are generally referred to as “multinucleated grant cells” by Rottino,
and have also been called the Sternberg-Reed cells by Grand.

The second type teaches a peak 1n number of cells after 5 or more days of
culturing  These cells, sith a distinctive nuclear and nucleolar pattern, are
of the fibroblast type, and were called giant stroma cells by Lews ®  Some of
the nucleolar features of both the polynucleated and stromal cells are sum-
manized 1n TABLE 1

TasLe 1
Pulynicleated cells Stromal rells
Number of nuclo pes ccl o+ Tor2
Average number of nucleo per nucleus 2 et
Numbes of nucleols 1 each aucleus of binucleated or
polynucleated cell

Same 609 109

Diferent. o 0%

th 1 nucleolus
Nuclet w1 59 K

Nuclet with 2 nucleoht
i\Iucl:I with 3 nuclech 1362 1%
Nuclet with 4 or more nucleoh
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greater correspondence in the size, number, and shape of nucleolt in poly-
nucleated cells.
A

sharper breakd shows that approxi 75 per cent of
the polynucleated cells have three nucleoli or less per nucleus. On the other
hand, the incadence of mononucleolate nuclei in the stromal cells is extremely
rare, In these cells, approximately 70 per cent of the celis will have four or
more nucleoli per nucleus

Of the two major types of large cells seen i tissue tultures of Hodgkin's-
diseased lymph nodes, the stromal cells reveal the most dynamic features,
These cells have large nucler with and phic nucleoli.
There 15 also much variation 1n nucleolar number and murpho\ogy, with 70 per
cent of the cells possessing four or more nucleoli These cells undergo more
frequent rmitosis 1n tissue culture; also, there occur various atypical mitotic
events such as chromosome bridges, tripolar spindles, and unequal distribution
of chromosomes at anaphase, to name a few.

‘The extrusion of the nucleolus, ot a fragment of it, by the nucleus is a fairly
common event in stromal cells (PIGURE 9)  In these cells it 15 generally a
portion of the nucleolus that is extruded, This extruded fragment tends to be
spheroidal 1 shape and compact. Its staining properties ate identical to
nucleols 1 satk, or to the portion of the nucleolus remaiming in the nucleus.
In some instances, an outpocketing ot evagination of the nuclear membrane
15 seen with a nucleolar portion it Wathout exception, the extruded nucleo-
lar mass is always ded by 2 well-defined ch hohic corona,

Other evidences of unusual cellular activity include the ingestion of lym-
phocytes or other smaller cells by the stromal cells (also shown 1n FIGURE 9)
In every instance the ingested cell 15 enclosed within a vacuolar zone that is
sharply delimited by a clear-cut boundary between the vacuole and cytoplasm
Treshly ingested lymphncy\cs mamtam all their structural and staining
features and cannot he d from neatby gested lymphacytes.
Both cytoplasmic and nuclear features are clear The cytoplasm of the
ngested lymphocyte first loses its staining properties, and this occurs before
there 13 any appreciable pyknosis of the nucleus, Eventually, all that can be
1ecognrren fram the wmmartad Tt mnhasba o4 molnatin = ala s e e bt oo
struct
they
the ¢
optis  Under phase contmst, lhe s\amed nuclcoh Bppear as bnght blue

Toe - e

chenek wwar whila tha oo

basic components m Giemsa’s mixture and shows a high absorption, as indy-
cated by the oscilloscope traces of single selected lines (FIGURE 9) A final
feature 15 that almost invariably the ingested cell 1s quite close to the nucieus
of the host cell and 15 separated by \h: thickness of the completely chromo-
phobic vacuole in which the ngested cell 1s embedded
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(20) Variations 1n attachment of nucleol to chromosomes, ranging from
complete to partial separation of nucleofar-chromosomal complex from chromo-
some (FIGURE 10f and f*)

{21) Cytoplasmic nucleols, entire and simlar to nucleoh 1 siti (FICURES
1, 2r,and s and S¢, f, g, , &, |, and #)

(22) Nucleoh 1 cytoplasm, heavily vacuolated, probably the onset of
disintegration (FIGURES 5 and o, and 6a, ¢, 4, g, and k)

(23) Cytoplasmic nucleols, undergoing fragmentation and, possibly, dwinte-
gration (FIGURES 5q and 7, 65 and f, and 75 and ¢)

(24) Nucleali n cytoplasm, m fitamentous configurations (!16URES 54 and
Ta,d, ¢, f, g k1, 2nd p)
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Tyrrs oF NucLeorr v Neorrastic CELLS

‘The following is a list of the various types of nucleolar lesions that have
been seen 1n human and amphibian tumor cells. Reference is given to the
wustration of the type, if included 1 this report,

(1) Hypertrophy, with tenfold to one thousandfold increase in volume
(FIGURES 1c and d, and 2¢, d, ¢, and o).

(2) Pleomorphism in shape, frequently coupled with hypertrophy and much
vacuolation (FIGURES 1e and 4a to o).

(3) Multinucleolation: 1increased number of nucleoli, all of essentially
the same size and shape (FIGURE 1} and j).

{4) Fragmentation. increased number of nucleolar masses of varying sizes
and shapes (FIGURT: 1g).

(5} Vanations in basophilia, ranging from faint to intense staiming with
pyronin Y,

(6) Vanations 1n eosinophilia, ranging from complete eosinophilia to none
atall

(7) Development of vacuoles of various sizes and positions withm the
nucleolus (FIGURFS 14, ¢, and £, 26 10 s, 4a to o; 5f and /; 6¢; and 8n, p, and g}

(8) Appearance of small, highly refractile chromophobic inclusions, generally
mternal m position and much smaller than vacuoles

(9) Development of compact inophilic incl
nucleolus

(10) Appearance of Feulgen-positive structures within the nucleolus

{11) Excessive nucleolar-associated DNA, different in amount and structure
from usual chromosomal DNA  In some, entire nucleolus is closely surrounded
by a layer of DNA, m others, smal! vacuolated masses of DNA are attached to
the nucleolus Irregularly shaped masses of DNA, frequently large, may be
attached to nucleols Occasional nucleolar reticula (pyromnophilic) are
closely integrated with DNA reticula (F1Gurrs 1% and 3¢ to &).

(12) Association of nucleoh with large nuclear inclustons consisting of
clusters of pyronmophilic vacuoles of umform size, also usualiy associated with
DNA (FiGURES 1% and 62 and g)

(13) Formation of coarse and fine filaments and the unravehing of nucleolus
wto thin, frequently branching strands (FIGURE 34 to p).

(14) Modifications in pattern or stamnng of nucleolonema within compact
nucleolus  Structure ranges from single thread to a compact retrculum

within basophil

1cleated and

(16) Extrusion of entire nucleolus into cytoplasm (r1Gures 17, S¢ and b, and

8¢, goand /)
(17) Extrusion of filamentous structures {pyronmophilic) mte cytoplasm
e amd Seand

chromophobic zone (FIGURES 2¢,

(19) Extrusion of eoswnophilic or acidophlic substance into the nucleus and
later nto the cytoplasm (FIGURE 2a),
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replication independent of mitotic mechanisms and can, therefore, reproduce
) ) to

.. o,
and the nucleolus consists mainly of pars emorpha and associated substances,
but it does not possess exther the nucleolonema or the nucleolar organizer
These nucleolar masses may be the pinched-off fragments from primary or
autonomous nucleoh (FIGURES 10¢, k, or &'). The derivatives of secondary
nucleol are frequently vacuolated or fragmented. The main bulk consists of
the pars amorpha and associated configurations (FIGURE 10k, /, m, and n).
Secondary nucleol: do not have the capacity for replication, since they lach both
both the nucleolar organizer and the nucleolonema  An apparent hypertrophy
could be produced only if vacuolation occurred  In instances where nucleolo-
nema cannot be demonstrated within a nucleolar body, 1t 15 quite Iikely that
ths body i5 a secondary nucleolus
(4) Intrgnuclear filaments  These filamentous structures are formed during

1 of the nucleoli in 7 These may be accom-
panied by DNA 1 some instances and not in others (FIGURE 10;, 5, ¢’ and 5)

{3) Extruded or cyloplasmic nucleolus  These are nucleoh extruded nto the
cytoplasm, Their configuration is either solid or vacuolated at first, although
fragmentation and other changes may occur later The extruded nucleoh
of this type might come from autonomous nucleoli without associated DNA,
or they could come from secondary nucleoli  Other extruded nucleol may be
filamentous and can be + o i - - -
ments are formed after e
only from the autono: .
found in the cytoplasm,

Nucleolar Cycles and Hyperactinly

The ensuing account considers the normal cycle of a nucleolus as well as
modifications of this cycle that may be tnduced by endogenous or exogenous
stimulatory agents

(1) Normal reproductiie cycle During mitosis the prmary nucleolus
undergoes the cyclefrom ¢ 10 4 to ¢ to ¢’ and ¢” (F1GURE 10) The symbols o’
and a” represent daughter cells resulting from mitosis  If polyplody or poly-
somic states mvolving the nucleolar chromsomes develop, then such a cell will
gam 1n the number of primary nuclechi Certamn stimulants (for example,
metabolic demands or chemical agents such as thioacetamide) may nduce a
bmited but reversible hyperactivity of the nucleolus through the sequence a to
d to e (r1GURE 10) 1f budding of nucleols occurs  The budded portions would
be classed as secondary nucleoh or fragments, depending on size.  This type of
hyperactivity requites the constant presence of the stimulus, otherwise, if the
agent 1s withdrawn, the hyperactive response stops  Under no circumstance
can there be a reproductive phase of the primary nucleolus during the inter-

(2) Abnormal reproductive cycle  This phase applies to autonomous nucleoh
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GENTRAL Discussion of NUCLYoLI Axp NUCLFOLAR LEsioxs

The somewhat bewildering array of nucleolar structures shown by the nucles-
lar Jesions eventually may fall 1nto as orderly a sequence as that shown by
cells undergoing mutosis Certam manifestations already may be preced
together in scquence. For cxample, a compact nucleolus is converted to 2
dendritic pattern by releasing the nucleolonema through the dispersion of the
pars amorpha and loss of internal cohesion  Intermediate stages, ranging from
small coarse ot fine filamentous extensions to complex dendritic configurations,
were studied  Hypertrophy and fragmentation are produced by the synthesis
of nucleolar substances. Bizarre shapes follow hypertrophy and the generation
of intranucleolar vacuoles, especially if the latter break through the nucleolar
structure. The generation of pyroninophilic vacuoles by the nucleolus, the
formation of large alveolar inclusions of simufar architecture in the nucleus,
and in the extrusion of such material into the cytoplasm represent another
series of sequences

In the following discussion, an attempt has been made to integrate the
various nucleolar patterns (see FIGURE 10), From thus it 15 possible to reconcile
the many variations in nucleolar behavior and structure. Furthermore, this
scheme consolidates most of the presently available information on the struc-
ture of nucleols, and clearly suggests a number of experimental approaches for
further clarification of the role of the nucleolus in the cell. Other expernimental
approaches based on the generalized scheme may help 1n defining, fully and
correctly, the role of the nucleolus 1n the neoplastic processes

In FIGURE 10 some of the diagrams and sequences are hypothetical, namely,
the cycles starting with f and f*  On the other hand, the terminal products,
4 ¢, 0,7k lom om0, p, 9,7, ', 1, and 1, are taken from the nucleolar lesions
that were observed and described m neoplastic cells (see FIGURES 1 to 8)

Designation of Nucleolar Types

All the nucleolar configurations described 1n this report can be placed into
one of five major categories  The following 15 a description of eac

(1) Prtmary nucleolus This type the leolar-ct 1
complex consisting of nucleolar orgamzer, nucleolonema, pars amorpha, and
other substances normally associated with the nucleolus, and the nucleolar
chromosome (FIGURE 102) This umt has hmited capacity for responding to
hyperactive smult and requires constant application of stimulus to persist
in the hyperactive state. The leolar-ch 1 complex rep the
normal nucleolar configuration and can reproduce only through pamclpating
1n normal karyokinesis

(2) Autonomous nucleolus In these nucleoli the nucleolar-chromosomal
complex 15 distupted. There may be two vanants of this type of nucleolus
One varant Js the nucleolus without DNA, consisting of nucleolar orgamzer,
nucleolonema, pars amorpha, and associated substances (riGure 10f) The
other variant 1S a nucleolus wath associated DNA, consisting of nucleolar
organzer, nucleolonema, pars amerpha and associated substances, and chromo-
somal or chromatm residue (FIGURE 10f’) Baoth types have a capacity for
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reproductive cycle .

aflogtohtaito Leads to rephcation of nucleoli and possi-

Jtafltogtak .. bility of further recyching either through
i-jof, ot through g-f-g cycles

(4) Atypical nudeolar cycle (ith nucleolar associated chromatiny

growth cycle:

etof rof w0y Teads 10 uncontrolled elaboration of pors

{taliog...) emorpha and associated substances and, in
addition, chromatin  This cycle does not
lead to an increase in number of autonomous

nucleoh.
reproductive cycle.
stof tog ol 101 Leads to replication of autonomous nucleoht
toj"tof {tag 1o with possibibity of further recycling through
/N | £'-y'-f" or through g™-i™~g’ cycles

Activaton of the Nucleolus

The nucleolus apparently can respond to & variety of stimuli by becoming
hyperactive. The resulting hyperacinity may be entber reversible or ireversi-
ble The difierence between these two may now be forused on the stability
of the nucleclar-chromosomal complex

(1) Retersible hyperactirity HyTeractivity 1s generally mdicated by an 1n-
crease 1n size (hypertrophy) plus a stnhing increase i output of nucleolar
products.  This type of hyperacin ity 1s presumably mduced by various meta-
bolc demands, surh as observed by Duryee' ® m amphubian oocytes or by
chemucal agents, such as the action of thicacetamide on fiver cells (Kiemfeld®),
“These stimult lead to increases m nucledlar size and 1n the amount of material
released from the nucleolar body by vacuolar extrusion or budding.  Whatever
the action of the stimulus 1s, 1t does not dissociate the nucleolar-thromosomal
complex  The reversible hyperacumity 1s hmited to e, d and, occasionally, ¢
(r160RE 10)  The magmtude of the response 15 hmited and requires continuous
sumulation  When the stimulus 15 withdrawn the nucleolar hyperactuvaty
subsides as shown, for example, by removal of thioacetamide simulation after
nucleol have been goaded to become larger in hiver cells or to a lesser degree in
kidney cells (Klewnfeld®)

(2) Irreversable hyperactiuty  Other sumuly, either endogenous or exogenous,
may bring about irreversible hyperacuvily. providing these agents dissociate
or disrupt the nucleolar-chromosomal complex, that 1s, from g to f or ¢ to f*
(FIGURE 10)  Followmg this, various sequelae may emerge  The precise
response of the nucleolus would be modified by the properties of the sumulus

Tnany event, the hyperactity of the autonomans nucleolt may be expected
1o continue after the stunulus i1s withdrawn  Thus, the comversion of a to f
or 1o f* 15 no longer reversible, since the normal nucleolar-chromosomal complex
as a mutual regulatory mechamsm no longer euists  The nucleolus 1s autono-
mous because 1t possesses those components that permut growth or elabora-
tion of vanous substances, and even replication during the mterphase The
1wzl action of a stimulus may be by i\ of
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in which distuption of the nucleolar-chromosomal complex is induced either
through the action of an agent or some accident within the cell. There are
two variants of this reproductive cycle. In the first, the nucleotus 1s completely
separated from 1ts chromosome, as in FIGURE 10f. The first response to a
hyperactive stimulus would be the sequence f to g to  (riGURE 10), leading to
hypertrophy, budding, and additional secondary nucleolar bodies. The
nucleolar mass containing the nucleolar organizer, nucleolonema, and pars
antor pha may recycle by the route g to  to g to /;, and so on (FIGURE 10), The
mam end product of this cycle is an increase in either amount of nucleolar
material or 1 number of secondary nucleoli, The detached nucleolar orgamzes
contained by the nucleolus may induce filament formation (FIGURE 10i) and
rephcation of the filament (FiGURE 107)  On reconstitution of the pars amorpha
there will be an increase in the number of autonomous nucleoh; that 1s, repro-
duction of nucleol during the interphase. Continued further hyperactivity
may repeat the cycle fto g to & to ¢ to j to f, and so on (r1cUre 10). There1s
no nucleolar-associated chromatin or DNA in this senes.

The second variant involves the distuption of the nucleolar-chromosomal
complex with part of a chromosome remaining attached to the nucleolar or-
gamizer (FIGURE 10/} The stmulation of this complex to hyperactivity leads
to the cycle starting with f’ to g’ to /. Continued stimulation may recycle
from /' to g’ to I, and so on. The nucleolar-associated chromatin in this
series represents the residue from the chromosome that stays attached to the
nucleolar organizer There may be an increase in the amount of chromatm

. e [P STE o

(FIGURE 10)')  On reconstitution of the pars amorpha, there is an increase 1n
nucleolar number (autonomous) and possible hyperactivity, such as from
i tod to) tof
There 1s, therefore, the opportumity for the replication of both nucleolar
bodies and associated chromatin during the interphase. Induced hyperactivity
that leads to the dissociation of nucleolar-chromosomal complexes, either with
or without nucleolar-associated chromatin, is essentially irreversible, principally
because of the improbability that the nucleolar-chromosomal complex (FIGURE
10a) would ever be reconstituted 1f once separated
Résumé of Nucleolar Cyles
(1) Normal reproduciion during mitosts
atobtoctoad @’ represents the nucleol m daughter cells
resulting from mitosis
(2) Normal claboraton of pars amorpha
atodtoe With limited or controlled elaboratton of
pars amorpha and assoctated substances
(3) dtypical aucleolar cycle (no nucleolar-assocraled chromatin)
growth cycle
gtoftogtoh(togiok Leads to uncontrolled production of pars
amorpha, but without increase 1n nucleolar
(autonomous) number



Ropac & Mateyko: Studies of Malignant Nucleoli 273

cleus should have the same number of nucleolar chromosomes and, accordingly,
the same number of nudeali. As described previously, this situation does
occur, and one may see almost ydentical nucteolar patterns in the daughter
cells  Yeates? also showed that binucleated cells of Tmesiplerss not only had
the same number of nucleob, but 1hat the fusion of nucleoli dunng 1elophase
occurred simultaneously m the two nudlei,

Tn neoplastic cells, there are frequently great differences 1n number, size,
shape, and distribution of the nucleol n binucleated cells  In all probabibity,
most of these differences are produced by the faillure of mutosis to provide an
equal distribution of nucleolar chromosomes 1n the daughter nucles  There 1s
no question that anomalies during mitosis can be seen in neoplastic cells  One
of the more frequent incidents 1s the lagging chromosome or the chramosome
bridge  If these chromosomes were also the ones carrying the nucleofar com-
plex, then a monosomic, trisomic, asomic, or tetrasormc condition might occur,
thus leading to reduced nucleolar numbers in one nucleus and increased nucleoli
i the other

Termnal Phases of Nucleolar Cycles
Most of the nucleolar lesions that have been descnibed and lustrated
FIGURFS 1 to 8 represent a terminal phase A résumé based on the generalized
scheme of nucleolar cycles (PIGURE 10) 15 presented below.
(1) Nuclear masses lacking nucleslonema
(a) Usual intranuciear termnal phase*
Stat, or enlargement of nucleolar body due to vacuolation, but
no rea) increase in mass {10k, J).
Fragmentation, with or without vacuolation (10m, n)
{b) Extranuclear terminal phase
Extrusion of nucleoli, as in 10t and 10u, where subsequent fragmen-
tation of vacuolation, even disintegration, may occur in cyto-

plasm
(2) Mucleols derived from f-g-h cycle
(a) Intranuclear phase
Growth and jormation of large, bizarre nucleol (100).
Hypertrophy and pleomorphism may be followed by vacuolaton
(100) or fragmentation (sumilar 1o 10m, n)
Formation of filaments (10:) and subsequent replication {107)
(b) Cytoplasmic phase
Extrusion of filaments from nucleus to cytoplasm (10p, s)
Extrusion of nucleolus, as m 10, which may resuft m filament for-
mation, increased vacuolation, fragmentation, or disintegration
m cytoplasm
Extrusion of filament with part of the filament remasmung 1n nuclens
and another part in cytoplasm (10p) This arrangement ensures
2 nucleolar mass within the nucleus following consohdanion of
nucleofonema and reconstitution of pars amorpha, even though
the equivalent of a nucleolus has been extruded mto the cytoplasm,
The fate of the nucieolonema in the cytoplasm 15 unknown
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the stimulus; that is, the passage from f to % or from f’ to /' may be further
goaded by excess stimufation  Reversal to normal status is improbable, since
this would require reconstitution of the original nucleolar-chromosomal com-
plex.

Faclors That May Produce Variations in Nucleolar Number

The normal number of nucleol in any cell depends on the number of nuclelar
chromosomes contained within the nucleus, Thus, in cells of the human
female there should be four nucleoli, since there are two autosomal nucleolar
chromosomes and the two X chromosomes that are associated with nucleol:
(Schultz and St. Lawrence), Fusion, which may occur during telophase,
could reduce the number to a minimum of one nucleolus (Matsuura,’ Yeates™)

In neoplastic cells, there are frequently many more nucleols than could be
accounted for on the basts of the euploid number of nucleolar chromosomes,
such an increase In number can be produced in a number of ways. It should
be emphasized that, m general, 1t 1s not possible to differentiate between pri-
mary, autonomous, or secondary nucleoh unless special methods are employed.

Nucleolar numbers may be increased by budding, asnd to e, gto b, org
to # (FIGurE 10). Repiication of nucleolonema during the mterphase, with
reconstitution of pars amorpha, would increase nucleolar number, as in ¢ to

Jtofto7 toy tof eycles. Budding, if followed by recycling and addit:onal
budding, would also mcrease the number of nucleolar bodies, asin g to 4 to g
tohorg tok tog 104’ The fragmentation of nucleoli, either with or without
elaboration of nucleolar substance, would give an increase in number of nu-
cleolar bodues, as 1n #, n, or the fragmentation of ¢ (FIGURE 10).

Finally, an increase in the number of nucleolar chromosomes would increase
nucleolar number  Aneuploidy, mn which there 15 a polysomic condition spe-
cifically nvolving the nucleolar chromosomes, would account for abnormal
numbers of nucleoh The nduction of polyplowdy in the cell by any of the
possible mechamsms (Hsu and Moorehead®) would also increase the number of
nucleolar chromosomes Thus, 1f the cycle from @ to b to ¢ goes back to @
within the same cell, there would be a doubling of the nucleolar chromosomes
In all probability, aneuploidy with pol nucleolar ch and poly-
plowdy are perhaps the mam agencies respousible for high nucleolar numbers
1n a cell (Gates™)

The number of nucleoh 1 a cell may be reduced in several ways The usual
mechamsm for this 1s the fusion of nucleoh, usually during telophase Nuclech
may become extruded mto the cytoplasm, asin s, 4, and # (FIGURE 10), if these
are modified, 1n the cytoplasm, to be unrecogmzable, there would be an obvious
reduction 1n nucleolt

Nucleolar chromosomes may also be reduced 1n number, for example, during
rmitosis there may be an unequal distribution of nucleolar chromosomes ~ One
cell may become trisomic while the other becomes monosomic A sunilar
effect coutd result from the failure of the normal recycling of the nucteolar
chromosomes dunng mitosis, especially if the step from & to ¢ fails

The best cells for the study of vanability in thé number of nucleoli are the
pnucleated cells i mitosts 15 correctly performed, then each daughter nu-
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nucl can become lv associated with a new set of chromo-
somes.

It would be highly unlikely that each set of anaphase chromosomes would
acquire one of these nucleolonemata, however, at least one cell of the two might
1nherit the nucleolar companents  The next step would require the condensa-
tion of the nucleolonema to form a tuft and, following this, the accumulat:on
of pars amorpha to produce a new autonomous nucleolus  Ordinarily, the
pars amorpha begins to accumulate at telophase before the new nuclear mem-
brane is reconstituted (FIGURE 15)

To what extent can nucleolar bodies lacking the nucleolonema and nucleolar
organizer (FIGURE 10%, [, m, and ) be transmutted to the next generation of
cells® The chances are probably zero. The reason is that the main bulk of
the nucleolar body would become dispersed during the onset of mrtosts, since
1t consists mainly of pars amorpka. The nucleolar body, honever, could not
become reconstituted during telophase, since there is no nucleolonemal tuft
onto which the pars amorpha could accumulate. The dispersed pars amorpha
would most likely become scattered in the cytoplasm, although some of this
substance might be transmitted to both cells just as most other cytopfasmic
mclusions and components are  The most reasonable interpretation s that
the nucleolar bodies Jacking the nucleolonema are the end of the line and cannot
be transmitted to successie cellular generations The same fate probably
anaits the extruded nucleolar bodies, unless they may still have a nucleolonema
and nucleolar organizer capable of surviving in the cytoplasm If so, then
these could possibly be transmutted m the way suggested for nucleoh derived
from the f or f” cycles

TRANSPLANTATION OF NUCLEOLL FRoM Crir To CELL

There are many questions to be answered. Are the nucleok the hey to the
problem of the neoplastic cell> Are nucleolar lesions directly invelved in
malignancy, or are they the result of malignancy? To what extent 1s the
nucleolar-chromosomal complex one of the basic regulatory mechamsms in the
cell> What 15 the essential cytochemistry of the nudeolus® What are the
real functions of the nucleolus, whether 1t be 1n a normal cell or 1n a malignant
one? Cenamly, the best and prohab!y, the only way of appmachmg answers

- PO

'elapmcm of \arous micrurgical tech for t 1 Il
particles  VWyth these methods {Kopac®), nucleolt ha\e been transplanted
from one cell to another  The implantation of inclusion bodzes from neoplastic
cells into normal cells 1s another approach

As described by Kopac,® % nucleoli can be removed from the nucleus of one
celi and placed into the cytoplasm of another cell with silicomzed microprpettes
and semquantitative volumetnc controls Micropipettes with apertures of
about one micron are suitable for removing pieces of the nucleolus, while larger
mucropipettes are necessary for transplanting nucleol. The mclusion bodies,
which may develop as a consequence of viral nfection n the nucleolus, the
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(3) Nucleoli derned from f'-g'-k cycle.
(a) Intranuclear phase:
Growth and formation of large, frequently bizarre nucleolt (10r)

with extensive hypertrophy and pleomorphism

Nucleoli form pyrommnophlic, vacuolated inclusions that are atways
associated with DNA and large RNA masses (10r)

Formation of filament (10#') and replication (10} These filaments
are always associated with DNA, and there is a frequent sugges-
tion of duplication of DNA (10)') as well. Structure of DNA
masses is too irregular to be considered, per se, as duplication of
<hromosomes.

(b) Cytoplasmic phase.

xtrusions of nucleol: or nucleolar filaments assocated with DNA
do not occur.  Extruded filaments may be associated with DNA
in the nuclear phase, but DNA either is not extruded or else 15
destroyed as fast as 1t reaches the cytoplasm,

Transmisston of Nucleolar Characteristics from Cell to Cell

problem. Obviously, 1 the nucleolar-chromosomal complex is intact (FIGURE
10a), then propagation of the nucleolus goes through the normal mitotic cycle,
from a 10 b to ¢ to &, with reorganization of nucleol occurring during the telo-
phase. Thus, nucleoli that have been modified to go through the progression
@ 10 d to e can be propagated and passed onto the next generation.

The exception to the propagation of an acquired hyperactivity might occur
1f the action of the shmulus were focused primarily on the pars amorpha
Ths fraction apparently 1s not directly conttnuous from one generation to the
next 1n the same way the nucleolonema, the nucleolar organizer, and the chro-
mosome are

On the other hand, what are the chances of propagating nucleoh denved
from the f or f* series? If the nucleolus from the f” senes is attached to 3
chromosomal fragment that includes the kinetochore, there 15 a fairly good
possibility that the umt might particapate normally in the mitotic cycle This
15 generally true whenever any chromosomal fragment carries the kinetochore
Chromosomal fragments without the hinetochore may encounter a difficulty,
1f not an 1mpossibility, 1n entering into normal mitotic events.

Nucleolar derivatives of the f series or /* series, m which the kimetochore 15
not a part of the chromosomal fragment, could be propagated from cell to cell,
but only 1n a haphazard manner These nucleoh would, 1n all probabihity,

,,,,,,,, PRI TSR cemr ¥ ctanh

UL e e

nucleolonemal strands become evtended there 1s a possibibity of becoming
entangled with some of the chromosomes, and then these may be pulled 1o one
of the poles during anaphase along with the chromosomes 1In this way the



Kopac & Mateyko: Studies of Malignant Nucleoli 277

sucleus, or the qtaplasm can also ke transferred to any part of the same or
different cefls with mxcmpq)cues and precisely controlied microinjectors. A
scheme for d an has been devised especially for
transplanting mucleoh and inclusion bodies (Ropach).

Tronsplantation of Nucleolus inte Cytoplasm

The Iining cells used for these expenments were those of the Lucké adeno-
carcinoma of the frog kidney grown in a fluid medium in tissue cufture.  Trans-
plantations of the nucleoh shown in FICURE 11 were made by micropipette
transfer using the television-micromanipulator-oscitloscope unit (Kopac®),
Approvimately 12 hours after the nucleoli were transferred, the cells mere fixed
m cold methanol  They were then stained with methyl green and pyronin Y
according to the method of Long and Taylor' to bring out differentially struc-
tures comaming both DNA {stained green} and RNA (stamned rose-pink),
Alter 12 hours in the ¢ toplasm of another cell, the expenimentally transferred
nucleeh have the same color as the nucleoli i siw

The photographic records of the nucleoh were taken from the video screen
with a Polaroid camers  The pictures are usually tnple exposures so that the
positions of the hines selected for analysis can be seen The osciffoscope traces
of the video hines selected for analysss are positioned and the sweep time ad-
usted 1 order to register the hey vertical positions of the traces with the struc-
tures shown in the cells A faxge amount of data, especially the detection and
measurement of changes i nucleoh, can be densed by this method of recording
viden imapes and oscilfoscope traces

The transplanted nucleslus shann m risere 11 (2) has developed a large,
prominent central vacuolar zone that s clearly mdicated by both the video
smage and the oscilioscope traces, i particular fsnes B and C It 55 evident
that the density of the transplanted nucleolus 15 almost as high as that of the
nuclentus 2 sify  Both nucleoh are surrounded by chromophobie coronas

In another expeniment (Kopac®) 1he transplanted nucleotus did not form
vacuoles, and its opticat densry was approumately equal to the deasity of
the nucteolus 1 sif Both of these nucieol: were summnded by chmmophobxc

coronas, wath the more p corona d nucleo-
tus
Nucleols, following ly 12 howrs’ sojourn

3 new envirenment, such as the CylupLzsm nl a dzl[crtnz cell, may ar may
not become sacuolated At the present nme there 15 no explaration why some
nucleolt are d following and others are not It 1s
clear that the appearance of the vacuoles 1 the transplanted nucleolus need
not necessanty be the result of transplantation perse  On the other hand, ait
transplanted nucleoh become surrounded by the chromophote corona.  The
transplantation of oy toplasm {rom one celt to another (frog Inver) does not cause
any chramophabic zones ta develop (Kopac*), thus mdicatng that sransplan-
wton, per se, 15 Aok far the ¢ coronas with
transplanted nucleoh

In general, nucer are highly suscepuble to mechanmical puncture Ths
effect was descnbed by Chambers and Fell,*? who showed that the nuder of




216 Annals New York Academy of Sciences

Jone Ln this AMSIANCE, LUE I \UAIL ULHSILy UL U CLalsp I HUCIEUIS T 4iniost o
Tgh (me €) as the nucleolus s siti



Kopac & Matey kot Studies of Malignant Nucleoh 2%

4

hiotaz 12 - Diagrams of eperation for companag, transpased ard trsnsplanted pucksoh
3 hvieg cell In these diagrams, n 1 the oucleolus, X' the nucleus, ¢, the cytopfasm of
cefl L and 5 the eytoplasm of eefi 2 The donor celt LA, ustrig 43 mbioh skation, s ae Y g€
(Kepacy  In (H), the cefl 13 shown ofter a nucloolus was teansferred from she nuchens 1o
Oteplasm, {alowed by transplantation of a nudieolus from celt § Thus, after trapsposition
of the nucleolus o6y loplasm, the n E #,eCy ~ Yorinedyy
Follns ing, tsan=posstson of nucleofurs 2, the nucleolus (stppled) from cell t w tsansplanted, 1o
Bive mrmgCy ~ AwiweV);  The jast statement <lates that the qucheol, fram cell {and
ell 2 are 2 suligroup 1 the ) toplasm of celt 3, but aot al the donar muclens (X3} nor of she
muact nucleus (red)y {8 3 pecessary to wer 8 hinuclealed cell th oreler that the ol may
survive aftee one of ats nucle) has been damaged by removal of the nucleatus

multmutleated cells, a3 descnibed in the previous setvon o sicugs, 124
and B, an operation dsagrammesd that permats the companson of 2 transpased
nuclealys with one that has been wansplanted  This 1s the only type of ex-
penment that aiows one 1o evaluate the possible effects of the (ytoplasm on
& nucleofus or vice versa, sytce this procedure supphes the same environment
for both nucleolt  The method requires a bnucdeated cell sw that the removal
of the nucleotus, with subsequent destrustion of the donat nucleus, will not lead
to death of the cell. kxpersments of this type will belp answer the question
whether cytoplasi promotes the vacuolatton frequently seen w both evtruded
and transplanted nudleol

It s, unfortunately, wmpossile to implant a nudeolus nto the nucleus,
howeres, a practnal approach has been designed that may yeld the same
result as if the nuclestus had been smiially smplanted mio the nudews  Ace
sordngly. 1be posoble way of wiroduong a nucdeolss WD & aclens 1s an ine
direct one, i1 that the nudenlus wan be placed near ane of the hrompsomal
masses during late ansphase ot early telophast, poior te reconstiution of the
new nuelear I} e Unuder these cond there s a gond possthitity
that the transplantud nudeotus wilf be endosed by the new post-telophase
wuclear membrave  Reference (o 116LRT s wil sho (hat, at ths tme, the
newly formed na leoh followsng mitos are surrounded by the telophase chra-
mosomes  Laicr, the tew nwlcar membrane 1s formed around this chromo-
somal regroupnny

The operation w representesd agrammatically 1 £26URE 134 and B The
onsgin of the natteotus, tsng the sy Wbols desenbed previously by Ropae ™ 15
ndrated w the diagram (it R 134} In this mstance, the nucleolus comes
from a mulunuceotare nudeds  Tetween prometaphase 2ad early telophase,
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chick fibroblasts, in tissue culture, are casily and irreversibly damaged by
puncture with a mic le. A leated fibroblast will distntegrate
completely if its nucleus is punctured  The nucleus first becomes coagulated;
then a granular precipitation is produced in the cytoplasm, thereby killing the
cell in a short time. In binucleated fibroblasts, the punctured nucleus also
coagulates, but the disi ve changes in the cytoplasm occur only near
Ul LTS .

tha inuired noclane Thasntand anane 1

i

field shown by the photograph, this cell contained several nuclei, so that the
cell Ined despite the destruction of one of them, The nucleolus depicted in
the picture was removed from the nearby nucleus at the time of interphase,
The nucleus shows obvious signs of deterioration, such as the appearance of 2
coagulated mass that has shrunken away from the nuclear membrane. There
1s almost complete loss of staining of the nuclear residue by methyl green
Essentially, no changes are evident in the cytoplasm, The nucleolus main-
tamed 1ts denstty and pyroninophilic properties, although an incipient vacuole
was developing, as shown 1n the video 1mage and selected hine, C.  The nucleo-
lus is surrounded by a chromophobic corona. Even though the interphasic
nucleolus 1s now 1n a new environment (the cytoplasm of the same cell) 1t has
survived the operation, while the nucleus has not

There 15 no explanation, as yet, for the chromophobic corona that is so fre-
quently associated with nucleol, either m sifn, extruded, or transplanted.
Furthermore, these coronas can be seen 1n hving cells by phase-contrast optics
or even by transmitted light and, consequently, are not necessarily a fixation
artifact There 15 a fairly good chance that the substance making up the
corona tomes from the tranucleolar vacuoles  The cytochemstry of the
chromophobic corona 1s now under mvesugation, Mateyho and Kopac,’ hate
found that the corona resists most staiming techmiques, and that the substance
within 1t contains carbohydrates  The cytochemstry of the substance within
the nucleolar vacuoles will probably pose an interesting problem. So far, the
only cytochenucal studies reported on nucleolar vacuoles are by Macary and
these are unable to state anything positive Nevertheless, the vacuolar
maternal 1s capable of mducing cytochemical changes that render nucleoplasm
or cytoplasm unstawnable by such dyes as methyl green, pyronin Y, hematovy-
hin, eosin, or phloxine

Transplantation of N uclevlus tnto the Nucleus

The extremely desrable operation of transplanting a nudleolus from one
cell to the nucleus of another cell 1s one of the most delicate operations, and the
survival of cells following this operation 1s rare mndeed  The reasons for this
are the susceptibility of nucier to mechanical puncture, and the necessity for
puncturing the nuclear membrane of an interphasic nucleus 1n order to implant

cleotus
lheﬁ:zn the smportant operatton of transposing (Kopac®) a nucleolus from the
nucleus to the cytoplasm of a cell can be accomplished only in hinucleated or
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multinucleated cells, as described in the previovs section. In riovre 124
and B, an operation 1s diagrammed that permus the comparison of a transposed
nucleotus with one that has been transplented  This 15 the only type of ex-

of the nuclestus, with subsequent destruction of the donor aucleus, will not lead
to death of the celf  Expenimenss of thns type wifl belp answer the question
whether cytoplasm promotes the vacuslation frequently sees 1n both extruded
and transplanted nucleali

it 1, unfortunately, smpossible ta implant a nucleolus into the nucleus,
however, 2 practical approach has been designed that may yield the same
result as of the nudeolus had been wutially wmplanted 1nto the nucleus  Ac-
cordingly, the possihle way of introducing a nucleolus into a rurleus 13 an -
direct one, tn that the nucleolus can be placed near one of the <hromosomal
masses duning late anaphase or carly telophase, priur to reconstitution of the
aes nudear b Under these Bt there 15 a good possininy
that the transplanted nucleolus will be enclosed by the new post-telopbase
nuclear membrane, Reference te FIGURE 1z wall show that, at this time, the
newly formed nucteol following mutosis are surrounded by the telophase chro-
mosomes  Later, the new nuclear membrane 1 formed around this chrome-
somal regrouping

‘The operation is represenied dagrammatially i FIGURE 13A and B The
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chick fibroblasts, 1n tissue culture, are easily and irreversibly damaged by
puncture with a microneedle. A mononucleated fibroblast will disintegrate
completely 1f its nucleus is punctured  The nucleus first hecomes coagulated,
then a granular prectpitation 1s produced in the cytoplasm, thereby killing the
cell 1t a short time. In binucleated fibroblasts, the punctured nrucleus also

coagulates, but the dmsintegrative changes m the cytoplasm occur only near
B SN SIS A S A R SR

. in the
field shown by the photograph, this cell contained several nuclet, so that the
cell lived despite the destruction of one of them The nucleolus depicted m
the picture was removed from the nearby nucleus at the time of interphase.
The nucleus shows obvious signs of deterioration, such as the appearance of a
coagulated mass that has shrunken away from the nuclear membrane. There
is almost complete loss of staining of the nuclear residue by methyl green.
Essentially, no changes are evident in the cytoplasm The nucleolus main-
tamed 1ts density and pyroninophitic properties, although an incipient vacuole
was developing, as shown 1n the video image and selected hne, C.  The nucleo-
lus is surrounded by a chromophobic corona  Even though the interphasic
nucleolus 1s now 1 a new envirenment (the cytoplasm of the same cell) it has
survived the operation, while the nucleus has not.

There 1s no explanation, as yet, for the chromophobic corona that 1s so fre-
quently associated with nucleol, either i sifs, extruded, or transplanted
Furthermore, these coronas can be seen in living cells by phase-contrast optics
or even by transmitted light and, consequently, are not necessarlly a fixation
artifact  There 1s a fauwly good chance that the substance makmng up the
corona comes from the ntranucleolar vacuoles, The cytochemistry of the
chromophobic corona 1s now under 1nvestigation, Mateyho and Kopac,” have
found that the corona resists most staining techmiques, and that the substance
within 1t contains carbohydrates  The cytochemistry of the substance within
the nucleolar vacuales will probably pose an interesting problem. So far, the
only cytochemical studies reported on nucleolar vacuoles are by Macary' and
these are unable to state anything posttive Nevertheless, the vacuolar
material 1s capable of inducing cytochemical changes that render nucleoplasm
or cytoplasm unstainable by such dyes as methy! green, pyromn Y, hematoxy-
lin, eosn, or phlovine

Transplantation of \ ucleolus o the Nuclens

The extremely desirable operation of transplanting a nucleolus from one
cell to the nucleus of anather cell 1s one of the most delicate operations, and the
survival of cells following this operation 1s rare mndeed  The reasons f{)f this
are the susceptibility of nuclei to mechanical puncture, and the necessity for
punctunng the nuclear membrane of an mterphasic nucleus 1n order to implant
the nucleolus .

Even the important operation of transposing (Kopac™) a nucleolus from the
sudleus to the cytoplasm of a cell can be accomplished only 11 binucleated or



Kopae & Mateyko. Studes of Malignant Nucleoli 81

Altheugh the techmugue of sulkellular (nonsplantatian has been adsanced
to the powt that suckeolar teansplantation ispassible, and although, in addition,
raped Scanning methods are avalable for analyzing changes i some of the prop-
erties of the transplanted pucleotus, mast of the important brologicat effects
cannot be answered untdl better methods rre avarlable for the prapagation of
expenimentally modified cells in tissue culture.  There 1s already some progress
1 this direction, including the development of a special chamber adaptable
for Loth macrurgy acd Ussue culture  In addition, some of the methods for
cufturing relavely few cells and producing clones therefrom have been de-
wetoped and tested by Puch and s B With these fmproverment
in pracedure, and with the background of information presented i thus report,
there should soon be an answer to the fundamental question What is the role
of the nucleolus 1 the eancer process?
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there is no nuclear membrane; consequently, the dotted circles in FIGURE 13B
represent the fields now occupied by chromosomes and later become the sites
of new nucle formed during telophase.

An important time factor 1s involved The new nucleolus should be tm-
planted near the chromosomes at the instant the new nucleol would ordimarily
make their appearance (see FIGURE la), By this time the anaphase 1s com-
pleted and the telophase 1s commencing  The pars amorpha 1s elaborated at
this time, thus making it unlikely that the pars amorpha of the implanted
nucleolus would be modified  Usually, the nucleolus 1s the first prominent
structure o make 1ts app e after the ch have reached their
polar position (end of anaphase) and begin to regroup In chick fibroblasts,
for example, the nucleolus becomes reconstituted several minutes before the
new nuclear membrane 1s formed

il . C e

important 1s the fact that no nuclear membrane need be punctured  Further-
more, the nucleolus 1s actually implanted into the cytopfasm, and the temporary
survival of a nucleolus 1n cytoplasm 1s assured on the basis of transplantations
already performed
Assumung successful *“adoption” of the transplanted nucleolus, it will be
possible 1o begin to get amswers to several questrons that have been raised,
especially 1n reference to the transmussion of acquired nudleolar charactenstis
10 successne generations of ells  For example, will the pars amorpha of
: T ' ‘- -tve nucleoh “disappear’?
1ext generatton 1if 1t lacks



ADVANCES IN THE XNOWLEDGE OF THL LOSINOPHIL IN
RELATION TO ANTIBODY FORMATION*

By Robert § Spewrs
Department of $natome, Colfege of Vedicme, State Unnersity of Yew Y ork, Broakiyn, X 1}

In an cother review published by ’th \cw \’mk <\mdemy of Sciences in
19554 3t mas reported that hatques could be
used fo determune the ceflufanity of ﬂuxds, such as the peritoneal fluid, which
accumulate m different areas of the body, This approach made st possible to
correlate Iocnl (pemone:xl furd) and systemic (blood) changes in )eukoc)hc
and 1 celis following of
drugs, antigens, and other such substances It was noted at that time that
following repeated snjections of antigeme matenal there was an accumulation
of eosinophils between the seond and the tenth day after the challenging
mjection. These expenments suggested the existence of a relationship be~
tieen the function of eosinopiils and immuruty responses  This paper reports
further studies of changes m eosmophils during immunclogseal reactions

An accumutation of ccsmophlls around prrasites or after jections of pam‘
sihic extracts has been rcpcmed!y reported 10 the hiersture® & U 8 » »

It scemed advisable Grst to whether

of thas response could be made, and then to determine some of the factors that
change the magmstude of the response  Estracts of the roundworm Qryures
were prepared and mected mtrapentopeally wio mce  Ammals were autop-
sied at various times priot 1o and 2fter the wyection, penttoneal fuid was with-
diawn, and chamber tounts wete made to determine the total cellulanty
Smears were also made for differeatial counts The technwgues used aze
described elsenhere.ts &

The results obtamed from a typical experiment are slustrated m FIGURE 1.
1t may be seen that a shight i« rease m the number of eostnophils oreurred after
the anttial mjectton of exther a saline extract or 2 suspension of the worms  On
the other hand, 1f the animals were pretreated with a senes of five subcutaneons
mgections of enher matenal, a thallenging itrapentoneal injection praduced a.
marhed eosinophslia  Similar reswlts following snjectons of ewrats of the
raundworm 1scaris were reported earlier ¥

These expeniments indicate that, ajthough 2 Jocal eosmaphiba can be pro-
duced by wjection of certasn protesn matermals, the magmtude of the response
depends m part on previous exposure of the ammzd 1o that material

As we continued 1o improve our technyques we found that much of the
vanation brought about by stress conld be ehmmated by first adrenalectoms-
oig ¢he anmals, then sensrzing and chaffenging them Responses simifas
to those shsers od 1 miact mue were ohtamed felloning the myection of a wide
\ane() of antigeni substaues  Macurr 2 summarizes the sesubts obtamned

e expenmunts that ks 1o this n potheas were catticd aut dunng tue past srx vaaes m
e Berin et Th etk o aupported prisants by grants from the Public
Heakth Secuice, Bethesla, M, I s rons the. storme. Trcron. Commormon, 1
ingron, D C
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to the antigen  These data confirm and extend the results publshed earher
by Biggart,? Ringoen,*® Schlecht,® and others

It was of interest to determine whether the accumulation of eosmophils 1s
brought about by the presence of parenteral protemsper se, or whether a specific
type 1s essential Expeniments were therefore designed to determine the
eosmoph! response to an mjection of protein materaf identical to that of the
recipient ammal  Lyophihzed extracts of spleen were prepared from tissue
taken from mice of three inbred strains and were used to sensitize and chal-
lenge other mice of the same strains and mice of different strams? the results
are summanzed m FIGURE + It may be seen that single or repeated mnjections
of spleen taken from donor ammals genetically 1dentical to the recipients pro-
duced only a shight temporary increase m eosmoplils  On the other hand,
repeated 1njections of spleen extracts from ammals that differed genetically
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average at at least six mice

following 1njections of ragweed pollen extract and bovine serum albumin
Animals that were sensitized and challenged with the same antigen shovwed 3
much greater and more prolonged accumulation of eosinophtls in the pentoneal
flwd than did similar muce that had been jected with an antigen differng
from the sensitizing antigen The mononuclear cells (histiocytes) also in-
creased in number aiter the reinjection of a specific antigen, but this response
was found to vary, depending on the antigen mjected  The number of neutro-
phil and mast cells was not consistently different in the specific and nonspecific
response
In order to deternune the relationship of sensitization to the eosinophit
response, we compared the +-day response in anumals that had recerved diffesent
numbers of sensitizing 1njections at weekly intervals The results obtamed
are shown in FIGURE 3. It may be seen that, with repeated sensitizing sub-
cutanequs imjections, there was a progressively greater accumulation of eosino-
phils following each chall pentoneal injection up to the fifth  On
the other hand, there appeared to be no cansistent response pattern in the
rumber of mononuclear cells These and other evpermments indrcated that
. SL U mmeemens ts e 4 exfracts, ragheed pollen extracts, tetanus
erythrocytes, foreign serum, or serum
There 1s 4 relatively shight eosinophiha m
response to the first 1njection, and a progressively greater and more prolonged
accumulation of eosinophils Tollowing each successive exposure of the ammals
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of eosinophits occurred with the isogenetec extracts, while marked response occurred with the
heterogenetic extracts*

Trouxr 5 illustrates changes 1 serum antitoxin Uters as well as i the eosin-
ophil response following a challenging injection of tetanus toxoid mn tetanus-
immumzed mice 1t may be seen that a challenging mjection of tetanus tovord
produces a local eosinophilia at the site of mjection prior to or stmultaneous
with the increase in serum antitonn trters It may also be noted that the
change 1n local eosiophil concentratton is reflected m the blood, spleen, and
bone marron  The data obtained show no evidence that any of the eosino-
Phils seen 1n the peritoneal flutd are produced locally Al the cells responding
to the antigen injection are segmented, fully mature cells  On the other hand,
there 1s an immediate decrease tn the number of blood and splentc eosinophls
and a progressive increase 1n the number of the immature cells of the bone
marrow By the sicth day atter the challenge these initaal changes are fol-
lowed by a corresponding tncrease 1n the number of segmented forms i the
bone marrow, blood, and spleen

These data confirm the concept that eosinophils responding to the antigen
come from the cwrculating blood  After a challenging njection the level of
eostnophuls tn the blood 1s ] furst by splemc and later by
the differentiation of stem cells in the bone marrow

A series of studses was undertehen to Jetermine the fate of the eosinophils
that had accumulated tn the perttoneal cavity following a challenging tajection
Although our studies are not yet complete, prelumtnary results wdicate that
there 15 extremely hitle phagocytosis of eosinophis i ammals that have re-
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from the reapients produced a prolonged and greater accumulation of eosino-
pluls

These experiments indicate that the eosinophil response 1s not merely the
Tesult of a local mflammation brought about by proten njection, but the
response 1s part of the cellular reaction of the ammal to a foreign proten  The
eostnopht] response must therefore be considered part of the immunity mecha-
msm of the ammal

The relation of eosmophuls to immunity respenses 1s further indicated by the
fact that repeated mjections of the same antigen must be made mn order to
obtain a maximum eosinophiha  These injections should be spaced at intervals
of from 5 to 25 days®™ © Turthermore, the eosinophil response reported
here 1s not only charactenstic of the peritoneal flnd, 1t 1s charactenstic of the
fld at any site of penetration of an antigen  Accumulations of eosinophils
have been reported around the antigen whether 1t was mtroduced intrapert-
toneally, subcutaneously, intravenously, or via the digestive or the resprratory
tracts  These cells also accumulate m lymph nodes drammy an area of m-
jection or snfection and m the spleen following an intravenous wnjection af
foreign matenal? ! 16,22 29 40 4y &7
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Treure 5 nlustrates changes 1a serum antitoxin tuers as well as i the eosin-
ophil response following a challenging injection of tetanus tovord i tetanus-
immunized mice It may be seen that a challenging mijection of tetanus texoid
produces a local eosnophilia at the site of myectian prwt to or simultaneous
with the increase m serum antioxin tetess It may also be noted that the
change in local eosmoplul cancenteatinn 15 reflected 1 the blood, spleen, and
bone marrow  The data obtated show no evidence that any of the cosino-
Phils seen in the peritonenl flwd are produced locally Al the cells responding
to the antigen wjecton are segmented, fully mature cells O the other hand,
there is an immerhate decrease tn the number of blood and spleni eosinophsls
and a progressive ncrease in the number of the immature cells of the bone
marrow By the sixth day after the challenge these mitia) changes are fol-
Jowed by a correspondsng 1ncrease in the number of segmented forms v the
bone marrow, blood, and spleen

These data confirm the concept that eosinophils responding to the antigen
come from the circufating blood  After a challenging tnjection the level of

ophls 1 the Liood s d first by splenic hils and later by
the dilferentiation of stem cells 1 the bone marrow

sevtes of studies was unuertahen to determme the fate of the eosinophils
that kad aceumulated n 1he pentoneal cavity folloning a challenging mjection
Although our studies are not yet complete, prehmunary results indicate that
there 15 eviremely hitle phagocytoss of eosinophuls n animals that have re-
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from the recipients produced a d and greater ion of eosino-
phils

‘These expeniments indicate that the eosinoptul response 1s not merely the
result of a local inflammation brought about by protem injection, but the
response 1s part of the cellular reaction of the ammal to a foreign protemn  The
eosinophil response must therefore be considered part of the immumty mecha-
msm of the ammal

The relation of eosinophils to immunity responses 15 further indicated by the
fact that repeated injections of the same antrgen must be made in order to
obtam a mavimum eosinophihia  These 1njections should be spaced at intervals
of from 5 to 25 days? % Furthermore, the eostnophil response reported
here 1s not only charactenistic of the pentoneal fluid, it 1s charactenstic of the
flud at any site of penetration of an antigen  Accumulattons of eosinophils
have been reported around the antigen whether 1t was mtroduced intraper-
toneally, subcutaneously, mtravenously, or via the digestive or the respiratory
tracts These cells also accumulate i lymph nodes dramimg an area of m-
jection or infection and n the spleen following an intravenous mjection of
foreign matenial 2 1 167 T4 0@
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Fioure 6 illustrates diagrammatically the changes observed at the site of
antigen injection. If the antigen 15 njected for the first time, the response 15
considered nonspecific  If the amimal has been previously sensitized or m-
munized to the antigen a different response occurs, which 1s referred to as a
specific response  In the nonspecific response there 15 a migration of neutro-
phils and a few eosinophils out of the blood vessels and into the peritoneal
flud  Although there 1s some local phagocytosis of the neutrophils, very
Iittle or no phagocytosis of costnophils 1s normally seen  Most of the cells
have apparently been washed out of the pentoneal cavity and are later phago~
cytized i the lymph nodes and spleen  In the specific response, the neutro-
phil response remains essentially unchanged, but there 1s 2 much greater
magmtude of response by the eosinophils  These eostnophils are phagocytized
by macrophages, both locally and in the draining lymph nodes and spleen
These macrophages are part of the reticuloendothelial system and origmnate
not only from mutosis of local histiocytes, but presumably also from lympheid
cells migrating from the blood vessels and surrounding tissues

The eosinophil response to a challenging mmjection of antigen can therefore
be divided into four stages
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FIGuRE 5 Serum antibody titers and eosinophil responses at vanous periods following
a challenging injection of tetanus toxoid At least 19 mice were autopsied for each day
represented on this chart  Antilody titer represents the minimum lethal dose (MLD) of
tetanus toun neutrahzed by 1 cu mm of serum  Thus was assayed by partial neutralization
with toxn and serial dilution of the remaining antitoxtn with a standard toxin ~ Young mice
were used for the assay

cerved an antigen Injection for the first ime It should be noted, however,
that cortisone ynjections or stress can produce an increase in phagocytosis of
eosinophuls n these ammals '© # * ¥.8  On the other hand, examnatton of
the pentoneal flwid smears of mmunized mice indicates that there 1s a great
deal of phagocytosis of eosinophils by mononuclear cells even without stress or
cortisone mjections  This could be seen even 1n the counting chambers and
was espectally evident on the fourth and sixth days after a challenging injection
M , many of the phils observed within the macrophages appeared
to be 1 excellent condition morphologically, which is 1n contrast to those
observed by Fruhman' and by Poel® after stress or cortisone,

Tt seems probable that, following the first injection of antigen, the eosinophils
are rapidly washed away from the sue as a result of the inflammatory edema
These cells are presumably phagocytized later in the spleen and other tissues
contamning Teticuloendothelal cellst® ¢ ® 40 In the actively mmmumzed
animal there are focal antigen-antibody reactions, Tesulting in the fixation of
antigen? and followed by a greater accumulation of eosmophils over a pro-
longed perad of time  The macrophages engulf not only particulate antigen,
but neutrophil and eosinoptul cells as well  The fate of the eosinophil 15
therefore simular to that ascribed to the neutrophil
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Taste 2
Locat Fosinorin RESPONSE FOLLOWING An INJFCTION oF TETANLS TOYOID 1N ACTRVELY
Tuneaizen MICE AND McE PassivrLy hnnanzen witH RAT ANTISERTM®

Jotal Fosinophiht
of smmuntzation N Challenging mpection 1P sino)
Type of \oof Uenging mpec i
Nemmmunized 4 0 2 ml Tetanus tovord 6626 + 1682
(Ammals tnjected with normal rat
serum
Passively ymmumzeds 56 | 02 ml Tetanustowod | 6305 & 975
(Ammals tmjected with from D 1to 1 0
ml rat antitown,;

Actively immumzed 40 | 0 2ml Tetanustowod | 10739 + 8977
(Ammals previously injected with
tetanus tovend antigen)

* Reproduced by permssion of RES Bulletin ©
1 Counts taken 4 days after challenging injection
1 Antiserum mjected from 1 hour to 6 days prior to challenging injection

rats given repeated injections of tetanus toxoid ® Agam the eosinophilia
observed was not any greater than that observed in animals recerving injections
of normal rat serum or of nonspecific toxoid, as can be seen m TABLE 2. Finally,
we obtained large amounts of mouse serum to use for passive rmmunization
of aur amimals (FIGURE 7) We tried various combnations of antigen and
antibody, not only m normal mice but also in adrenalectomized mice, 1n which
sensitivity reactions are much more likely to occur, but we were not able to
produce an eosimophilia  On the other hand, »f the toxoid was first combmed
with the antitovn and then njected mto actively immunized animals a local
eosinophiha was obtained  Our data indicated that either the toxoid or the

nuamasete prssvrey smsared actomse smamaito,
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(1) An immediate, local inflammatory stage mvolving margination, diapede-
sis, and migration of cells out of the blood vessels and into the area of injection,
or fixation of the antigen This stage occurs immediately after the mjection
and lasts for approximately six days.

{2) A stage of reaction of eosinophils with the antigenic material The
eosinophils are chemotactically attracted from the blood vessels mto the tissue
spaces containing the antigen Phagocytosis of the antigen is seldom seen,
but some reaction must occur between the eosmnophil and the antigen

(3) A stage duning which there is phagocytosis of the eosmophils by cells of
the reticuloendothelial system. This stage begins between the second and
fourth days after mjection and lasts for 10 days or more

(4) A proliferative stage in which new eosinophils are formed in the bone
marrow  This stage appears to reach a peak between the fourth and sixth
days after the challenging injection.

Tt can be observed in FIGUrE: 5 that antibodies were present at the time of
antigen mjection and that they increased in titer between the fourth and sixth
days after the challenging injection It was therefore posstble that the eosino-
phils accumulated as a result of the antigen-antibody reaction or of the ac-
companying mflammation  Experiments were therefore designed to deter-
mtne whether the local eosmophilia could be produced simply by a reaction of
antigen and antibody Mice were passtvely immunized with a commercial
preparation of tetanus antitoxin and then challenged with an intraperitoneal
njection of tetanus toxoud ¥ The results were compared with results obtained
with actively immunized antmals (TaBLE 1).  Although a marked accumulation
of eosinophils occurred 1n the actively immunized ammals, there was no indi-
cation of an increase 11 the number of eosinophuls i those that were passively
immumzed These procedures were duplicated with serum obtamned from

Tase 1
CoMPARISON OF TOSINOPHIL RESPONSES IN ACTIVELY AND Passivery Isunizep MicE
Four Davs FOLLOWING AN INTRAPERITONEAL InJFCTION OF TETANUS TOX0ID
1% Mice v Eacni SERIFS*

Response to
tetanus toxoud
Prosedure.for immunization cosmenhaliect)
ftuid {standard
ervon

Active 4 Subcutancous njections of 005 ml toxord during 4-wech

period 80660 -+ 7817

Passve | & S50 units antitount 1 hr prior to tosoud 1208 £ 166
B 2780 1 e 783 + 271

C 550 72 1 1117 £ 127

D 2780 72 1 1158 £ 417

* Reproduced hy permssion of The Proceedings of lie Society for Evpermental Brology
Mediene
m'dy “\ntitovn—Lederle Globulin Tetanus Antitonin (1 mi is equivalent to 5560 umts)
One half of the mice were injected intraperitoneally, and the remainder were mjected

subcutaneously
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deal of the work that has been reported in the study of aflergic inflaramation
or of inflammation produced by immumty reactions has iavolved the taking of
repeated biopsies from experimental animals  The failure 10 take precautions
to avoid injury and siress probably explamns why eosmophils have not been
{found fy m nfl fon produced by jection of antigens ¥ ¢
The temporary eosinopenz that 1s known to otcur i some parasitic and allergic
diseasest: # may also be due to stress or to the release of large amounts of

Ardranal haveas e thas davepagn b = smel o o6 plena ot 2y ane meel e T -

antibody 15 24

Another factor that can tmhitnt the bl response 15 X irrad 8
It may be seen 1n FiGURE 9 that a dose of 500 r to the whole body inhibis
the 4-day peal cosmophs! response 1f the wrradianion 1s apphed from 1 to 14
days priar to a challenging imyection of tetanus toxoid  This effect 15 presum-
ably dve to an mhibition of hematopaesis and an almost complete disappear-
ance af circulating eosinophals at the time of antigen jection  On the other
band, wradiation after the +hallenging injection appears to result i a high
concentration of eosinnptuls at the site of antigen wmjection

The effect of i on the aw ion of porallels in
many respects the effect of rradiation on antibody production as reviewed hy
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combination of toxoid plus antitoxin was capable of producing a prolonged
eosmophilia in actively, but not in passively, immunized mice.

Although Ringoen® noted that every animal that survived an anaphylactic
reaction exhibited an eosinophilia, there is nevertheless a great deal of evidence
indicating that the eosinophifia is not dependent on local or systemic shack,
Schlecht® noted that a second injection of horse serum into gumnea pigs pro-
duced both shock and a subsequent eosinophilia, However, repeated injections
of serum in surviving ammals produced a greater eosinophilia, but no shock #+ ¢
Samter‘® prevented the anaphylactic reactions with antihistammes and noted
that the severity of the shock and the degree of eosinophilia were not related.
Kark® also noted that the eosinophil changes take place with no relation to
the ifestation or lack of ifestation of anaphylaxis,

These experiments indicate that the accumulation of eosinophils is not
merely the result of shock or the reaction of antigen and circulating antibody.
In the passively immunized animal local fixation of antigen occurs along with
antigen-antibody reactions and a local inflammation  These responses do not
produce an accumulation of eosinophils A characteristic difference between
actively and passively immunized ammals 1s in the amount and rate of antibody
production  The actively inmunized ammal produces new antibody very
rapidly, as illustrated in FIGURE 5 On the other hand, the passwvely m-
munized animal 1s charactenzed by the slow rate of production and relatively
small amount of antibody produced. The eosinophil response and the pro-
duction of new antibody therefore appear to parallel one another mn both the
actively and passively immunized animals This relationship is summarnzed
m TABLE 3.

A series of experiments was performed to determme some of the factors that
mhibit the eosnophil response to the reinjection of antigen ®- % Mice were
sensitized to a ragweed pollen extract by a series of subcutaneous injections
They were then pretreated with 25 mg of cortisone acetate 2 days prior to &
challenging wmjection of the pollen It may be seen m FIGURE § that the corti-
sone mhibited the eosinophihia that normally follows the challenging mjection
These and similar experiments mdicate that an increase in the level of adrenal
cortical hormones will mhibit or completely prevent the local accumulation of
eosinophils at the site of antigen 1njection or parasitic mfiltration® A great

TasLE 3
ComeaRisoN OF THE EOSINOPRL RESPONSE AND SERUM ANTIEODY TITFR APTER ANTIGEN
NJECTIONS IN MicE

Time of challengiag mection Eostnoph! respnnse Antibody titer
-
After mitial mjection of antigen Shght Low
‘After each repeated injection of an-

tigen Progressive ncrease Progressive mcrease
Specificity Great T )
Time of peak response Prior to appearance of | At the ime of eosmophl
new antibody disappearance

After antigen mjection 1n passively

armimzed mice Shght Low
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Fictre 10 Antibody tuters and eosinophil responses 1o a challenging ntrapentoncal
mnyection of tetanus toxord 4 day s after 500 5 whole body X rradiation  There wasa marhed
inhibition of tbe formatian of antibody and an tnhibition of the eosinophil response 1n the
pentoneal flud

as a result of the antigen mjection  This increase could have been produced
either by a proliferation of the bone marrow cells or by a mgration of cells
mto the bone marrow  However, the number of immature cells in the bone
marrow was not sufficient to produce a significant change in the number of
mature cells 1 the blood or 1n other body flnds

Ficurr 11 1llustrates the effect of a challenging injection given 18 days after
rradiation  Note that there 1s a delay 1 the time of antibody formation and
a partial recovery of the serum titer  There 15 also a partial recovery of the
eosinophil response 1n the pentoneal flud  Both the spleen and the bone
marrow show a marked increase 1n the number of immature eosinophils, but
the total number of segmented cells remains relatively low  Thus, at 18 days
there 15 a delayed but partial recovery of both the cellular and antibody re-
sponses to a challenging njection of antigen

Ficure 12 1llustrates the results obtained when the animals were challenged
32 days after wradiation It can be seen that there 1s still a delay in antibody
production following the challenging injection By the tenth day the titers of
the irradiated and ihe control mice were approumately the same On the
other hand, the accumulation of eosinophils occurred rapudly 1 the irradiated
as well as the nonirradiated ammals  Although the imitial response was rapid,
there was a marked delay 1 the removal of the eosmophils from the peritaneal



294 Annals New York Academy of Sciences

=+100,000FT T T T TTTTLTLT g
H Y
3 o 2% CHALLENGING 3
S 160000}~ INJEGTION §  *E
o TETANUS TOXOID ]
[ TNE
- 80000 :
g ™ ‘ |
z 1
- M
S 60000F 1
2 : a
Y aop00}- / . Eﬂ
w L g
S K} i g
& 20000 £ -
= N - o .§
E
= o
a3 28 o4 7 o3 0 5
DAY OF IRRADIATION IN RELATION TO
GHALLENGING  INJECTION
Bromm @ i g o6 5o 5 et g N e e
« . ' . B | .
[ . o
1 " ' N * |
: U L . .
Journal of Immiunalogy - -

Taliaferro,* © Dixon,” Wilhams,® and others The radiosensitive stage of
antitoxin formation appears to be similar or 1dentical to the period when
irradiation causes a marked reduction i the number of eosinopluls responding
to an antigen mjection The radioresistant stage of antitoxin formation
comaides with the period when the eosinophil accumulation has already begun
and will continue 1 spite of the rradiation  Thus the effects of wradiation
on antibody formation can be explained if we assume that an accumulation
of eosinophils around the antigen 1s necessary for antibody formation to occr.
This assumption can be tested by allowing animals to recover from the effects
of irradiation and comparing the time required for recovery of the ability to
form antibody with the time required for recovery of the eosinophil responses
To obtamn this mnformation we irradiated immumzed mice with a dose of 500 ¢
10 the whole body and gave them a challenging njection at various periods
after wradiation  The cellular responses were noted over a 10-day period
Ficure 10 1llustrates the antibody and eosinophil response to an mtrapemoneal
injection of the tetanus toxoid antigen given 4 days after irradiation  There
was a marked mhibition of new antibody production compared with the pro-
duction 1 nomrrachated animals  There was also a marked mhbition of the
eosinophil Tesponse n the pentoneal cavity and an almost complete disappear-
ance of eosinophils from the blood and spleen It should be noted, however,
that although the mature cells 1 the bone marrow had almost completely
dxsappeared, there was stili an increase 1n the number of mmature eosinophtls
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Ticvze 11 Antibody titers and eosinophil responses to a challenging intrapenstoneal
1njection of tetans toxoid 18 days after 500 r whole-body X trradiation A marked delay m
the time of antibody formation and a partial recovery of the eosinopul response occurred

cavity. Exammation of the pentoneal fluid indicated that there wasa marked
reduction in the number of macrophages present n the peritoneal flud, which
could account for the slow rate of phagocytosis of the eosinophils.

In FIGURE 13 a companson 1s made of the rate of antibody formation and the
concentration of eosmophils 1n the peritoneal fluid at varous times aiter
wrradiation  In these experiments measurements were taken of the amount of
peritoneal fluid that could be aspirated 1nlo our pipettes from both control ?“d
iradiated mice  In gomg over these data, Phelps Crump, a statistician,
ponted out that there was a sigmificant decrease tn the total amount of pert-
toneal flmd 1n the irradiated ammals  This loss of fluid would tend to con-
centrate the cells m the remaming penitoneal fluid In order to take this
nto account, we determimed the total number of eosinophuls 1n the aspirated
pentoneal flud by multiplying the eosinophit concentration by the volume
aspirated  The results are plotted in FIGURE 14 It may be seen in FIGURES 13
and 14 that the antibody response closely parallels that of the eosinophil re-
sponse in the pentoneal flud  This comparison is summanzed in TABLE 4

FiGURE 15 compares the temporal relationship of the eosinophil and mono-
nuclear concentration with that of serum antibody titers 1n immunized mice
It may be seen that a loganithmic increase m eosinophil concentration occurs
a sumilar increase in serum antibody titers  In all our experiments the

10T tO
T 1l response preceded the appearance of antibodies m the serum

eosmoph!
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produced  However, 1n some of our irradiation expermments (FiGURE 12) the

presence of eoswnophils per se i the p 1 flud was not
followed by the appearance of antihody Anubody appeared only after the
inoph § from the penitaneal fluid owing to phagocytosis

P began to

by reticuloendothehial cells

Phagocytoss of eosinophils, neutrophils, and lymphocytes has been re-
beatedly observed and is believed to be the pnmary method of eliminating
worn-out or njured cells from the body In our expenments phagocytosis
appeared to be the prmary cause of the disappearance of eosinophils after
thest accumulation at the site of antigen njection  Ringoen® noted that
macrophages at the site of reinjection of antigen contain eosinophil granules,
and he cafled these celis “special” or tissue cosmophils  These granuies did
1ot appear to develop within the macrophage, but appeared suddenly, pre-
sumably by phagecytosis of leukocytic hils  Thus, the 1t

o it

ot only engulfs hils that appear to be in good condi-
tion, but some of the components of the engulfed cells, such as the granules,
may remam as distinct units within the macrophage  In this manner 1t 18
possible that granulocytes, which are assumed to be end cells and to bave no
Progeny, can pass specific enzymatic systems to cells that have longer Life
spans and that are capable of cell dwision.  Plasma cells and eosinophsls have
been repeatedly observed 1n close provumity,” and it 18 interesting 1o note that
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TABLE 4

CO¥PARISON OF THE EOSINOPHIL RESPONSE AND SERUM ANTIBODY TITER AFTER ANTIGEN
NJECTION 1N IRRADaTED MicE

Time of challenging 1njection Eosinophi! response Antibody tter
Prior to irradiation High \gh
4 Days after wradiation Greatly inhilnted Greatly mhibited
18 Days after wrradsation Moderate (delayed peak) | Maderate (delayed peah)
32 Days after irradiation High

8] 1g]
(delayed removal by|  (delayed peak)
phagocy tosts)

Tn summary, our expenments, together with reports 1n the hterature, ndr
cate a quantitative correlation between antibody response and eosinophil
response to antigen injection and suggest that one response 1s inked with the
other. The eosinophii response precedes the formation of new antibody and
appears to be essential for its production  Repeated mjections of the same
antigen result 1n & greater eosinoplul response as well as a greater production
of antibody  Cortisone, X rays, malnutnition, and stress all decrease the
number of crculating eosinophuls, thereby decreasing the number of these
cells capable of responding to the antigen and resulting 1n a dec rease m antibody
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is the cell that phagocytizes the eosinopt! Tt 13 interesting to note, however,
that although there has been a great deal of speculation concerning the cellular
onigin of antibodies, the eosinophil has not even been considered by the wniters
of most of the current textbooks and reviews in this field 7. ¢ 7 A leading
teviewer ly di; both the eost i phil with the
statement *, . . there 13 no good evidence of liberation of antibody from gran-
ulocytic cells.”™  Eosinoptuls certainly must be considered as part of the
mechanism of immunity  This 1s true, not only because of the findings out-
Iined in this report, but because of those reported m the extensive literature
relating eostnophuls to “detovification” of foreign proteins i allergic diseases,
chronic inflammation, and most infectsve diseases charactenized by immunity
reactions 198 18,32 33,0 44, 48, 0 838 80 A[grepver, there are a number of
papers in the literature suggesting that eosinophils are tnvolved mn the produc-
tion of antibodies 16 19. 11 354,87 €6

In view, therefore, of the observations presented in this report and those
recorded in the hterature,t ? 12 ¥ 7 30 4. @ 8 and with some deference to
the reutilization hypothesis of Hammlton and Trowell and to the lympheid
origin of stem cells proposed by Yoffey (which have been presented m detail
elsewhere m this monograph), 1 propose the following hypothesis

Antibody production 1s first 1nitiated by the introduction of antigen into
the tissue fluids somewhere near a blood supply ~ The presence of this matenal
produces an mflammatory response m which both neutrophils and eosmophils
migrate out of the blood vessels and mto the surrounding area  The role of
the neutrophil appears to be obvious, it acts as a phagocyte and releases pro-
teolytic enzymes that assist m the breahdown of the antigeme matersal  The
role of the eosmophil 1s not so obvious It 1s chemotactically attracted toward
the antigen but, unhike the neutrophil and macrophage, 1t does not actively
phagocytize large quantities of antigen nor release proteolytic enzymes In-
stead, chemical changes occur 1n or on the surface of the eosimophil, forming
what the immunologists refer to as an enzymatic template  The eosmophil
15 then phagocytized by a reticuloendothelial cell that 1s 1n the vicmity of the
antigen or m the draming lymph nodes and spleen  This macrophage then
undergoes a change in 1ts by 1 and 1n 1ts physiological
function  The cytoplasm becomes more basophthic, and the cell ceases to act
as a macrophage It begins to synthesize antibody, utihzing the enzymatic
template formed by the eosinophil  After a short period of active antibody
Pproduction the reticuloendothelial cell 1s carried through the lymph and blood
vessels and eventually makes its way to the bone marrow  In the bone marrow,
1t undergoes mitotic division, forming and, finally, T
These new eosinophils have within them certain enzymatic constituents that
were transmitted to them from the ongmal eosmophil that had first reacted
with the antigen  The new eosinophils therefore have a greater affimty for
the specific antigen, and a greater number of them react to each successtve
wjection of the antigen  The increase 1n the number of these cells contaynng
the preformed enzymes from the parent reticular cell results 1 greater and
more rapid formation of new antibody

The above hypothes:s indicates that cellular reaction and antibody fermation
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Moeschlin® observed granular material in plasma cells at the time that eosino-
phils were heing phagocytized and antibody was being produced. It 1s quite
possible that these granules are remnants of phagocytized eostnophit granules

It is generally agreed that antibody production occurs in the lymphoid
macrophage system,® in which reticuloendothelial cells, lymphocytes, plasma
cells, transitional cells, and eosinophils exist side by side® Similar cells are
found in the inflammatory exudate that has been produced by repeated injec-
tions of antigenic materal#-  The cells n this exudate, as well as those in
the lymphoid tissues, have been shown to be capable of producing more anti-
body when transplanted into amumals not normally capable of antibody pro-
duction ®  Practically all the theories of antibody formation involve one or
more of these cells

At the present time we have no data suggesting that eosinophils per se
produce antibody  In a preliminary experiment we have attempted to assay
peritoneal exudate ¢ i large )} of hils  The antibody
titers generally have been low, and they show no relation to the number of
eosinophils in the cellular population. On the other hand, from our data and
from the extensive data in the literature, we have reason to believe that the
cells that have phagocytized the eosinophil contain antibody and ate capable of
producing more antibody if transferred to an i t2/ro situation  Experiments
by Kolough ef a! *® Fagraeus,'? Roberts ef ! ,* and others have indicated that
dunng the time antibody 15 being synthesized the macrophages increase their
cytoplasmic basophilia and then develop into plasma cells Numerous other
expeniments, however, have indicated that these phagocytic cells are not
capable of imtiating antibody production if the antigen is added directly to
the cells 112 v1trg 9 14 28. 38,45, 50 (On the contrary, the reaction of phagocytic
cells with the antigen leads to digestion of the matenal and a decrease n the
resulting production of antibody * & An 1 110 reaction appears to be
necessary before the uz 2iro production of antibody will eccur.®®  This suggests
that an inflammatory response s the mussing prerequisite for antibody pro-
duction In other words, the cells that eventually produce antibody must
remain 2 twwo for a period of sufficient duration for hematogenous cells to
migrate out of the blood vessels and react with the antigen  Thus, anfibody
production appears to be imtiated by blood leukocytes, but completed by
macrophages during the period of their transformation into plasma cells

Expermental data presented here and by numerous other workerst -2 ®
suggest that two of the stages mvolved i the production of antibody are

(1) A stage consisting of the reaction of certain cells with antigen, producing
specific enzymatic changes or forming an enzymatic templite This stage
occurs it 120 at the site of penetration of the antigen into the orgamsm It 1s
1nhibited by trradiation

(2) A later stage, consisting of the utihzation of specific enzymes far the
synthesis of antibody  This stage can oceur 1 tfro as well as 1 vivo, 1t takes

loendothelial tissues It appears

place primanly 1n the lymphoid or the ret)

less affected by 1rradiation
mﬁeseems highly probable to us that the cell mvolved n the first stage of

antibody production 1s the eosinophil and the cell involved mn the second stage
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are not only cyclic, as shown in FIGURF 16, but spiral as well  Each time the
ammal goes through the cycle there is an increase in the magnitude of eosino-
phut response, an increase in the number of cosinophifs phagocytized by reticulo-
endathehial cells, an increase in the amount of resulting antibody and, fimally,
an increase in the production of new epsmophils  This hypothesis should at
least stimulate worhers in the field of immumty to think in terms of the fact
that the formation of antibody may involve more thap one cell,  Antibody
production definitely occurs 1n stepwise fashion, and it seems very probable
that the first step involves an eosinophit  ‘The hypothesis can easily be tested,
especially by those who wotk wih tissue cultures  Ine vitro production of
YN e e A

kel cells,
Poss\bly o( grealer \mponnnce 5 \he concevl o( a tychc system of closely
*dmeomn o — Sy
by
the

engulfed cellular components to carry out’ speaific physiological functions,
after which they divide to produce new myeloid celis The reutibization of
i Lo e P . A e
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EVIDENCE FOR THE VIRUS ETIOLOGY

OF HODGKIN'S DISEASE®

By Warren L. Bostick
Unicersity of California Schael of Medicine, San Franessco, Calif

Among human tumors, Hodghin’s disease has long held a peculiar position,
not only because of its clinical mentfestations 1n the patient, but also because
of its appearance under the microscope  As well as progressing in 1ts victim
as a umformly fatal disease of a tumorous type that predommantly involves
lymph nodes, it often mantfests itself with strihing symptoms of tovicity  This
latter characteristic reveals jtscll as recusrent mtermittent episodes of fever,
malise, night sweat, enlarged nodes, and debilty. These Pel-Ebstein cycles
are strongly remimiscent climcally of an infectious type of reaction This
impression 1s remforced by the microscopic pattern of a pleocellular type of
reticufum and connective tissue cells intermixed with eosimophuls, granulocytes,
plasma cells, Sternberg-Reed cells and, necrosts  There is a peculiar
lack of microscopic evidence of the relentless proliferation of basically a single
type of mahgnant cell that 1s the customary prcture 1n the usual mahgnant
tumor,

Because of these provocative properties, Hodgkin's disease has repeatedly
been the object of tumor research directed toward finding a specific etiologcal
agent (¢ reviews of the | on this disease"! have dem-
onstrated repemedly that this tumor seems to be halfway between inflammation
and neoplasia  Dunng the golden era of bacteriology 1t was only natural that
extenstve research should be directed toward an anal)sls o! the posslble mle
of bacterna 1n Hodgkin’s disease, Sternberg,® m 189! 14
that tuberculosis was of causatn e signtficance, and ths poaﬁxblhly was enter-
tained 2s recently as 1931 by L’Esperance,® although the work of Stewart” and
others has effectively demonstrated that such infection is not of prumary
significance

Other bactena have been carefully sc d lly the diphth
by Bunting and Yates® and Brucells by Forbus et al,? only later to be dis-
carded as evidence was presented thas these organisms were not the cause of the
disease and were sometimes found in both normal and neoplastic lymph nodes
Fungus infections hase been related to Hodgkin's disease m much the same
manner ' With the recent increased use of antibiotics, more and more 10~
stances of the assouiation of tumors, lymphoma, and Hodgkn's disease with
fungus mfections are being reported

Careful research has so repeatedly failed to demonstrate a relationship
of Hodghin's disease to bacteria :md funm that myestigations from that - pomt.
of view have been essentially i’ The only ofa
possible relationship between Hodghin's disease and large microorgamisms
(bactena and fung:) are to be found n the concept that Hodgkin’s discase 15

*The work reported n thas puper 35 supported by the Dorothy H and Lew:s Rosenstiel
Foundation, New York,
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sessing the size and shape of hnown viruses was confirmed  In avian lympho-
matosss, especially, and in erythromy eloblastosis to a lesser extent, the tumors
were recognized as occurning dically 1n flocks of birds, but there is little
evudence to support the possibility of an infectious spread.  Even inoculations
were sporadic and unpredictable in their effect, many animals apparently
being resistant. The first major evidence for virus etiology was the demonstra-
tion that filtered extracts would occasionally cause the tumors  The previously
known successful filtrability of the Rous sarcoma material oriented the
thinking in regard to the lymphomatosis group The effect and existence of
immune bodies were demonstrated; consequently, by the time that small
viruslike particles were seen, the groundwork was laid for the general acceptance
of the virus cause of the disease.

In the mouse leuhemia of Gross, the original tumors had seemed nonmn-
fectious and appeared to develop sparadically in the colony It was the dis-
covery of the importance of age m regard to susceptibility to transmission
that permitted the demonstration of an infectious agent. Filtrabihty sup-
ported the contention of a virus factor, yet even now the examtnatton of the
tissue for virus reveals particles that are morphologically suggestive, yet whose
identtty and sigmificance hase not been clearly established

In reviewing these “well-accepted” virus-caused malignancies, it 1s apparent
that the basis for their acceptance 1s not the fact that they have fulfilled Koch’s
Postulates Instead, the virus etiology has been indicated by a series of ex-
perniments that suggest a high degree of probability for virus causation  \What
comprises the critera that are generally accepted® The ability to pass through
filters that are demonstrated to Leep out bactena-sized particles 13 particularly
important, this property is considered to relate the agent to the virus magni-
tude of size Second, evidence 1s amassed to demonstrate that the agent
multiphes, and is thus accepted as living  Usually this is achieved by showmng
that alter a series of ammal or tissue passes, the agent retaws its full activity,
thus demonstrating that reproduction must have occurred  The third and
final evidence requires that this filtrable and reproducing agent show that 1t
produces an increased incidence of the tumor under study 1 1ts host  These
are the three basic generally accepted critena

Tt is 10 be noted that the “virus” referred to need never be seen or, at least,
the evidence is not much more acceptable 1f virushke particles can be demon-
§lmlcd ‘The production of a tumor 1 another species af susceptible animal
1s not done because of the high speaficity at this type of agent It 15 seldom
that the agent can be moculated “in other susceptible ammals” of a different
species with any resultant tumor formation Also, the agent need not be
found only “in the body 1n accordance with the lesion observed,” since 1t 15
often in tissues other than the tumars proper and 1s sometimes demonstrable
in ammals showing no tumers® By the use of ussue cultures 1t 15 usually
Ppossible ta “cultivate the orgamsm outside of the body ”

Virus-Cansed Tumors 1n Man

The opportumity for studymg benign tumors, especially epithelial, 1n man
15 great, however, because of thewr relatively httle clinical and medical signifi-
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a malignant degeneration of a lymph node that may occur following any one
of a series of chronic irritations in such nodes. 1In this concept, such factors as
bacteria, fungi, viruses, and allergies are visualized as repeatedly irritating a
lymph node with resultant hyperplasia which, if prolonged and vigorous enough,
may turn into a malignant process™ This has recognizable parallelism with
the concept of the malignant and carcinomatous degeneration that follows
irntated and inflamed lesions, such as those of the cervix uteri and the unheal-
ing sore of the hp As the primary causative significance of bacteria and
fungi has become less probable it 15 only natural that attention should be
directed toward viruses as a possible cause. Gordon, after observing rabbit
encephalitis consequent to intracerebral inoculation of Hodgkin’s disease
lymph node matenal, was the first research worker to undertake an investi-
gation in this field By that time the significance of viruses in some animal
tumors was known, so that several research workers soon embarked upon
projects with that posstbihity 1n mind.  Much of this work has been reviewed
by Bostick.*

Generally Accepted Evidence for Virus-Caused Tumors

There 15 a general tendency to assume that Koch’s postulates must have
been fulfilled before accepting a virus as the cause of a given tumor, since this
constitutes such a basic tenet in bactenial diseases It will be worth reviewing
selected tumors to see to what degree this requirement has been achieved
These postulates involve. (1) demonstrating the organism in all cases of the
disease and showing that 1t 1s distributed 1n the body 1 accordance with the
lesions observed, (2) cultivating the orgamism outside of the body; and (3)
using the isolated orgamism to reproduce the disease in other susceptible ani-
mals It 1s clear that, in general, these requirements have been most difficult
to fulfill 1n virus diseases The organisms are consistently so small and their
morphology 1s so nondistinctive that one 1s unable to demonstrate their presence
in the tissue or differentiate them with certainty from other bodies of the same
order of size Sometimes the stumbling block 15 the third postulate, in that
there 15 an mability to find another animal that will reproduce the disease n
question, although virushke particles may be demonstrated repeatedly mn the
lesions of a particular disease 1n the original host

Only 1n a very few diseases of plants have the postulates actually been
fulfilled in all details for the virus disease, thus, m the vast majority of cases,
complete proof 18 lacking, and the scientist 1s forced to rely upon vanable
degrees of probability as to the causative role of a particular virus 1n a disease

There are several malignancies 1 ammals that are quite generally accepted
as bemng of viral origm  These include the mammary tumor of the mouse,”
the Rous sarcoma of the chicken,!® avian lymphomatosis,” and erythroblas-
tosts,”s and certam types of mouse leuhemia * The vamety of types of evi-
dence that have been accepted mn establishing their viral connection i1s interest-
m%n one time the mouse mammary tumor was considered as possibly being
caused by a sex-linked hereditary factor Later, 1ts cxistence in many tissues
and 1its filtrability were established and, finally, the presence of an entity pos-
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The principal human tissue to be emplayed wil} of necessity be the tssue cul-
ture  Since, in a tissue culture, neoplasia cannot be identified and does nat
possess any specific structural charactenstics, other evidence for the action of

t consti~
. gronth-
. ' sought,
since viruses that are lastic in some circ may meite infk
1 others.

In human tumors any “factor” would have to produce some leston, neo-
plastic or otherwise, that was demonstrable after seral passages, since the
atalily to reproduce 3s an esseptial crtenon of a virus  In this regard, the
evidence is similar to that used 1n amamal virus tumor work.  Comparable also
is the need to demonstrate that the factor 15 in the size range of viruses This
is mast easily shown by filtration methods, electron mictascopy, or differentral
centrifugation  Frnally, n man, much emphasis necessarily must be placed
on various seralogtc and immunologic procedures, and this 18 by no means
easy Hawever, it is one of the basic ways by which 1o relate the factor to
man and to be certain that 1t has not been 1sofated from anumals used in experi-
menis mvolving such meda as tissue culture, wuce, or fertde eggs  After
relating 1t to man by demonstrating antibodies to 1t by such means as neatraliz-
ing and complement fiving, the factor must finally be correfated with the neo~
plastic state by more refined, specific, and special serologic procedures  The
ultimate proof would he m the proper selection by efaborate means of the
susceptible human volunteer, topether with enough ume for any lesion to
develop

The experimentalist in this field always hopes that the final proof will come
more easly  An especially happy siuation would be the development of an
antibody 1o the supposed human cancer agent that could be used therapeuu-
cally to cure, 1o prevent, or to deter the spread of the cancer Thus citcum-
vention s most unlikely if one can use the ammal virus tumors as guides
Effective vaccines will prevent the onset of the specific cancer and wilf im-
munize against the cancer virus, but il not prevent the growth or spread of
the cancer once 1t has started  As with many virus diseases, the agent seems
to be beyond the teach of ordinary humoral antibodies once 1t 15 actively and
sec‘\lxrely I'odged 1 the carcnozenic cells that are s target

tumors much hasic research must be done, and even greater effort 18 needed in
the virus approach to malignant tumors and Hodgkmn's disease  Thus is not
to deny the significance of the results obtained, but to emphasize the greater
magnitude of the problem when the process under study 1s mahgnant

Lutdence of @ Verus w Hodghun's Disease

Hodgkin's disease has been the obyect of numerous experiments designed to
detect possible infectious and virus agents Many of the experiments have
been of 2 preiminary type or compesed n such 2 manner as ot to permit
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cance and importance, few comprehensive experiments have been reported.
That is unfortunate because of the great theoretical importance of basic data of
this kind in evaluating the relationship of tumors in man in general  Clearly,
in the instance of benign tumors, human inoculations can be used and Koch’s
postulates approached without the fear of dangerous complications that would
arise in the studies with malignant tumors.

Perhaps the smgle benign tumorous proliferation in man that has been
best demonstrated as being of virus onigin is the simple epithelial proliferative
lesion, molluscum contagiosum. With inoculated human volunteers the

fmmed ntfan mamad garae fenm tun tn cosran swaal ¢ Tha amant ic filtvalila and

size. Man is the only known host, since repeated attempts to infect other
amimals have not been successful; thus it is apparent that the postulates have
not been fulfilled in this regard

The various cutaneous warts, from plana juvenilis to (probably) juvenile

: " h oo ' " ‘esions that have

. ceessfully inocu-

ke bodies about

68 mu n d in 1l Whether the promment “m-

clusion bodies” so frequently encountered mn rectal papillomas are evidence of

their virus nature? has not been clanfied This applies also to the status of

the virushke bodies encountered by Meesen and Schulz?® n laryngeal papil-
lomas.

Although one could add other examples to the list of benign human tumors of
possible virus origin, it suffices for this discussion to note that the evidence
for a virus cause 1s alnays mcomplete  Even so, the acceptance may be quite
general 1n spite of the lack of positive 1dentification of a virus  Again, as 1
animal tumors, factors of filtrability and sertal passage are of great significance
Actual demonstration of a virus particle, although interesting, is of less 1m-
portance

Malignant virus-caused tumors 1n man have not been demonstrated con-
clusively  Seldom has 1t been possible to pursue the avenues that have been
shown to be fruatful 1n ammal virys malignancies  Moral and ethical rules, of
course, stand 1n the way and lmit the numbers and types of experiments that
would be necessary A few moculations would not constitute a true test, be-

e *oor vt ™ - eatinoculation

1t period would

. eat vanation in

" N would be enormous, thus necessitating
€

tacles clearly direct the research on

malignant virus tumors in man to difterent avenues, to approaches that do not

inwolve the natural host directly  In this approach the \\L:lghl of evidence

must temporanly shift somewhat The presence of a virus parucle de-

monstrably visible becomes more significant  Evidence of suggestive virus

action 1n cells, such as inclusion bodtes and elementary bodies, must be sought

BAVE W be sy
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disease research, it is apparent that emphasis must be placed on the use of
human cell Line tissue cultures. The methodical use of numerous stramns of
such cultures i studying each Hodghin's disease tissue should provide a sig-
nificant avenue of research in any laboratory interested in etiological Hodghin’s
disease studies.  As will be discussed under the properties of the virus 1solated
from muce inoculated with Hodghin’s disease, it has been possible to pass that
virus through three serial cultures of monkey Lidney cells without causing
any cytopathogenicity in them

Animal inoculations  Practically no species of laboratory animal has escaped
inoculation with some form or type of Hodghin’s disease material Mon-
Leys,! = ¥ rabbnts, mice, guinea pigs, rats,? ¥ pigs, chichens, pigeons, and dogs®®
have been included The inoculated matenal has comprised Hodghm's
disease ground tumor, fresh lmgmenks supernate, ussue culture, and tissue
culture sup These Is have been I an ermatic but
numerous routes such as: it ular, subct
mtravenous, and 1ntracerebral, into the spleen, lymph nodes, and lx\er and
also mio the respiratory and gastrowntestinal tracts In no instance has 2
Tecognizable disease that suggested a neoplastic process developed

The encephalitis produced 1n rabbits upon intracerebral moculation 15 well
known and was first discovered by Gordon ef al™  Although this 1s most in-
teresting, later study failed to demonstrate that it was senally passable or a
viral agent ¥  Guinea pigs have been reported occasionally to develop a
small distinct nodule upon subcutaneous mjection of ground Hodgkin's disease
tissue® 3

The young and also embryonic stages of amimals have been studied m their
reactions to Hodgkin's disease tissues, and no neoplastic reaction has been
reported in them  Both Karnofsky ef a? 4 and ourselves have noted edematous

embryonated chicken eggs The egas were moculated after seven days of
Incubation, and the mortality was compared ten days later with parallel series
of non-Hodgkin's disease tissue-inoculated control eggs Although shght,
the mortality was greater 1 the Hodghin's disease eggs and, when companng
large groups of eggs, became statistically very significant

Some mvestigators have reported the use of intra-utenne and newborn
ammals We have done intra-utenine inoculations of gunea pigs without caus-
1ng demonstrable disease m the mother or offspring ~ We have also moculated
pigs when young adults, as well as when newborn, with and without serial
passage of the matenal, without demonstrable effect The moculation of
newhorn Princeton mice intracerebrally with ongmal Hodghin’s disease extract,
as well as with serally passed ammiatic fluid from Hodgkin’s disease-inocutated
eggs, has been studied? # with special thoroughness by investigators who
injected newborn mice less than 24 hours old, intracerebrally, with the matenal
to be tested On the tenth day the mouse brains were harvested, ground,
and inoculated mtracerebrally into the next litter of newborn mice
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objective analysis  Others have been carefully done, but with completely
negative results. It is not the intent of this presentation to review al the
experimental hiterature in Hodgkin's disease, since this has been done else-
whered: 162 Instead, results and papers that present evidence supporting
the theory of an agent in Hodghin’s disease will be noted and discussed. H
data that cast doubt on such supportive evidence are available, they also will
be presented

Tussue culture lechnigues.  Both cultuning of actual Hodgkin's disease tissue
and the noculation of Hodgkin’s disease matenal into tissue cultures of other
non-Hodgkin's disease tissues have been the methods used ~ Studies of cultures
of origmal Hodghin’s disease tissue have been done frequently.## Their
interpretation is difficult, since there is a great technical vanability m such
explants, includmg size, fibrous tissue, necrosis, and serum- and blood-trans-
ferred viabiity. This has permitted a large subjective factor i reported
effects, and has been recognized by most authors = Liquefaction of the sub-
strate was often prominent, as were fat vacuoles, increased free cell forms, and
more frequent multinucleated cells. These effects do exist, and they probably
occur more in Hodgkn's disease tissue than in any other; however, it is the
general feeling that there 1s such great mdividual varation in the various
cultures, and thusin their interpretation, that there 1s Ittle practical importance
to the observation

In observing the effects of Hodgkin’s disease material such as serum and
tissue extracts on organoid tissue cultures (including lymph nodes and liver) of
both human and ammal origmn, the technical obstacles have been similar to
those described above in studying the growing Hodgkin’s disease lymph node
materia] itself  Here, too, the effect of Hodgkin’s disease material on human
tissue, chick embryos, and mouse lymph node seems to result m abnormal
tissue cultures® ** Because of the true and subjective vanability of these
preparations and observations, 1t 1s apparent that only by the use of pure
cell line tissue cultures can the effects of Hodgkin’s disease extracts be faitly
and objectively evaluated

Studies on HeLa cells 1n our laboratory have failed 1o detect any cytopatho-
genic effect of extracts of etther Hodghin’s disease Iymph nodes or of the
supernatant flud removed from cultures of Hodgkin’s disease node explants.
Using a Genetron* extraction of Hodgkin's disease lymph nodes (see under
Varushike particles n Iodghin's disease extracls and passages below), some
cytopathogemieity on YeLa cells has been noticed Limited similar inocula-
wons nte culture of Chang’s® liver cells and Bell and Johnson’s* lymph node
cells have been unrewarding, The effects of the supernate of Hodgkin's disease
ussue culture explants were tested because of the posstlity that such flud
might contain a virus agent that had been released from the original Hodghn's
disease tissues  Smilar expertments were carried out, using human amnton
sac cells,® as well as monkey kidney cell cultures, without observed significant
EKeBce\snuse of the great difficulues of employing human subjects in Hodghin's

. Purple Label 113 (tnfluorotrichloraethane), produced by the General Chemical
Dn‘lgoe: e fhed Chemmeal and Dye Corporation, New Yark, N ¥
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colonies used 1n our expeniments  Theiler's GD  VII antiserum failed to
neutralize our virus  Antiserum to our virus did possess the ability slightly to
reduce the titer of both known G D. VII and FA virus strains.  Of significance
in the Hodghwn's diseasc-isolated wvirus 1s the fact that, although newbom
mice are suscepuble, suckling mice are much more resistant, and weanling
mice are most difficult to infect  No immune neutralizing antibodies to the
Hodgkin's discase-isolated virus have been detected 1n the serum of adult
mice from our colonies

Gordon® encountered “‘clementary bodies” in Hodgkmn's disease matenal,
He tested the sera of 18 patients with Hodgkin's disease wath several prepara~
tions of his antigens and reported only variable results  Grand® prepared a
punified suspension of human Hodghin's discase lymph nodes and immunized
rabbits withit  He later tested the rabbut serum for the presence of agglutining
for Hodghin’s disease node extract and concluded that agglutination of very
small particles was noted mn Hodghin's disease material  An exhaustive
complement fivation method study of Hodgkin's disease serum, using comple-
ment fixation tests and collodion particle agglutination was done by M §
Hoster! The tests were negatine

Although hemagglutination (HA) has been searched for in Hodghin’s disease
extracts, sera, and tissues,' * 1t has not been present nor different from control
tissues  Hemagglutination has become of signficance in this research only
when used as a tool to detect the growth of known hemagglutinative viruses
Bostick and Hanna® made a systemic study of the hemagglutinative capacity
of the amniotic fluid from chick embryos that had been inoculated with
Hodghin’s disease fymph node extracts  Such amniotie flwd showed no HA
power, The experiments were then modified by using viruses that are known
to be hemagglutinative and by noculaung them mto Hodghmn’s disease-
tnjected eggs m order 10 try to demonstrate a possible nterference phenom-
enon  Speatfically, 5 10 T-day moubated fernle eggs were first wmoculated
with vanous Hodghin's disease extracts or serally passaged Hodghan's disease
matenal  After 3 days these same egps were challenged with an inoculation
of mfluenza Lee virus  Esghteen hours later, the harvested amniotic flud
(AT) was tested for the amount of ifluenza growth by 1ts hemagglutnation
titer #

These expeniments, which are a vanety of virus growth mterference studies,
were done on a large senies of Hodgkin's discase-inoculated eggs On many
accasions 1t was possible to demonstrate an mterference phenomenon between
the moculation of Hodghin’s disease materal mn eggs and the growth of Lee
virus  Giordano®™ observed similar reactions 1n other expenments of this type
Of alf the interference tests run on Hodghmn's disease-moculated chicken AT,
€0 per cent showed interference phenomenon, 27 per cent showed no nter-
ference, and 13 per cent of the tests showed vanable degrees of reversal

The capaaity of Hodghm's disease-inoculated ammiotic fld to interfere
with the growth of the Lee virus to a greater estent than non-Hodghin's
disease materal moculations does not estabhsh a wirus factor However,
when 1t 15 recalled that the Hodghin’s disease matenal can be senally passaged
from amniotic sac to ammiotic sac and sull seem 1o retain this effect, the ob-
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Twelve different extracts from different Hodgkin’s disease patients were
so studied, along with parallel control matenal. On 3 separate occasions, after
from 6 to 10 bhind serial passes, the Hodgkin’s disease group of mice developed
a fatal encephalitis Two lines of viruses were permanently established
The disease they caused is fatal to the infant mice 1n 7 to 10 days. The virus
agent could be inactwvated at 56° C in 30 min. and was Seitz filtrable and
ether resistant. Muscle homogenate would not pass the disease  After re-
peated attempts it was possible to adapt to passage by intraperitoneal mocula-
tion

Microscopically, the moribund mice presented an encephalitis reaction
that was nonspecific m pattern. There was no evidence of a neoplastic or
granuloma reaction, either in the brain tissue or in the spleen, thymus, or
lymph nodes i the case of the reticuloendothehal-p l-adapted virus
Examination of the punfied matenial from the harvested cerebral tissues of
the Hodgkin’s disease-inoculated mice revealed spherical particles 32 mu in
diameter that are not n the control inoculated micet Certain serologic
properties of this virus will be presented below under Serologic method.

1t is apparent that the 1solated virus, even though encountered on three
separate occasions, has not been positively shown to come from the matenal
that was moculated 1nto the mice and therefore may nat be from Hodghin's
disease.  Although the demonstrated agent may be an activated latent virus
ongnally present m the expenimental mice or even from the chicken eggs,
1 one instance this thests has not been proved. Especially mportant, it
has not been encountered in the control injected series of mice It may be a
human Orphan virus ~ Certainly, its significance is n doubt, and further studies
must be and are being made

Serolagic method This is a most difficult approach to Hodghw's disease,
since these patients charactenstically fail to react to antigenic stimuliin a
normal manner 4.4 This relative energy decreases the probability of our
being able to demonstrate circulating antibodies and serologic reactions to
suspected etiological agents being tested  There are no actual tests that can
. A ot e © the aspect of possible virus

to test It 1s true that in
may occur with increased
frequency ¥ * However, their signihcance 1 obscure

So far, the only virushke agent that has been available for testing has been
the virus isolated from the Hodgkm’s disease-noculated mice ® 4 This
virus was not neutralized when tested agamst serum from 7 patients with
Hodgkin's disease, nor against 7 normal human sera.  Pooled human gamma-
globulin, when diluted 1:10 and treated as a routine serum, did show neutralz-
ing actwities, however, mdvidual Hodgkin’s disease and normal human sera

did not, nor did they possess comglemem ﬁx‘mg anhbodx‘cs agatnst !}"IC virus

]I:g:sl;uc‘l;l;n;)rc difficult to rule out the Theiler’s group of mouse encephalo-
myelitis  It1s latent 1n many colonues, although not known to occur in the
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the reticuloendothelial (RE) system by Weiss, Jacquez and Porter® examined
Hodghin's disease material from tissue culture at 17,000 magnification and
noted no structutes resembling virus particles. Hoster ef of ¥ examined
extracts of Hodghi's disease tissue for particles by EM along with ther
studies of macromolecular particles  They did not encounter any untformly
sized particles that appeared specific. 1 M. Richter® describes some large
particles isolated from Hodghin’s disease material.  His pictures are mediocre;
the particles are appraximately 80 my in dhameter, and ther charactensucs
are madequately described  André of af ® described the EX of some cells
from Hodgkn's disease lymph node punctures  They record the morphologic
detadls of the cell, but do net comment upon any virus-type structures

In our EM survey of Hodghin's disease tissues the specimens have been
fived in osmuc acid wathin 3 minutes after their surgical removal by the method
of Caufield ®  After sectioning to a thickness of 140 mu the embedded tissues
are examined for evidence of structural changes, with special reference to pos-
sible inclusionhike bodies or virusiihe particles. The great majonty of cells
studsed showed 1o significant structures that attracted attention  Occasionally
we encountered cells that had inclusionhke bodies (FIGURES 1-6)  Magni-
fieation at from 30,000 10 44,000 demonstrated very small particles 1 and
around such bodies that appeared solid o, on cross-section, doughnut-shaped

A general review of EM findings 1 sections of tissues has been presented
by Selby & Dalton and Feln® present a further discussion of this topic with
electron photomicrographs of very small particles 1n cells from mouse mahg-
nancies, and Dmochowski and Grey® and Graffi® compile data and micrographs
of tissue sections from mouse mammary tumors and leubemia tissues  Palade®
discusses small particulate matter i electron micrographs m general Cleatly,
the on in such § of mcusion and virsshie bodies 15
suggestive, but does not prove their identity or sigmficance Exhaustive
Tesearch with punfication would be needed to advanre 10 that direction to
the degree of certainty. Nevertheless, such bodies are additive data that,
when assembled with other evidence of the presence of a virus, gain mcreasing
significance

Varushike particles tn Hodghin's disease extracts and passages Two types
of material have been evamined for viruslike particles in our Hodgkin’s disease
studies One bas comprised the brain tissues of mice moculated with sermily
passed Hodgkin’s disease lymph node material  These seral passage exper-
ments have been described briefly under Ammal ntoculation above and 1n
detail by Bostick and Hanna® The sccond type of matenal has been actual
ground Hodghun's disease lymph nodes The mouse brain homogenate ma-
teval was punéied and concentrated by wse of o modsfication of the butancl
€xtraction method for virus punfication 1n tissues developed by Bachrach and
Schuerdt o
. The mouse brain was homogemzed and made nto a 10 per cent suspension
in 01 M NaCl adjusted to p11 45 with 2 M acetie acid  The precipitate
was resuspended in a veronal acetate buffer of pH 90 plus 1 volume of cold
X-butanol and emulsified for 0 5 hours in 2 Warnng Blendor Al procedures
ar¢ carned out at 4° C.  The resultant emulsion was centrifuged at 4000 rpm
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servation becomes more pertinent, Presumably, whatever agent causes this
effect is filtrable and serially passable This always conjures up the visions
of a possible virus agent, Beyond that 1t 15 not yet possible to go

Hodghin’s dusease cell structures and viral particles  The often characteristic
effects that viruses have on cells are well known. The production of necrosis,
lysis, mitotic stimulation, elementary bodies, and mclusion bodies are some
of the more mmportant responses, Although rarely specific, certam of the
changes are highly suggestive of a virus-type response, so that intracellular
structure should be examined in any search for a virus etiology of a given lesion

Although degenerative lysis of certamn cells (as of the anterior horn celf in
poliomyelitis) and granulomatous nflammation (as in lymphogranuloma
venereum) are very suggestive in these types of mfections, it is usually the
mtracellular bodies that are most informative. Both *‘elementary” and “in-
clusion” bodies occur m virus mfections There is little need to distinguish
between them, although the former may be more basic and may represent
actual mdividual virus particles or small clumps of them. Perhaps the Jatter
is more frequently thought of as denatured or condensed masses of protem
occurring with the virus-injured cell.

In ordinary hght microscopy these structures have no speafic appearance
They may stain erther basopbilic or acidophilic, are well circumscribed, are
usually n charactenistic position n the cell, and possess no fine detail of mor-
phology  They are easily confused with artifacts such as protein precipitate,
stamn masses, and cell fragments With electron mucroscopy, virus masses
and elementary bodies are seen to have often a rather charactenstic appearance
This will be discussed later

In Hodgkw’s disease, structures morphologically acceptable as elementary
and imclusion bodies by light microscopy are present From the very first
speculations of a virus relationship, the large dusky rose-colored, so-called
nucleolus of the Sternberg-Reed (S-R) cell has been considered as bemng a
possible mclusion body. Gordon® suggested that the small particles demon-
strable in photomicrographs from Hodgkin’s disease tissue extracts are ele-
mentary bodies  Grand® * was impressed by the large rregular *“inclustons”
stammable by bnlhant cresyl blue and present 1n Hodgkin’s disease reticulum
cells and S-R cells. Rottino” observed the same type of bodies, but he re-
garded them as nonspecific and present 1n control material Hoster ef of *
used a ten-step differential ultracentrifugation in order to separate out various
Lomponents of macromolecular particles from Hodgkin’s disease, lympho-
sarcoma, and normal tissues They noted a promimnent particle size i the 10-
to 20-my tange 1n Hodgkin’s disease material

It 15 clear that Hodgkin’s disease possesses sufficient inclusion and ele-
mentary-type structures to watrant a high degree of suspicion with regard to
thew possible virus significance  However, a defimtive or even a strongly
suggestive optmon cannot be ventured from hight microscopy alone  Further
analysts 15 necessary at the electron miroscopy level

Flectron microscopy  Quite a few worhers have now studied ultrathin
sections of Hodgkm's disease tissues under the electron microscope (EM)
Flsewhere 10 this monograph a paper 1s presented by Frajola, also one on
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(1) that lie 1n the highter portions of the electron photomicrograph X 30,
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for one half hour. Of the 4 distinct phases formed, the aqueous was saved,
the gel, butanol, and pellet were discarded The aqueous phase was then
emulsified agam for 0 5 hours with butanol, asalready described. The aqueous
phase was saved, and centnfuged for 2 hours at 78,000 ¢ The resultant pellet
was resuspended in 0.1 M NaCl and, after a final centrifugation at 9000 g for
10 minutes for clarification, was retamed for electron microscopic exammnation
as a shadowed preparation,

By this method it has been possible to demonstrate viruslike particles m a
highly purified and concentrated form  These particles measure approximately
30 mp n diameter and were not present in control mouse brain material
(ricures 7 and 8). As is apparent from the report in the literature,® the
relationship between these virushke particles found n the mouse brain and
Hodgkin's disease 15 not proved  The mice had been inoculated intracerebrally
when newborn and, after 10 days, their harvested brains had been passed into
new litters of newborn mice  This was continued until ultimately the animals,
after about 8 senal passages, developed a fatal encephahtis  The ground-up
brams of these sick animals contamned the viruslike particles The fact re-
mains, however, that the particles were present and were morphologically
quite typical ‘These experiments gave the impetus for studying by related
methods homogenates of original Hodgkmn’s disease matera)

The method adopted for the purification and study of Hodgkin's disease
tissue and fluid was one modified from the techmques reported by Gessler
¢t al.5% The fluorocarbon used was Genetron, of which 10 cu m! was added to
10 ml. of McIlvane’s buffer 1:50, H 7.4, and to this 0.5 to 2 gm of the lymph
node to be studied These were mixed m a VirTis No. 23 homogenizer* at
23,000 rpm for 15 minutes, the flmd centrifuged at 1300 rpm for 15 minutes,
and the phases separated, The gel phase was removed, 10 ml of buffer was
added, and the fluid was agam homogenized and centrifuged The aqueous
layer of this and the first centnfuging are combined  After two further extrac-
tions of these combined aqueous layers with 10 cc. of Genetron in the homo-
genzer the aqueous layer was centrifuged at 40,000 rpm for 6 hours. The

ultant pellet was suspended 1n 01 M acetate  All procedures
were carnied out at 4° C %

A total of 8 Genetron extractions have been made using Hodgkin's disease
granuloma lymph nodes  Four of these revealed round particles of uniform
size and shape  In three nodes the particles were 25 mu 1n diameter and the
fourth node 50 to 60 mu n dameter (FIGURES 9-12) In the normal lymph
node tissues, as well as m a lymphosarcoma and some mouse spleens, the

T s e  Ammatar aveept mn one human lymph
These, however, seemed

sease material
shed It should be noted
that the particles m three of the Hodgkin’s disease materals were of the same
order of size as those encountered in the Hodgkin’s disease mouse brain ma-
As yet, there 1s no way of knowing whether these are viruses or some

terial
+ Manufactured by the VirTis Company, Inc , Yonkers, N Y
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Tiouar 10 Electron micrograph of Hodghin's disease fymph node matesal (see caption
{0 2iouRe 9) The larger particles are approxmately 23 mu in diameter X 66,000
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Ficuze 11 Electron micrograph of Hodgkin's disease lymph node matenal {see caption
{0 FIGURE 9)' The larger particles are approximately 25 mg u diameter X 66,000
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other ntracellular particle that resembles 2 wvirus  Some of the Genetron
concentrate from the Hodgkin's disease case was mnoculated mto a culture of
TleLa cells with resultant cytopathogenicity apparent 1 72 hours This
avenue of exploration and study is bemng followed  Although the presence of
an occasional normal control tissue with roughly simular particles casts doubt
on the specificity of the Hodgkin's disease particles, in mouse mammary tumors
occastonal viruslihe particles n supposedly tumor-factor-free ammals are
found*  Such facts as these need further data in order 1o establish therr
sigmificance

Swmmary

The virus cause of a considerable number of ammal malignancies 1s now well
established  The various types of evidence that have been accepted m sup-
port of this behiel are reviewed in the hght of the problems of Hodghin's disease
It 1s acknowledged that in Hodgkim’s disease some of the desirable critera
will be most difficult to fulfill because of the mpossiility of using adequate
bhuman studies m a disease of such a fatal nature

The evaluation of tissue cultures of Hodghin's disease cells themselves
has been most difficult It 1s a heterogenous tissue with such great mdividual
vanation that objectie statements of specific charactenstics are elusne
Several workers have reported such things as early hquefaction of substrate
and the formation of giant cells and inclusion bodies in such cultures  These
changes are not positively very different from those b the controls The
moculation of Hodghin’s disease extract into heterocellular or organoid tissue
cultures has many of the same objections It 15 in the use of the pure-line
cell culture that the greatest aud can be evpected Vanous strams of cells
arebeing used.  Preliminary experiments indicate that some cytopathogematy
occurs when HeLa cells are inoculated with viral concentrates of Hodgkin's
disease tissues

Ammal injections cannot be evpected to present much direct evidence
One expects a tumor virus to be very specific m species 1f evidence derved
from the study of known ammal varus tumors 1s vahd In any human tumor
irus, unless one by chance finds a natural *“carrier” of the virus or demonstrates
that a tumor virus, under some circumstances, may not be neoplastic but,
instead, inflammatory i type, the use of amimals should be disappomnting—
at least 1n helping to present direct and convincing evidence of the relationship
of the virus under question to tumors of man

This has been the case in research thus far reported Senal passages of
Hodghin’s disease matenal 1n fertile chicken eggs result 1n an increased mor-
tabty of the embryos When moculated with Hodgkm’s disease materml,
such eggs possess the ability to wterfere with the growth of mjected influenza
virus - Also, the tracerebral inoculation of newborn mice with Hodgkin's
disease materal resulted, after several blind passages, i a lethal disease
The disease 15 dearly caused by a virus agent, many of whose charactenistics
bave been clanfied

As above indicated, such evidence 15 mdwect  Until a virus 15 related
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otter intracellular particle that recerdles a virus. Sore of the Genetron
concentrate from the Hodghin's d.sease case was iroctlated mio a culture of
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frad™ Such facts as these reed further data in order 1o extablsh therr
simifcarce,

Summary
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directly to man and to Hodgkin’s disease, a strong reservation must ahvays
exist The isolated virus may have come from inoculated eggs, 1t may be a
mouse virus, it may be a human virus unrelated to Hodgkm’s drsease, or it
may be of some other nature, Control experiments have been designed to
rule out these possibilities, but they are not absolutely specific Serologic
studies, neutralization, complement fixation, and other types of tests can help
to relate any virus more directly to the human host. Some such studies
have been done; others are planned or in progress

The search for a virus particle per se in Hodgkin’s disease material has been
extensive. Ever since the papers of Gordon appeared virusiike particles
have been seen. However, many of the particles reported by various workers
did not resemble each other in size More recently, the size observed has
been quite consistent and of the order of 20 to 30 mp.*-

These were the particle sizes in the Hoster ef al.%° ultracentnfuge studies,
of the virushke particles found in the Hodgkin’s disease-injected mouse brain
material, and m the purified fluorocarbon extracts that we have made of
Hodgkin’s disease tissues  All of these particles are umform morphologic
spheres  Although their charactenistics are strongly consistent with those
of virus particles, there is no proof that they are actually virus particles, or
that they are viable or related to Hodgkin’s disease. They represent only a
part of the web of circumstantial evidence that can be woven for the virus
etiology of Hodgkin’s disease.

General research 1n cancer continually adds evidence in support of the signi-
ficance of viruses m many kinds of malignancies mn animals It camnot be
claimed that this has no bearing on human neoplasia In the field of Hodg-
kin’s disease research, the electron microscope and virus purification procedures
are adding suggestive evidence of viral origin. These methods, in combina-
tion with pure-strain tissue culture techniques and the various aspects of
the serologic analysis of antigens and antibodtes present, constitute the most
promusing avenues leading to the ultimate resoluton of this deadly disease.
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CTIOLOGICAL CONSIDERATIONS IN HODGKIN'S DISEASE *

By Robert Kassel
Hndghin's Drseace Laberatony, 51, Vsnceni’s Nosputal, New Vork, ¥ ¥

A century and one half of research on Hodghtn’s disease has witnessed
attempts 1o implicate each of a vanety of bactena, fungi, and viruses as the
etiological agent. The hustory of this research is a record of hopeful purswit
of false leads ending 1 frustration, and of camplications due to the fact that
no laboratory ansmal has heen found to develop the discase either spontaneousty
or by induction The soluminous hiterature has been covered by previous
reviewers,’+ 2 and those interested in details concerning the disease are referred
to the publications hsted by them The present report has to do with those
etiological mvesuigations that have at one time and another appeared to be
promising and to which 1he greatest amount of research time has been devoted;
ramely, those coyvering the tubercle bacillus, the diphtheroids, and the viruses

The Tubercle Buciilus

Sternberg® was the first to point out a possible relationship between tuber-
culosis and Hodphin's disease  The strong points of simifarity n both the
clinical and pathologial pictures and the frequent assoaation of the tno dis.
eases n the same patient seemed quite convincing (o a number of mvestigators

Fraenket and Much® reported Gram-positne granular rods n Hodghm's
disease lymph nodes and believed them to be a form of tubercle bacillus  The
fasdure of many mvesngators to confirm their results and interpretations did
not dimunish the flow of reports, both pro and con. on this relationstup  The
attempt has been made to wopheate, 3 \\\e euologlcnl agent, forms of tubercle
baalh both d ble and hypoth \ with filtrates from
feral fiver and spleen obtained from tuberrulous mothers having (aused tuber-
culowis 1 guinea pigs and “typral Hodghin®s disease™ 1 one animal, Mar-
tinollh® suggested a filtrable stage of the tubercle bacdlus  The granules
of Much have been vanously mterprered as defatted tubercle baailly, atypical
forms, and as stages in a compliated bie cycle that involved a filtrable phase

L’Esperance® 7 reported the 1solation of avian tubercle bacith from ammals
injected with Hodghin's disease matenal and suggested that fasfure to demon-
strate the organism was due to the use of resistant ammals  Sensiizauon
of gwinea pigs with human tubercle bacifh was reported (o tender the ammals
less ressstant (o the avian organtsm The lesions. m the lymph nodes were
teported 1o contan cells those bed by and Reed.
and L’Esperance concluded that the auum\nla\ed evidence provided proof
of the enological sigmficance of the avian tubercle baullus 1n Hodghin's
disease  The report by Stewart and Doan® of o hagh titer n the bioad for avian
tubercle-phosphatid 1n twenty-six of thirty-two cases of Hodghin’s thisease
appeated to support this conclusion

* The work reparted 1 this paper was supported 1n part by the Dorothy B & Lewis
505('\‘5\\': Fuundat)un and The Damon Runyon Memonal Fund for Cancer Research, Inc,
ey Sor
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Reports contradictory to the tuberculosis theory came from many areas
One of the most exhaustive was the investigation by the Rose group Fresh
node suspensions from forty Hodgkmn’s patients and contro! suspensions from
thirty-five patients with a variety of other lymphoid diseases were injected
into guinea pigs  Material from two Hodghm's disease patients and two con-
trol patients produced tuberculosts in the injected amimals  The group con-
cluded that “the incidence of tubercle lymphadenoma glands 1s much the same
for controls showing other definite histologic evidence of tubercle ”

Equally extenstve investigations were conducted by Hoster ef a/'® Thirty
lympb nodes and 3 spleens were obtained from patients with histological
evidence of Hodgkin's disease. Smears were made from the fresh tissue, and
6 acid-fast culture media were mnoculated with each tissue In addition, 63
guinea pigs, 30 leghorn chickens, and 4 rabbats were gitven subcutaneous and
intravenous moculations of emulsions of Hodgkin’s disease tissue, Controls
were noculated with tissue obtamed from patients with other diseases
Twenty additional guinea pigs were sensitized with killed human tubercle
bacilli 8 to 10 days before inaculation with the tissue emulsion  All animals
were autopsied 8 months following moculation  No acid-fast orgamsms were
found, and only those animals injected with matertal from +4 tuberculous
control specimens showed tuberculosis The authors concluded that “it 1s
not possible to say that the avian, bovine, or human tubercle bacillus sought
under the conditions specified has an etiologic role 1n Hodghtn’s disease

Thus 1 two separate extensive and well-controlled expenments the results
indicate no relation between the tubercle bacillus and Hodgkin's disease

The Role of Diphitherords

Extensive investigation and numerous reports on the etwological role of
diphtheroids 1n Hodgkin’s disease dominated research during the period from
1911 to 1917. Imuially, Bunting and Yatest-® reported the isolation of
pure cultures of a pleomorphic diphtheroid orgamism from the nodes of
their patients with Hodgkin’s disease  Confirmatory results were reported
by Latterer,’® by Mellon,”” by Billings and Rosenow,'® and by Fox'*

The orgamism was described by Bunting and Yates as strikigly pleomorphic,
cultures contained long banded and granular rods, fusiform rods, club-shaped
and large 1nvolutional forms, short, plump bacili with polar stammng, and
coccord forms. The authors later proposed that the term Corynebactersum
hodgkim be used for this orgamsm  They mjected monkeys with living or-
ganisms and produced * of a single group of lymph
nodes which show histological changes identical with those seen m humans
when the disease 1s of the same duration, namely, chronic lymphadenitis with
atypical proliferation of the endothehal cells, beginming prohferation of the
stroma, well-marked eosinophilic infiltration and penglandular fibrosis "
Contmued animal experimentation led the ?uth?rs. to co{lclu(!e “While the

Zame time to avod so great virulence as to produce extensive necrosis, soften-
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ing, and even suppuration. The working space between these two lumts
seems very narrow.”

Cunmngham®- #* cnticized the techniques used in the studies implicating
the diphtheroids as etwlogical agents, suggesting that these investigators
were “dealing with orgamsms whose natural habitat 1s the laboratory.” When
he used “routine” techniques the organism was isolated from both Hodghin’s
and control nodes whereas, with more stningent sterile technique, the organisms
could not be isolated from either group of nodes

In summanzing a review of diphtheroids i 1945, Hoster and Dratman?
concluded that “present day references to the diphtheroids as eticlogic agents
are made only in histonical review ; 1t is generally agreed that there s no evidence
for the etiologic relationship between the diphtheroid orgamsm and Hodgkin's
disease,”

Despite the report of these investigators, the isolation of diphtheroids from
the blood of lymphomatous patients was again reported by Tleisher in 1952.2
Using a culture techmque involving several blind passages 1n tryptose phos-
phate broth, Fleisher reported one or more positive cultures i 27 of 119 pa-
tients  Of these 27 patients, those hsted as having Hodghin’s disease or
lymphomatous tumors had more than one positive culture each; constantly
negative cultures were found 1n 6 cases of various types of leuhemia, and cul-
tures from an additional 72 patients with nonlymphomatous disease were
all negative  After extensive analysis and discussion Fleisher concluded that
“when diphtherosd organisms are found on several occasions in the blood
cultures of a patient, one should consider the possibility of either Hodgkin’s
disease or mal Iymph 1 ”

Kassel and Rottino® became interested m 2 sumlar diphtheroid with acid-
fast properties that had been found in blood cultures not only of patients
wath Hodghin's disease, but of patients with leukemua and lymphosarcoma
and of both humans and mice with cancer The orgamsms appeared as coc-
coid bodues, rods, and club-shaped forms ¢ granular G: positive
inclusions  In the rod form the inclusions were bipolar  The single consisteat
feature of the organism was the acid-fast stanimg property of its inclusions
Oammen o . 1 three cultures suppled

7 and stammg character-

The result of several senes of cultures fell mto no pattern  Sporadic posi-
tive cultures grew from the blood of patients with Hodghin’s disease, lympho-
sarcoma, or leukemia, negative results were consistently obtamned from one
patient and consistently positive results from a few patients whose blood was
cultured only a few times, but the great majonty alternated between positive
and negative

Although these results appeared to be compatible with those of Flessher,
the probability remained that all sources of contamination had not been ruled
out. With the help of James Reymers, of Notre Dame Umversity, Notre
Dame, Ind , a small, germfree hood was devised Bnefly, the hood was an
autight box, with attached gloves, glass-wool filters to permut the exchange
of stenle air, and a chemucal trap in which materral could be both steriized
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and introduced into the hood. Sterilization techniques were those previously
tested and proved by Reyniers’ group at the Lobund Institute of the Umiver-
sity  Blood samples used for cultures were obtained in the operating room
with surgical scrub technique and siliconized syringes, and extreme caution
was exercised to maintain sterility. Coded samples obtained in quadruplicate
were cultured m pairs in the “sterile” room and in the germfree hood as de-
scribed 1n a previous report.

The results of this experiment were briefly as follows: of a total of 60 cultures
carried 1n the germfree hood, 3 contaminated cultures were obscrved dunng a
period in which a break 1n technique had been discovered, but no cultures
were positive for the “diphtheroid” organism previously mentioned. The
“contamination” rate in the sterile room was 84 per cent for the diphtheraid
and 8+ per cent for other organisms

Qur experience with this organism was that, initially, it was relatively easy
to isolate but, as precautions agamst contamination became more stringent,
1t appeared in our cultures less and less frequently  Finally, when the entical
germiree technique was adopted we failed completely to obtain growth, cleatly
indicating that the “diphtheroid” was a contammnant.

Viral Studies

Discovery by Rous™ of a virus-induced tumor led to much early speculation
as to the varal etiology of neoplasms as a group, and many investigators have
suggested that a viral agent might play the etiological role in Hodghin's
disease  These opinions, however, were based primanly on clinical observa-
tions and on the similanties of some of the pathological manifestations to
viral tumors n animals It remamed for Gordon and his associates™¥ to
conduct the first systematic investigation of the viral etiology of Hodgkin's
disease  The results of these investigations require fairly extensive considera-
tion because of the apparent early success achieved by his group

Preliminary moculation of lymph node emulsions into the rhesus monkey
and the mouse gave negative results. Subcutaneous inoculation into the
guinea pig resulted m a local nonspecific inflammatory reaction that was noted
followmg a few control injections as well

The rabht, however, soon became the animal of choice in what is known
as the Gordon test The intracerebral inoculation of extracts of Hodghin's
disease nodes into rabbits was followed 1 2 to 6 days by a syndrome of mus-
cular ngidity, paralysis, progressive wasting, and death, It was found that
60 to 75 per cent of nodes from Hodgkin’s disease patients produced this fatal
encephalitis  Attempts to 1solate bacteria from the brain or blood stream
were unsuccessful  Control nodes including leuhemias, sarcomas, carcinomas,
and chronic adenitis gave negative results 1n all but 2 per cent of cases

Attempts to elucidate the nature of the agent produced the following facts
desication and resuspension enhanced the potency of the matenal, the agent
resisted freezing and heating to 65° C for 30 minutes, but was wmactivated at

100° C for 30 minutes, after centrifugation at 3200 g there was no sedimenta-
tion, but the agent was not present followng passage through a Chamberland

filter, nor could it be passed from an affected to a normal rablat. Staimng
s
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techniques were said to demonstrate clementary bodies of the same order as
those of vaccinia and psittacosis It was later found that the syndrome could
also be produced in guinea pigs by mtracercbral toculation,
do

ge . . L
leuhocytes, and pus  Turner ef al* and Edwards™ reported that they could
correlate encephalitogenic activity with the presence of eosinophils i the
human lesions and bone marrow. Tests with pure leukocytes indicated that

his own cases and those in the literature, McNaught® concluded that “the
Gordon test is of no more practical value in the diagnosis of Hodghin’s disease
than 1s the finding of eosmophils in the lymph nodes

Not deterred by these negative results, other mvestigators have continued
the search for evidence of viral reactions Karmnofsky ef a!¥ and Bostich®
observed that extracts of nodes from Hodghin's disease produced edema m
chick embryos, and Hoster and Bechtel® and Bostich® found that they
increased the mortality in embryonated eggs, but not 1 further serial egg
passages, Bostich®™ inoculated similar filtrates into pregnant guinea pigs
and guinea pig embryos and found that the fetuses continued to grow, were
bomn, and at autopsy showed no abnormalities Senial mtracerebral passages
of amniottc fluid extracts nto newborn mice were done by Bostick and Hanna,®
but no chnical or microscopic evidence of disease was observed  Kassel and
Rottino (unpublished expenments) inoculated cell suspensions and extracts
from Hodghin's disease nodes into more than 500 12- to 16-day-old mouse
embryos n uler, using both subcutaneous and intracerebral routes  Ammals
brought to weaning were subsequently challenged with the same matenal,
which had been mamtamed by freezing 1n dry e No gross or microscopic
evidence of disease was observed.

Tollowing studies of viral interference phenomena Bostik and Hanna®™
continued the mtracerebral oculation of Hodgkin’s matenal and seriat blind
passage in newborn mice These 1nvestigators have recently reported three
mstances of virus 1solation after 5 to 7 blind passages of Hodgkm’s disease
nodes in suckbing mice® This virus produced a fatal encephahitis that de-
veloped 7 to 10 days after moculation Imtially the virus could be carried
only by intracerebral imjection, however, after 17 serial intracerebral passages
1t became adapted to intraperitoneal transfer A great effort has been made
to rule out contaminating viruses from the mouse or egg, and these ivest:-
gators feel that this 15 a new type of virus that has truly been isolated from
human Hodghm’s discase lymph nodes Bostich reports his latest results
elsewhere 1n these pages

Duscussion and Summary

The large number of chnical and research reports dealing with Hodgki’s
disease attests 1ts Inghly controversial and speculative nature  In the history



310 Annals New York Academy of Sciences

of this research there are repeated cycles of association and attempts to impli-
cate one or another etiological agent. Untold energy has been directed toward
finding a bacterial causative agent; forty years were required definitely to
eliminate the possibility of a relationship betneen Hodgkin's disease and
tuberculosis. The diphtheroid bypothesss, Jaid to rest by Cunningham in 1917,
was revived 35 years later, and an additional four years of effort were required
again to prove the diphtheroid to be merely a fastidious contaminant. The
false alarms of the “bacteriological era” of Hodghin's disease research sene
to emphasize the extreme refinement of technique required to rule out un-
usual contaminants The demands are particularly great when a disease
of unknown etiology and questionable classification such as Hodgkimn's is
being considered.

The larger living forms having been laboriously eliminated as etiological
agents, 1t followed quite naturally that submicroscopic particles, the viruses,
should next be subjected to study. That the previous difficulties have con-
tinued to beset workers in virology is highlighted by the results of Gordon
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of the eosinophil and, probably more specifically, to one of its enzymatic
components. It 1s to be expected that, as viral investigation continues,
the role of cellular components and contaminating viruses will present even
greater problems  The contaminants so difficult to eliminate from the bactenal
population must have much more numerous counterparts in the viral world

In the face of such difficulties 1t 1s not surprising that progress has been
slow However, there 15 no question that the volume of data suggestive of a
virus as the etiological agent of Hodghin’s disease has been mounting. The
reports of Bostick on the 1sofation of a virus from patients reinforces this postu~
late appreciably

A most difficult burden of proof resis upon any investigator who believes
that he has tsolated a virus from a2 Hodghm's disease source for, after having
elmmated the possibility of a contaminating virus from the biological system
used for the onginal 1solation, he must of course demonstrate that the stspected
agent will produce the disease  In view of the lach of any susceptible labora-
tory animal, it 1s at this time le to meet this req Hence,
it 15 necessary to find some other response in the laboratory animal that will
signal the presence of Hodgkin’s-specific material It may be that the mouse
paralytic syndrome observed by Bostick will prove to be such an mdicator
system

In our laboratory, what we have thought to be indicator systems have proved
te be mconsistent, nonspecific, and often not reproducible  Werght loss 1
both mice and guinea pigs following inoculation of node suspensions or fil-
{rates Was not consistent from one sample to another or 1n different amimals
subjected to the same material  Sporadic cases of paralysis were observed
in gumea pigs moculated with blood from persons with Hodghin’s discase
put, reminiscent of the Gordon phenomenon, this Co{uh(lon was not trans-
miS’SlblC from 2 paralyzed to a normal amimal  The inoculation of embryo-
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nated eggs with Liood caused an inconsistent increase 1n mortality, and de-
formuties and wasting in the ammals that survived

Assuming that a wirus is the etiological agent m Hodghin'’s disease, the
manifestation of this virus in a laboratory animal might be prevented by any
number of factors such as the presence of inhibitors or modifiers 1 the virus
preparation, virus lability, age-dose relationship, host susceptibility, and route
of administration These are but a few of the factors known to play a role
in the expression of those tumor viruses most extensively investigated 1o the
past.  Any such factors, or any combination of them, could mask the presence
of an agent in crude extracts of diseased tissues Bryan and Moloney,®
discussing these factors in relation 10 Rous sarcoma, said “the major prob-
lem.. appears to be that of separating a relatively small amount of labile
virus from overwhelming quantities of nomviral cellular constituents or ‘um-
punties’ The ratio of virus to impurities m the best ‘partially punfied’
preparation is estimated to be about 1:100 " Methods of preparation alone
have been shown to play a critical role n the demonstrable activity, stability,
and expression of viruses, and the reports of Burton et al*' indicate that the

a0 " increased twelve
thou that, while the
crude by the punfied

preparation are invasive and highly malignant Timing of the moculation
also proved to be of extreme importance, and larvae shosed different rates of
tumor formation at different ages.

The number of possible combinations of these vanables 1n virus 1solatton
and expression is so overw helming as to tnchine one to the belief that theachieve-
ment of the proper combination will be purely fortuitous ~ From the extensive
studies of groups working on the Rous sarcoma, chicken lymphomatosis and

hroblastosis, rabbit I and mouse mammary tumors and
leukemsa 1t is obvious that only fundamental studies will make 1t possible to
st out the Knowledge requisite to the control of these varables When this
has been done, a entrcal analysis of the role of the virus in tumor development
may be possible  Faced with this problem of searching for an unknown virus
that may or may not signal 1ts presence mn an experimental ammal, our lzbora-
tory has chosen an indirect approach. Beleving that a2 more fundamental

d ding of viruses may provide the rationale
and techniques for attacking human tumors and related syndromes such as
Hodgkin’s disease, our laboratory has selected mouse leukemia for basic study
The work 15 1n ats infancy, but it has been possible to reproduce the results
Previously reparted by Gross# Even in a comparatwely well-known system
such as this the 1nitia studies have not been altogether uncomplicated ~ Never-
theless, we are now prepared to test methods of extraction and purification,
age-dose relationships 1n various hosts, and the development of more rapd
boassay techriques It 15 not anticipated that the carry-over of mformation
2nd techniques from the model system will be direct, however, 1t would appear
reasonable to expect that techniques tried and tested on such a mammalian
system might be applied to human matenal with success

The task of 1solating a pure virus and dentifymng 1t beyond question as
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the causative agent of Hodgkin’s disease 15 almost overwhelming in its com-
plexity. Every avenue of approach must be tested, and if model mammahan
systems do not provide leads it may be necessary to turn to techmques such

as

tissue culture, or to use even further removed biological systems such as

that of Drosoplnla. The search must go on, and even the “negative” results
are affirmative 1n that they warn other investigators away from those ap-
proaches that have been shown to lead nowhere,
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THE USE OF GERMFREE ANIMALS AND TECHNIQUES IN THE
SEARCH FOR UNKNOWN ETIOLOGICAL AGENTS*

By James A. Reyniers and Mrriam R, Sacksteder
LOBUND Institute, Unitersity of Notre Deme, Notre Danme, Indiana

The subject assigned to us for discussion must be treated, for the most part,
theoretically. While the use of germfree techniques is rapidly expanding, the
field 15 relatively new, and very little has been done with either the germfrce
animal or techniques 1n the search for unknawn etiological agents  However,
this is a matter of time, so that it is opportune now to discuss the problem.

The thesis upon which germiree life studies rest is that of extending the pure-
culture concept to the animal by the use of methods that ehmimate contamina-
tion (Reyniers, 1953, Reyniers and Trexler, 1933). The value of this concept
to the development of bacteriology and infectious diseases is without serious
question It would seem reasonable, therefore, that this concept should be
extended to situations where an infectious agent s suspected, but unknown, by
eliminating contamnants from the ammal and the environment in which it
Jives  If these condittons can be achieved, then the animal is locked, in effect,
mio an isolated environment Under these circumstances attention may be
centered on the animal and not diverted by suspicion of contammation from
the external environment or from microbes ordinanly contaminating a con-
ventjonal 2nimal

Theoretically, a germfree ammal s one free from all hving contaminants
Practically, the examination involved requires a function of available tech-
niques for detecting contamination  Such techmques w1l encompass those of
bactenology, virology, parasttology, immunology, and pathology. If the levels
of mquiry cannot be satisfied by such methods, then new methods must be
devised For example, if a disease occurs in a germfree ammal, 1t may be
reasonable lo suspect a hving contaminant even though conventronal tech-
mques do not reveal 1t Further, if no disease 15 observed in the germfree
anima) duning us hfe or in subsequent generations 1t may be necessary to cause
a disease or, better, to bring stress to bear on the animal to bring out 2 con-
tamnant  This would be the case where no spontaneous tumors occur but
can be brought about experuneatally through the use of a carcinogen.

In the present state of hnowledge, 1t 1s reasonable to assume, on a basis of
espenence, that microscopreally visible microorganisms {for example, bactera,
yeasts, fungi, protozoa, endoparasites, and ectoparasites) can be elimnated
{rom a mammal by cesarotomy or from oviparous ammals by sterszing the
outer shell of the egg and hatching into a stenle environment, The techniques

presently available are adequate for the purpose Morcover, 1t should be
remarhed that the germfree ammal s utself an excellent detection device
which contaminants can teadily grow, probably because the ammal is without
previous microbial experience, and there 1s no aniagonstic effect of one hind

rted 1n this paper were auled by Grant No 48 from The Damon Runy on
Mool e O cer Rescarth, Tne, New Yorh, NV, and Contract N R 131067

from the Office of Naval Rescarch, Washington, D €
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of microorganism on another. The same may be smid for many of the more
famihar viruses, especially those that caunse a recogmizable disease  The prob-
lem s more complicated with nonsymptomatic viruses  Here even the tech-
niques of tissue cubture must be refined so that products and tissues from
germfree ammals may be mamtained in a germfree unit  ‘This level of mves-
tigation has not yet been fully explored, Indeed, 1t constitutes, 1 part, the
subject of this paper.

At this point it shovld be remarhed that the definition of a germiree ammal
as one free from all demonstrable living contaminants 1s cotrect  If, 1n the
search for contaminants below the level of ordmary inquiry, an agent should
be revealed, the animal is, of course, not germfree, and further work 15 neces-
sary to find animals in which it does not exist  However, 1t 1s at tlus point
that the animal may be of prime iterest, since 1t 15 1solated with the contami-
nant, which may be studied without i ¢ from other mic

Germfree .1 pparatus

Since no degree of asepsis will satisfy the absolute demand of elmnating
contamination from the experiment, 1t 1s not possible to rear or study germfree
et N - wuch apparatus 1s an essential

ather than the term “isolation
i prmanly for worhing with
ammals wsolated from microbes However, any apparatus that wall satisfy
the ngid standards necessary for reanng germfree animals can also be used in
the physical and chemical sciences for controlling the emvironment at a pre-
§e|e:ted temperature, humidaty, pressure, or gas composttion, with shght changes
in the accessories
Apparatus designed for rearing germfree animals must be completely steri-
hized at the start of an expeniment and kept stenle durimg itsuse It must also
permit contamnated matenals to be sterilhzed into 1t and the mdvidual units
to be connected to each other 1nto muluple systems without contammating
the contents  Anything less certain than these requiements of absolute
steribty will be unsatisfactory for serious worh requining contmuous observa-
tion over a long petiod of time
From years of experience with stenlization wn microbiology, we hnow that
the most effective way of hilling all forms of life 1s heat, particularly as delivered
through steam under pressure (autoclaving) Once used, heat has the added
advantage of not mterfering with tests for sterihity, as might be the case with
chemicals
Laboratory tests of the apparatus for sterility that do not involve the ammal
are of Lmited value The final test 1s that of observing the germfree amimal
for c during op of the In this the germfree
animal s the best test medium for the purpose It 15 the real purpose and the
focal point for using the apparatus Laboratory tests are limited, at best,
by sampling errors, since only part of the materals (food, water, bedding, and
2pparatus) can be sampled with specific media  Generally speaking, 1t 15 best
to depend on the method used to effect stenlization rather than a means for
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detecting contamination in the case of fallure Under such circumstances
autoclaving has proved to be the most effective method In spectal instances
where filtratton, radation, or chemical stenilization 15 necessary, the risk of
contamination must be accepted, and the burden of proof lies n detecting 1t,
but wherever possible it would be advisable to use autoclaving In passing,
it might be remarked that apparatus designed for steam stenlization also can
be used with chemical disinfectant On the other hand, apparatus designed
primanly for chemical sterilization cannot be used so effectively with heat.

The bastc design requicements for an effective germfree system operated
with steam under pressure are as follows:

(1) The apparatus should be constracted of stainless steel and made suffi-
ciently sturdy to wathstand continuous uss, as well as the thermal stresses and
pressures involved in 1ts oparation It must be simple enough in construction
to permit day-by-day operation in a routine manner without endangermng
stenlity Like an autoclave, 1t should last for years of constant use and be
sufficiently uncomphcated that 1t can be operated by technicians  Thus, the
wnitial costs are not a factor when measured aganst the demands for a secure
aperation.

(2) The apparatus should consist of basic units that can be used singly or
assembled mto systems speciahized to certan specific tashs (FIGURE 1),

(3) Each umt must have such flexible members as rubber gloves attached to
1t so that the ammals can be mampulated

(4) Each umt must have a means to permit 1 saf sterilization, so that food
and water may be passed into the unit, debns removed from 1t, or two or more
units connected for transfer of amimals without breaking stenhity.

(5) Each umt must be supphed with a ventilating system capable of deliver-
ing sterle air to 1t

(6) Each umt must be equipped with viewing windows and lights

One such system that meets the above requirements s the Reynters Germ-
free System * The basic unit 1s a metal cylinder, preferably made of stainless
steel (FICURE 2)  Each untt 15 mounted on wheels so that it can be moved
freely. A complete germfree system i which germiree animals can be reared,
experimented upon, and cesarotomized would consist of the following spectal-
1zed units (1) a standard rearing umit, for example, RSU-500, (2) a surgical
wmt, ROPU-200 m whih cesarotomy «an be performed on conentional
mammals, (3} a umt, REXU-200, i which ammals can be experimented upon
and that also serves as a connecting umt for end-to-end systems, and (4}
transport units, RTRU-100, in which ammals may be shipped from place to
place via public transportation

The numbers of each type of unit necessary to an operation wil) depend on
the needs of the expenment and the numbers of ammals necessary If:nh

*Reyniers & Son, 3806 North \shlamil Avenue, Chicago, I The code numbers are

those of this firm
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detecting contamination in the case of farlure. Under such circumstances
autoclaving has proved to be the most effective method. Tn speial mstances
where filtration, radiation, or chemical sterlization is necessary, the risk of
contamination must be accepted, and the burden of proof lies in detecting it,
but wherever possible 1t would be advisable to use autoclaving In passing,
1t mught be remarked that apparatus designed for steam sterihization also can
be used with chemcal disinfectant. On the other hand, apparatus designed
primarily for chemical stenlization cannot be used so effectively with heat.

The basic design requirements for an effective germfree system operated
with steam under pressure are as follows:

(1) The apparatus should be constracted of stainless sieel and made suffi-
ciently sturdy to withstand continuous us2, as well as the thermal stresses and
pressures mvolved n 1ts op2ration It maust be simple enough in construction
to permut day-by-day operation mn a routine manner without endangering
sterility. Like an autoclave, 1t should last for years of constant use and be
sufficiently uncomplicated that it can be operated by technictans  Thus, the
mitial costs are not a factor when measured against the demands for a secure
operatton

(2) The apparatus should consist of basic units that can be used singly or
assembled into systems specialized to certain specific tasks (FIGURE 1).

(3) Each umt must have such flexible members as rubber gloves attached to
1t so that the animals can be manipulated

(4) Each umt must have a means to permut 1 sifx sterilization, so that food
and water may be passed into the unit, debris removed from 1t, or two or more
umts connected for transfer of ammals without breaking stenlity

(5) Each unit must be supphed with a ventilating system capable of deliver-
ing sterile air to 1t.

(6) Each umit must be equipped with viewmg windows and lights

One such system that meets the above requirements 1s the Reyniers Germ-
free System * The basic unit 1s a metal cylinder, preferably made of stainless
steel (FIGURE 2)  Each unit 1s mounted on wheels so that it can be moved
freely A complete germfree system in which germfree amimals can be reared,
experimented upon, and cesarotomized would consist of the following special-
szed units (1) a standard rearing unit, for example, RSU-500, (2} a surgual
umt, ROPU-200 in which cesarotomy can be performed on conventinal
mammals, (3} @ unit, REXU-200, 1n which amimals can be experimented upon
and that also serves as a connecting umit for end-to-end systems, and (4}
transport umts, RTRU-100, in which animals may be sipped from place to
place via public transportation

The numbers of each type of unit necessary to an operation will depend on
the needs of the experiment and the numbers of ammals necessary  If am-
imals can be obtained from a central source of supply, a single unit ray suffice

There are many accessory attachments such as stenle traps for passing heat-

Jabile materials or embryonated eggs into a germfree umt  Incubators, deep-

+ Reyniers & Son, 3806 North \shland Ascoue Chicago, B The code numbers are

those of this firm
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than 15 months without transfernny the ammals and, during this penod, more
than 135 sterile fock passages have been made without contamination A
colony of mice has been reared for more than § penerations, each up 10900 days
of age.

Tt is possible to devise many types of systems for stenhzing air, but long
experience has demaonstrated that, by the use of fresh, prefiltercd omside arr
passed through glass fiber filters attached 1o the germiree umt, no difficulty due
10 i has been d. The arr filters attached to the germ-
free unit are made to be sterilized in sttt by autoclaving and dried 1n heat under
vacuum.  If, however, for theoretical reasons additional precautions seem
necessiry, the air may be prestenhized with heat and cooled before passing 1t
through the unit filters. This 15 merely a matter of refinement and does not
affect the basic ynit or its design

The pownt §s that, with a basic metal unit that can be initially stenfized with
steam under pressure and so majntained in operation, 1t 13 enticely possible to
work nith certainty and to do this with technicians, so that the cost of opera-
ton is reasonable.  Having such apparatus, it 1s possible then to concentrale
on the animal in the search for unknown etislogical agents

Germfree Animals

Thus far there has been no hnown certain means of obtaining germirce am-
mals except 10 remove them before binh to a sterile envronment At this
ime, and on a basis of many years’ expenence, it 1s entirely reasonable 10 s1ate
that (hislmmg ¢ ao) meen et anoan mabblep o iesn mine mankevs @013 dnos

tinty with respect to nonsymptomatic viruses, and this state Wil afways
edst because, as such yiruses are demonstrated, they are ehimmated from the
category of the unhnown  When this happens, still others may eust for nhich
tests are not avarlable. TFinally, there very well may be a level at whuch the
Virus may be so closely related to the ecanomy of the cell that it may be neces-
Sy 0 its function At the moment this 15 a theoretical quesuon that may
— e o
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eventually be of considerable importance, but only time and a continual re-
evaluation of the question can solve it.

The important thing to consider is that an animal is locked into a stenle
environment and contains only that which it brings mto it  Nothing 1s added
from the outside environment, nor is there the uncertainty that would exist,
for example, if attempts had been made to eliminate contamination from a
conventional animal. Under such circumstances it is possible to search for
suspected but unknown living agents as the animal passes through its life into
successive generations. In the event that a balanced situatton exists between
wviruslike agents and the animal, 1t may be possible to upset this balance by
Placing stress on the animal, with the result that the contaminant emerges to

within the confines
u . . rom a conventional
animal, there 1s httle certainty that it is free from contaminants By the same
token, in testing conventional animal sera for contaminants mn a germfree
anmal, there is always the possibility of passing unwanted viruses even though
the serum is filtered. The use of antibiotics does not satisfy the ngid require-
ments set up for germiree operations, and this is also true for germicides be-
cause of a possible bacteriostasis, On the other hand, the certainty 1s increased
if the tissues and serum are taken from germiree animals and all culturing tahes
place inside a germfree system
These things are difficult to explam to those not eperienced with germfree
techniques and concepts  They can be explained better with a few examples
taken from our own experience and the evperience of others working n this
field

Use of Germfree Techmques and Animals i the Search for
LU'sknown Etiological Agents

No matter how carefully an mvestigator works with aseptic techmques the
questton of contamnation 1s always present. The early period of bactenology,
when the question of life cycles of bacteria was an important problem, s replete
with examples of findings upon which the doubt of contamination could be
cast, despite very careful work

Use of germfree lech lo el A good example of
the need for germiree techmiques m cancer research 1s found m the work of
Kassel and Rottine (1955) deahing with the significance of diphtheroids in malig-
pant disease  These mvestigators report the 1solation of acid-fast and dipthe-
roid microorgamsms from the blood of patients with Hodghin's disease,
leukemia, and lymphosarcoma, as well as from mice with cancer With comven-
tional aseptic procedures, 20 per cent of the blood cultured from
Hodgkin’s disease patients on tryptase broth showed diphtherowd contamination
and, with PPLO-media, 92 per cent of the samples showed contanunation
YWhen the work was carnied on m a “sterile” room, -+ per cent contamination
occurred with patients and 30 per cent with C3H mice. ~ Use of a simple germ-

free appatatus reduced the contamination to 0 per cent in all lnSl‘fllﬂteﬁ Fhu;,
the diphthermds are clearly contaminants The authors say, “In our wor)
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meticulous attention to technique, short of the use of the germfree hood, served
only 10 el the « Teaving behind slower-growing,
more fastidious contaminating organisms of unhnown origin and significance

Agam, as the authors point out, this does not settle the question of virus
etiology  Here the problem enters another phase, for the germfree technique
1s only as exact as the punty of the material mtroduced mto the system
Therefore, even when extraneous contaminants are eliminated, the blood taken
from conventional ammals or patients would be lncked into the system with
whatever viruses or other contaminants 1t might contam. The use, therefore,
of blood or tissues from conventional animals will always constitute a problem
when they are introduced nto a germfree system

An example of this difficulty occurred 1n some of our work with mfectrous
hepatitis  This 1s mentioned here only because it ilustrates the general
problem  In this work we attempted to examme hepatitis sera from the Ahiba
{Pa) and New Lisbon (N J) pools * The purpose was to determme whether
a laboratory animal could be found that would be useful m experimental
studies

Germiree chihens (White Leghorn and New Hampshire Red varicties)
were used n the preliminary expenments because these animals were available
at the ime  The serum was passed through UF fritted glass filters (09 to 1 4 1)
and tested free from bacteria  This was further borne out by the absence of
bactenal contammation in the germiree ammals  The route of nfection was
ntravenous, intramuscular, or oral  The results of these preliminary experi-
ments are shown in TABLL 1

Tliness developed i the germiree chickens between 9 and 21 days post-
woculation  The principal symptams were gastromtestnal, mith marhed dis-
tention i the crop, which was filled with a foamy bqud  External evidence
of (s was seen in the discharges from the mouth and nasal passages At this
pomt 1 the syndrome, extreme weakness, followed by paralysis and death, was

* The sera were supplied by Warren Henle and

h .
seraity of Pennsylvania, Phuladelphia, Pa Joscph Stohes, Children's Hosputal, Uni-
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TABLE 2
PAssAGE 1N GERMFREE CRICKENS via SERUM FrOM THOSE INocULATED wimt UF Fiiteate
or Huysy InrecTIOUs Hepatimis SErRua (Axrst Poot)

Age tday)| Passage rumber | ToGdenceof | Incubston period | Period of { yypry chickeas
76 I 3/3 12-20 30 Leghorn
88 Iog 3/3 10-12 30 Leghorn
58 joys 3/4 2-8 60 Leghorn
60 v 0/3 ~ 60 N H Red

the usual picture. On gross post-mortem exammation, no hver damage was
detected. The incidence of this disease was erratic, that 1s to say, when the
disease occurred, all chickens m the gronp were affected, but in other situations
none of the birds so inoculated showed symptoms. The best results were
obtained with older chickens (30 to 60 days), while the results were umformly
negative in young chickens (8 to 10 days). The Leghorn seems susceptible
to the disease, while the New Hampshire Red chicken was uniformly negative.
The disease can be transmitted (TABLE 2) through at least three passages in
Leghorn chickens In the experrment mentioned the fourth passage was
attempted in New Hampshire Red chickens from the Leghorns, and the resuits
were negative We could not reproduce this disease in conventional White
Leghorn chickens at any age Heat-inactivated sera were negative At-

tempts at serologic dentification were unrehable
Based on epidemiological and human volunteer studes, 1t 1s generally ac-
cepted that mfectious hepatitis has a virus etiology, and that attempis to find
a suitable laboratory animal have been unsatisfactory, Therefore, at this point
1n our investigations, short of human volunteer studies an impasse was reached.
1t is obvious that 1n this work, starting with human sera from active hepatitis
patients, other vituses might also be present Since, 1n the disease as mami-
fested mn the germfree chicken, no hepatic damage was observed and paralysis
was a symptom, further testing of the serum m human volunteers was not

wdicated
Here then, within the extremely narrow hmits of these preliminary studies,
an infective filter-passing agent could be properly suspected, but not identified,
and the use of conventional sera fatled to meet the level of control necessary
Further work on purnifying the sera, that is, to eltmunate other viruses, s neces-
sary This can be done, of course, by taking advantage of the resistance of
JQifferent viruses to heat, chemials, or radiation, or by such means as differen-
tial centnfugation

Search for etological agents n diseases that occtr spontanconsly i germfree
amimals, but not 1 the comentional counterparts  The problem here 1s different
from those previously mentioned 1n that the search 1s confined entirely to the
N - ' nentally attempted from

marked by brain lestons
10 a series of chichens shortly after batchuag. More than one hundred animals

were involved  This syndrome occurred only in germiree chickens and not
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in chickens from the same clutch of eggs hatched into a conventional ensiron-
ment. The symptoms first appeared twenty-four hours after hatching 2s a fine
tremor that progressed over a five cday period to very coarse tremors, lack of

ion, and death. E ty, alt the chickens in the germfree unit
where it was detected shoved symptoms and, with two exceptions, all chickens
aliowed to come to terminationdied  The pathology (studied by H. A. Gordon
of our «taff) was marked by brain lesions that in one period were charactenzed
by meningeal proliferation in the region of the cerebeltum and in another by
cerebral Iytic areas. In a few instances where the ammals were contaminated
with bacteria early in the onset of the disease, the fesions were atrested, and
the chickens recovered and fived. Attempts 1o transmit the disease experi-
mentally to ¢ ional chickens were ly negative, as were attempts
to grow any \h\ng hom ﬁlm\es lmo \he chick embr) o An zu:mpt hy \I

milder and took about seven days ta develop. One thing seems certain: the
disease occurred only in the germiree animal insofar as our expenence is con-
cemed.  While there 13 no direct evidence for an infective agent, the pattern
of spread 1n a group of chickens within the same germfree umt suggests that
an unknown etiological agent s imolved Since the disease could not be

either sy ly or by inocul: inte tional chickens
from the same clatch of eggs, the problcm, i 3t 15 to be properly evplored, hes
within the confines of the germfree system.

This strange disease of germiree chickens has not been fully worked out be-
cause of the sporadic occurrence of the malady and the dufficulty of predicting
1ts appearance, so that disease-free, germfree chickens would be avatlable for
transmission studies

Possible agents from I parents to offspreng
reared germfree. We are here mostly concerned with suspected but unknown
etiological agents such as would be found 1n egg transfer in avian levhoss,
feuhemia 1n AKR mice and, to some degree, 1 transmission of the Bittner
factorin C3H mice.  In order 1o illustrate the problem within the frameworh
of germfree ammals and techniques, an example 1s given from our work with
germiree CIH mice.

Because germfree mice are cesanan born and are hand fed to weating on an
autoclaved hquid formufa or foster-suckled on germiree mothers that them-
selves have been hand reared from a cesarotomy, 1t 18 reasonable to assume
that transmission of the mifk factor via mother’s mik would be elimnated
Therefore, if spontaneous tumors develop, the possible factor would probably
be 1ransmtted to the offspnng through the placenta or by way of the germ
cells  If such apents are transmitted through the placental bamer, w would
be reasonable 10 expect tumors to develop m the first generation that 1s, 1
hand-fed animals  If 1umors are mamfested 10 succeeding generations, then
it may b " o " N
1s, genet .
strain ar N
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Tasre 2

TassAGE 1N GERMFREE CHICKENS VIA SERUM FROM THOSE INGCULATED Witht UF Fiiteare
or Houaw InFecTious HEPATITIS SERUM (AKiRA PooL}

Age (day9)| Passage pumber | Incpdenceof R Incubgbion period} - Perwodof | variety etuckens
76 1 3/3 12-20 30 Leghon
88 I 33 10-12 30 Leghorn
58 it 3/4 2.8 60 Leghorn
0 v 0/3 — 60 N H Red

the usual picture On gross post-mortem examunation, no liver damage was
detected. The nadence of this disease was erratic; that 13 to say, when the
disease occurred, all chickens in the group were affected, but in other situations
nene of the birds so moculated showed symptoms. The best results were
obtained with older chickens (30 to 60 days), while the results were uniformly
negative in young chickens (8 to 10 days) The Leghorn seems susceptible
1o the disease, while the New Hampshire Red chicken was uniformly negative.
The disease can be transmitted (TABLE 2) through at least three passages 1n
Leghorn chickens In the expenment mentioned the fourth passage was
attempted 1n New Hampshire Red chichens from the Leghorns, and the results
were negative We could not reproduce this disease in conventional White
Leghorn chickens at any age FHeat-inactivated sera were negative At-
tempts at serologic identification were unreliable.

Based on epidemiological and human volunteer studies, 1t is generally ac-

DT SN toaloar amdd alas

[ TR S i atlamntn ta fin

patients, other viruses might also be present  Since, 1n the disease as mam-
fested 1n the germfree chicken, no hepatic damage was observed and paralysis
was a symptom, further testing of the serum m human volunteers was not
indicated

Here then, within the extremely narrow limits of these preliminary studies,
an infective filter-passing agent could be properly suspected, but not identified,
and the use of conventional sera failed to meet the level of control necessary
Turther work on punfying the sera, that 1s, to elimmnate other viruses, 1s neces-
sary This can be done, of course, by 1aking advantage of the resistance of
different viruses to heat, chemicals, or radiation, or by such means as differen-
tial centrifugation

Search for etrological agents 1 diseases that occur spontaneously wn germfree
ansmals, but not 1 the contentional counterparts  The probilem here 15 different
from those previously mentioned n that the search 15 confined entirely to the

were mvolved ‘1S SYNUTOME OLLULIEU Qlly T BUsiiete Sushti wa « o



Reyniers & Sacksteder. Use of Germiree Animals 335

above, and where it is possible that the etiological agent might be dormant.
At thus point attempts can be made to stimulate tumors by a carcinogen and to
search for transmissible subcellutar particulates in the tumor,  Smce this can
be accomplished within the confines of a germiree system and in an ammal
that 15 usually negative to the spontaneous disease, the search assumes a Jess
complicated suuation than with conventional animals,

An example of the use of a diet to bring about a pathology where an unknown
etiological agent might be suspected concerns Liver necrosis in rats  In a series
of experiments with germfree rats fed a diet that will cause fiver necrosis in
comventional animals (Luckey ¢f af , 1934}, the first results were negative in
the germfree ammal  Another series of germiree rats in which the diet was
restricted yielded hiver necrosis, Because the use of antibioties and chemo-
(h:mpcunc dmgz. e pml:cuo!\ to ton\'cmmml ra(s ((‘)orgy 1954) fed a

curred, 1solation and passage of a subcellular agent were attempted by passages
10 mhcr germiree animals. The results have been negative to date in these

experi but the experi 1 the category of useful-
ness now under consideration

Summary

‘The purpose of this discussion has been to introduce the subject of germiree
hfe and techniques in the 1solation of unhnown etiological agents  While the
anmals and the techniques are availabfe for the purpose, the field is new, and
not much has been done m this respect  Therefore the discussion has been
held largely at a theoretical level.

The basis for such useful liesin an of the p lture concept
through the use of germfree animals and techniques Since the germfree
animal 15 free from demonstrable hiving contarmnants and 1n a stenle environ-

ment, the ques\lon of comammauon 18 neghglble
- -

the ammal, the experiment has little chance of success

Guwen the proper appam\us and lhe germiree animal, at 15 possxble 1 to
use the to from microbiol 1 cuitunng
techmques, as in the search for blood parasttes (Kassel and Rotune, 1935) or
to use the anumals 1n an attempt to wsolate and grow the virus of mfectious
hepatitis, (2) to search for etiological agents 1n diseases that occur spontane-
ously in germfree ammals, (3) to study the transmssion of disease-causing
agents from conventional animals to germfree offspring, and (4) to search for
unhnown etiological agents 1n diseases caused experimentally by stress, chem-
cals, or diet 1n germiree animals

From the above an attempt has been made to show the usefulness of the
hypothests 1o vanous fields of nterest, including cancer research
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TasLe 3
Gerurree C3H Mice
Jous 27, 1955, 1o May 30, 1957

Sex o “ﬁdu;ﬂbsle;v;nan

L4 ? g ?

First 7 1 6 655 1 1
Second 46 28 18 520 6 4
Third 9% 5t 47 485 35 24
Fourth 81 42 39 390 27 19
Fifth 61 32 29 330 33 26
Sixth 20 9 11 250 8 10
Totals 313 163 | 150 110 84

from the male Finally, f no tumors develop spontaneously, esther in the
Iifetime of the animal or mn successive generations 1t may be said that such a
factor 1s absent or at least dormant and waiting for some stress not found in
the normal life of the animal or some genetic accident to free it These are
simple hypotheses, of course, and are given to:llustrate the problem under con-
sideration

An experiment set up to test these hypotheses and not yet completed may be
offered as an example  Ina group of C3H muce (Tannenbaum substrain) born
by cesarotomy and delivered germiree, the ammals were foster-suckled on a
second-generation germiree Swiss mother that had delivered naturally on the
same day  The Swiss strain concerned 1s conventionally a low tumor-maident
stram The C3H amimals were weaned and bred brother to sister for seven
generations  Some amimals from each generation were aflowed to ltve out their
Ife span  All antmals were observed for tumors The results n the time
period 1ndicated are shown in T4BLE 3

As can be seen from the resuits, none of the ongmnal litter of C3H mice de-
veloped tumars, nor were tumors observed n the offspring of the seventh gen-
eration

Conventional C3H mice on the same autoclaved diet and reared in the same
type of container show 90 per cent mammary carcinoma between the tenth 1o
eleventh month and 98 per cent by the eighteenth month  The conventional
males develop about 45 ta 50 per cent hepatomas by the thirteenth month

Since this 15 an intenm expenment and the group s small, a note of cautton
should be sounded relative to conclusions It might be expected with a greater
number of animals and over a longer period of observation that tumors would
develop 1 the germfree strain, at which pomt attempts to 1solate an agent
could be made

Search for suspected etiological agents 1n diseases caused by siress, chemicals,
or diel 1n gernifree ammals  Another example of the possible usefulness of germ-
ues and animals 15 that i which an anticipated disease does not

e techniq!
{orcec“r spontaneously, for example, tumors 1n germiree C3H muce as mentioned



Part IV. Therapy
RESULTS OF THERAPY IN HODGKIN'S DISEASE*

By Heary D Diamond

The Memarial Cente for Concer and Allied Duscoses, Shoon-Kettering Insutute for
Cancer Rescarch, ond Cornell Unteersity Medical College, New York, N

Since 1930, a detailed study of all patients with Hodgkin's disease observed
at The Memorial Center for Cancer and Allied Diseases has been 1n progress.
Lloyd F. Craver and 1, in collaboration with the late Sophie Spitz of our De-
partment of Pathology, undertook the tash of studying the chnical records,
pathology, chnical course, treatment, and prognosis of those patients in the
records of this center from 1918 through 1953  In addition, my private prac-
tice records and those of Craver were perused and analyzed to augment the
hosmtal records

As a consequence of this plan, and in order to implement the investigation,
a master code chart was devised with the aid of our statistical department, and
the data were transferved to IBM cards for processing through IBM machines
Using such techniques, we were able first to extract and then to analyze con-
siderable masses of data on our patients with Hodgkin’s disease

We found almost 2500 records of pattents with this disability. About 500
of the cases recorded from 1918 through 1928 were not venfied by biopsy or
other histopathological studies  Of the remaming 2000 cases, all with histo-
pathological confirmatory studies, almost 1000 were either brief consultation
cases or, for vanous reasons, had sufficient data recorded on the charts to
meet the ngid critena formulated for this mvestigation  Although each of
these 2000 cases had been diagnosed as Hodgkin's disease on slhide study by
some member of our Department of Pathology, 1t was decided that a single
member, Sophte Spitz, should review all the pathological matental  The re-
[ S RPN .- PR Al

again reduced the total study group  Thus, by December 31, 1933, the closing
date of this climcal investigation, we were able to assemble a grand total
of 713 records of patients with Hodgkin's disease that met the followmg nigid
critena of our study (1) completely adequate clinical records, so that all ques-
N " e oL A

therapy, or surgery
As other investigators have done,!* we have evolved a clinical classification
of Hodghin’s disease that serves a trple function first, 1t allows us to consider
* The research for this paper was supported by a graat from lhe Llo)d F Craver Fund of
The Memonal Center for Cancer and klhed Diseases, New Yorh, raverfund o
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Taeee 1
5- AN 10-Y raR SuRvIVAT RATIS By DFCaDks 13 713 Paqient witit JIonchin’s isease

' l”un duration n years
Decade Stears 19 Years rom 13t Memarial
Center viait

15t (0-9yrs) Y1t = 90% 0/11 = 00% 24

2nd (10-19 yrs) 1881 = 222 8/81 = 9 9%, 34

3rd (20-29 3¢s) 38/188 = 20 50, 14/188 = 7 4%, 31

4th (30-39 yrs) 31174 = 21 3%, 16/174 = 9 2%, 33

Sth (10-40 yrs) 25/110 = 22 7% 5/110 = 4 5% 28

6th (50-503rs) a2 =114 5/82 = 6 1% 28

Tth (60-69 yrs) 3/16 = 6 5% 2/46 = 4 3% 18

&th (779 31rs) 3720 = 15 0%, 1/20 = 5 0%, 212

9th (80-89 yrs ) 0/1 = 007 0/1 = 00% 08

tient sutvived beyond the S-year period, mahing for this group a 9 per cent
S-year figure

In the second decade there were 81 patients wath a mean duration of 3 4
years, a S-year survival rate of 222 per cent (18 of 81 cases), and a 10-year
survival rate of 99 per cent (8 of 81 cases) Obviously only some of the pa-
tients of the 5-year group survived the period of 10 or more years, but 1t may
be sigmficant that of 18 patients who survived for 5 years, almost half survived
for 10 years or more  This group includes several who are surviving beyond
a 20-year period

There were 188 patients in the thied decade with a mean survival of 3 1 years,
a S-year survival rate of 20 5 per cent (38 of 188 cases}, and a 10-year survival
rate of 74 per cent (14 of 188 cases) There are 4 patients m this group sur-
viving beyond the 20-year perod

In the fourth decade there were 174 patients whose mean duration was 3 3
years, 2 5-year survival rate of 21 3 per cent (37 of 174 cases), and a 10-year
survival rate of 92 per cent (16 of 174 cases) Three patents 1n this group
are beyond the 20-year period of survival

There were 110 patents in the fifth decade with an average survival of 28
years, a 3-year survival rate of 22 7 per cent (25 of 110 cases), and a 10-year
survival rate of 4 5 per cent (5 of 110 cases)  Thus, 20 per cent of the 5-year
survivors lived beyond the 10-year period

In the sixth decade there were 82 patients with a mean survival of 2 8 years,
a S-year survival rate of 17 1 per cent (14 of 82 cases), and  10-year survival
rate of 6 1 per cent (5 of 82 cases)  Thurty stx per cent of the 5-year survivors
lived beyond a 10-year period

There were 46 patients n the seventh decade with an average duration of
18 years, a S-year survnal rate of 6 5 per cent (3 of 46 cases), and a 10-year
survival rate of 43 per cent (2 of 46 cases) Sixty-six per cent of the S-year
survivers hived beyond the 10-year period

In the eighth decade 20 patients had a mean survival of 2 2 years, a 5-year
survival rate of 15 per cent (3 of 20 cases), and a 10 year survival rate of 5
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treatment either from a theoretically curative standpoint, or from a solely
palliative one, second, 1t places precise emphasis on the choice of one or another
treatment agent or agents; and third, it affords us a means (not always alto-
gether satisfactory) of attempting prognosis with some degree of accuracy.

Class I The disease is imited clmically to a single locus (unifocal unicentric
origm) with ro constitutional symptoms or signs, such as fever, night sweats,
pruntus, weight loss, anemia, or fatigue

Class 2. The disease 15 himited regionally (regional anatomic distribution,
that e all anmespes A% " v 1 .

P L L B K

i . . (I : . 1
and signs.

This cltmeal dassification®  concerns 1tself with the question of whether,
when first seen, the patient has localized, regional, or generalized disease. To
date, our vmpression 15 strong that by utilizing the implications of this classifi-
cation the end results of therapy are enhanced, and the principles of treatment
given a disapline  Peters,® # using a like plan, has reported remarkable end
results in terms of five- and ten-year survival rates by using X-ray treatment
plans, fields, and factors similar to ours

Our 713 patients were treated with therapeutic X rays and with the two
polyfunctional atkylating compounds, mtrogen mustard (HN2) and triethylene-
melamine (TEM)  We have not as yet analyzed our patients erther in terms
of specific type of Hodgkm'’s disease (that 1s, paragranuloma, granuloma, and
sarcoma) with respect to preferential outcome, or by a clinical classification
breakdown, although figures for domg so will become available to us m the near
future; we think these figures will substantiate our present impressions In
this report we can discuss only our over-all total experience in 713 cases.

It must be stated at this pomnt that more than 50 per cent of the patients
1n this group came to us not only 1n an advanced stage of the disease, but also
after having recerved imtial and subsequent treatment in ather wnstitutions
and by other physiians  Regrettably, all too often our services have been
sought as a last resort  Obviously, this has weighted our case load with an
1nordmate number of patients who responded unfavorably to treatment and
who, therefore, could be expected to have a depleting effect on over-all end
results

We analyzed our 713 patients in terms of wadence-frequency distribution
according to decades  The highest mcidence was 11 young adults, more than
one half (362) of the patients were between the ages of 20 and 39 years when
first seen and dragnosed at Memorial Center  The mean survival time for the
entire group of 713 patients was 2 5 years from the time of diagnosis at first
wvisit  Our data suggest that the older age group and very old people with
Hodgkin’s disease had a shorter-than average survival, but then, they were

subject to many factors other than Hndgkin’s disease that might have shortened
their survival

As shown m TABLE 1, for the 11 patients in the first decade of Iife, the average
val was 2.1 years, with a range of from 10 to 8 months  Onls one pa-

PR

Survr
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Tasr 1
S-AND 10-VEAR SUKVIVAL RATFS BY Drcaprs 1IN 713 Fariesm winn Ffoncyin®s Disy we

)“m P —-
Dewale S Vears 10 Years Jrom 1t Memoral
Center viot

1 1s) /= 90% 0/11 = 00% 24

2nd {10-39 ) 18/81 = 2) 29, 8/B1 = 9 9, 34

Sed (20-293rs) 3%/188 = 20 5% | 14/188 = 7497 3t

A (0¥ 3wy MATE = U | WA = 92 33

Sth (3049 318 B0 = 22 3 5/110 = 1 5%, 28

Gih (0593ms) | 13/ = 17150 582 = 619 28

Tth (6069 3rs 346 = 6 5% 246 = 4.3% 18

Rih (70-193rs) 3/20 = 1509 1720 = 500 22

9th (k0-89 3rs) ol = 00, 01 = 005 08

tient sunaved beyond the 3-year penad, making for tus group a 9 per cent
Seyear figure

In the second decade there were R1 patients with a mean duration of 3.3
years, a S-year survival rate of 22 2 per cent (18 of 81 cases), and a 10-year
survinal rale of 99 por cem {2 of 81 cases).  Obviously only some of the pa-
tients of the S-year group survised the penod of 10 ot mote years, but it may
be significant that of 18 patients who survived for § years, almost half survived
for 10 years or more. This group includes several who are surviving heynnd
a W-year prerniod

‘There were 188 patients in the thied decade with a mean sunvival of 3 1 years,
a 5.year survival rate of 205 per cent (38 of 188 cases), and a f(kyear sunnal
sate of 7.4 per cent (314 of 188 cases). There are 4 patients in this group sur-
viving beyond the 20-year penod

In the fourth decade there were 174 patients whase mean duration was 3.3
years, a 3-year survival rate of 21 3 per cent (37 of 174 cases), and a 10-year
survival rate of 92 per cent (16 of 174 cases)  Three patients in Uis group

survival rate of 45 per cent (3 of 110 cases)  Thus, 20 per cent of the 3-year
survavors ved beyond the 10-year period

In the sixth decade there were 82 patients wih 2 mean sunvival of 2 8 years,

a S-year survival rate of 17 1 per cent (14 of 82 cases): and a 10-year survival

o er cent of the 5-year survivors

with an average duration of

18 years, a S-year survival rate of 65 per cent (3 of 46 cases), and a 10-year

survival rate of 4.3 per cent (2 of 46 cases)  Sixty-six per cent of the S-year
survivors lived beyond the 10-year pennd,

In the exghth decade 20 patients had a mean survival of 22 years, a S-year

survival rate of 13 per cent (3 of 20 cases), and a {0-year survival fate of §
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TABLE 2
MeTnODs 0F THERAPY IN 713 PATIENTS witt HoDGRIN'S DisEasE

Xrays 713 Patients
1iN2/TEM 153/713 Patients
X rays Spark-gap
200 kv,
250 kv,
1 Mev
HN2/TCM Multiple courses ;m many
patients

per cent (1 of 20 cases) One of the three S-year survivors lived beyond the
10-year period

We had only 1 patient m the minth decade, and this patient survived only
10 months

All 713 patients were treated with X rays. In the period from 1918 to 1928
dosage calculations were based on spark-gap measurements, and for this reason
are difficult to measure and assess From 1928 to 1936 treatment was given
on high-voltage equipment ordinanly generating 200 kv. From 1936 through
1953 all patients were treated on 250 kv. generators, and some recerved super-
voltage therapy on the 1-Mev machine as well. We have not as yet analyzed
whether these different modahties have different effects on survival times
(TABLE 2),

Of the group of 713 patients, 155 were given one or mare courses of either
HN2 or TEM. The effects, 1if any, of these chemotherapeutic agents on
survival time have not yet been analyzed

The over-all 3-year survival rate for the entire group of 713 patients was 195
per cent (139 of 713 cases), and 7 2 per cent was the 10-year survival rate
(51 of 713 cases), as shown 1n raBLE 3 Of the S-year survivors, 36 8 per cent
(51 of 139 cases) lived beyond the 10-year pertod. Moreover, a considerable
number of patients are now hving and well beyond the 20-year period In
1957 a number of patients were lrving and well beyond the 25-year period

Tasie 3
OVFR ALL 5 AND 10-YEAR SurvivaL Rares iN 713 Cases or HoDGRIN's DISFASE

Decaile 5 Years t0 Years
o Dee e o omte
i 1 0
2 18 H
H 38 14
H 37 16
§ 25 s
H 14 H
$ 3 2
H 3 ‘ i
H 0 | 0
139 = 19 5% | 51 = 7 2%
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Although the ovet-all S-year survival rate seems discouraging, it must be
Lept in mmd, (1) that all patients from those in the most advanced stapes
0 those in the earliest stages of the disease have been included without sefection
1 the study; (2) that our study group is weighted heawily (more than 50 per
cent} with patients who had recawved repeated treatment elsewhere, and who
were already in the fate stages or the terminal phase of the disease when we
first saw them; and (3) that a5 yet no analysis has been made of the survival
rates of our patients on the basis of our clinical classification.

Qur expenience Teveals that in twe chinical settings in patients with Hodgkin’s
disease the combined therapy of 0.4 mg./kg. of HN2 {er ’0.!2 mg /hg. of

p with impending or present paraplegia, In the venz cava syn-
drome, full dosagre increments of from 200 to 300 roentgens (air} should be
adminsstered up to 2 totat dase of 200K to 3000 ¢ (mir) to opposing antenior and
posterior medhastinal fields  This can be done without {ear of further com-
pression, provided 1t 13 preceded by the treatment with N2 Alleviation of
the classic symptoms and signs of this syndrome begins within 12 hours after
initiation of such chemoradiotherapy and is complete withon 2 or 3 weeks 1n
over 75 per cent of patients

Tn a recently compieted study of the occurrence and treatment of paraplegia
due to Hodgkin's disease we found 50 instances of paraplegia in 1583 patients
with the dicease, these instances were associated afmost exclusively with epidural
Hodghm's distase?$ More significant was the finding that excellent restora-
tion of sensation and motor function, along with the disappearance of para-
plega, was achieved in 50 per cent of those patients treated by radiation therapy
alone, and 1n 90 per cent of those patients treated by combined chemoradiation
therapy 79 Thesc findings in the largest single group of paraplegic Hodgksn's
disease patients reported to date seem to negate effectively the need for the

1 ded method of , that 13, lJaminectomy alone, or
faminectomy and radiotherapy.

After careful neurolomcal exammation and localization of the Jesion, the
patient 1s given 04 mg /g of HN2 IV, and immediately afterward s
started on 250 Ly X-ray therapy to vertebral fields encompassing the entsre
site of neurclogical 1volvement  T'ull increments of from 200 10 300 r (air)
have been delivered 10 a total dose of 2000 10 3000 £ (a1r)  Pretreatment with
HIN2 prevents further compression of the spinal cord by the mibal doses of
raduotherapy 9

Certam it 1s that much remamns to be done to improve our early diagnoss
of patients with Hodgkin's disease, our treatment techniques and, perbaps most
of all, our philosophical approach to the treatment of these patents

In no sphere of cancer medicine 1s there such an appathingly mbilistic philos-
ophy ameng physicians and surgeons, and even among radiologists, as there 1
n the treatment of patients with mabgnant lymphomas  Yet we see swaft
and even enthusiastic treatment by radwal surgery of cancers of the lung,
pancreas, stomach, soft parts, and bone, to name 2 few, whereas the total
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experience in terms of S-year survival rates for all such patients hovers some-
what below 10 per cent!

Let us be critical of ourselves, of our present methods of treatment, and of
our instructions to our colleagues and students, and impart a dynamic philos-
ophy in treatment Let us continue to search out the past experiences, the
natural history, and the vaganes of the biological activity of Hodgkm’s disease
while we press forward in our search for better radiotherapeutic and chemo-
therapeutic measures for this disease.

In the meantime, let us continue to prevail on our medical colleagues to
attempt diagnois of Hodgkin's disease early, without temporization and guess-
work, so that the therapeutic means now available to us can be used forthwith
and to the best advantage of the patient.
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TROMILLION-VOLT X-RAY THERAPY OF HODGKIN'S DISEASE

By Hugh T Hare, Ben M. Dahle,*
Los Angeles Tumor Insistule, Los Angeles, Calsf

John G Trump
Massachuselts Instiinte of Technology, Cambrdge, Masy

We have used X rays produced at two million voits for the treatment of
lymphoma since 19491 Several physical and chinical advantages result from
the use of this higher-energy vadiation in jocal and remonahized cases. The
refatively greater penetration, as indicated by 1ts half-value fayer (VL) of
125 mm copper, aflows the administration of suffiient radiation to the
deeper tumor-bearing regions. Untoward skin effects are almost completely
avoded both because of this penetration and because of the fact these high-
energy tays achieve their maumum topization jJust below the radiosensine
shin? The threshold shin erythema dose with 2-multion-volt X radsation s
about 3000 r when delivered by the divided-dese techmque. as compared with
fess than 1000 r for conventional deep-therapy rays. In addition, megavolt
rays are hnown to be fess strongly absorbed by bone and other high-atomic-
numbered components and thus have a lesser effect on the blood-forming organs
for the same soft-tissue dose,

‘The Van de Graalf electrostatic X ray saurce used in this work 1s 4 constant-
potential umt dehivenng 80 r'min , measured at 1 meter.  The usual treatmeny
distance of 125 cm allowed a portal 35 em X 35 cm. 1n si1ze and made possible
he treatment of most regions with a single field carefully shaped so as to smeld
normal structutes such as the eyes, teeth, lungs, or gemitalin The focal spot
on these units 1s usually under 3 mm 1n diameter and results in a sharply
defined X-ray beam These factors have ailowed us to treat most of our
lymphoma cases through two portals, one antenot and one posterior, with
mmmum tumor doses from 2400 r to 3000 r deliyered to the primary lesson and
the adjacent lymphatics, regardiess of the location Comventional deep-
therapy equipment cannot readily provide portals of the dimensions desirable
for lymphoma therapy and may eliait excessive shin and systerme reaction if
adequate deep 1rradiation 13 delivered to such farge fields

The histologieal classification of lymphomas used in this study and the
number of cases treated are shosn i FIGURE 1 Thas report covers four sernes
of cases followed far a period of three to five years for all types of lymphoma
(r1GURE 2). The 64 cases reported using the 2-mallion-electron-volt (Mev)
X may were treated at Massachusetts Institute of Technology (MIT),
between 1950 and 1952 and were patients for whom one of us (H F H ) cared
as a staff member of the Labey Clinic, Boston, Mass  Anotber group of 181
cases was composed of panients also treated by H F H between 1939 and 1942,
200-kilovolt-peak (hvp) X rays were used  The third series of 63 cases was
treated with 200-kvp and 400-kvp therapy at Los Angeles Tumeor Insutute,

* Fellow of the Los Angeles Tumor Institute
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HISTOLOGICAL. NUMBER OF RELATIVE
CLASSIFICATION CASES INCIDENCE
HODGKINS 28 43,

RETICULUM CELL 7
LYMPHOMA~ UNCLASSIFIED 10
LYMPHOSARCOMA 1o

MALIGNANT  LYMPHOCYTOMA | |5'/ol
MACROFOLLICULAR 8 I245’I-
LYMPHOMA

Ficure 1 Lymphod tumors
64 Cases Treated with 2mev X Roy at

1oo- Lohey Chrc and M 4T 195052
181 Cases Treated with Orthovoltoge

X Ray 1939-42

63 Coses Treated with
Ortho & 400KV X Roy af

Los Angeles Tumor fnshiute 1942- 50
\\ !
Beases  —E=

Recewing Sterods 8 2 mev

7 Cases Recewng Nirogen Mustard 8 Zmee, o

~

i 5 4 5 6 71 8 9
YEARS SURVIVAL
Lymphoid tumors, results of treatment—all stages Orthovoltage refers 10

Ticure 2
treatment at 250 kalovolts or less

STAGE I & IT

e PETERS CLASSIFICATION
z8o STAGEI Only one lymph nods regron or
E,o @ single lesion elsewhers
P60 STAGE IT Two or more proximal lymph
- rode regons confined fo either upper
£90 or fower frunk
040 STAGE III  Multiple Iymph node
E10 regions or aqcute Hodgkins with no
& o] STRE TN obvious lymphatec iavolvement

26 CASES

1 2 YEARS SURVIVAL
3 Results of treatment by stages, based on 41 cases treated with 2-Mev X rays
at &'ﬁ‘ﬁ; Angeles Tumer Institute, 1954 15 1936
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Tos Angeles, Calf  The fourth series of 479 venfied cases of Hodghin’s disease
(r1cure 3) was from the California Tumor Registry and was treated between
1942 and 1933,

1t is apparent from our study (£1GuRE 3) that the Stage I and Stage 1T cases
of lymphoma, in which the disease is local or regiona), provide a much better
opportunity for prolonged survival It is also evadent that the radiation desage
is tmportant in the Stage T and 1 cases since, in about 16 per cent of our cases,
there has been lacal recurrence of the disease within the treated ficld when 2400 ¢
was admunstered to the tumor site within a period of three weeks  Although

yrelds better results bath n the first two years after treatment and in the
five-year survival rate

Lile most other institutions treating this disease, we have used nitrogen
mustard and sterad compounds  Some temporary pafliative results have
been obtained from the use of nitrogen mustard, althourh patientsaresichened,
and their blood 15 invanably adversely affected by it, espeaally as regards
the white cell and platelet counts (riGUres 4-6), The average survival of 7
cases of advanced generalized thisease recerving mitrogen mustard combined
with 22Mev X rays was approumately four months. While most of these
cases would have lived that long without the addition of mirogen mustard,
several obtamed relief  Patenmis recesving steroid compounds and 2-Mev
Tadation have lived longer and have experienced 2 berter pathatn € resolt than
with mitrogen mustard and radiation  From our expenence the radiomimetic
drugs should be used only m the Stage 111 cases, and then only when the steroid
corapounds are incffecuive

The histological ¢ of the lymphoid tumors 1s imp as an

PR N

. o

expenience (FIGURE 7)  The results of treatment of these two types strongly
supports a unicentric onguy of the disease, 1t may be that many of our faitures
n the more rapidly growing tumors are due to the fact that we do not irradiate
enough of the adjacent lymphatic system

Lymphatic anatomy and urculation to a large extent determne the mode
of lymphoma spread The thoracic duct 1s the major trunk of fymphatic
curculation for the entire body except portions of the head, neck, upper extrem-
s, and thorax Constant centripetal flow of lymph is mamtamed by
capillazy filtration pressure and muscle action At the junction of the thoracic
duet and jugular vemn the pressure differential 1s 2 to 3 cm of water, Spread
of tumor via lymphatics 15 usually a matter of embolt  Retrograde permea-
ton will accur when regranal tymph nodes are completely fitled with tumor
In our serics, when the head, neck, and medisstinum have been wvoived, we
have treated the thoracic duct down to the diaphragm, but only m the ab-
domnal cases have we treated the cisterna chyl:  One expects from physiology
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WHITE CELL COUNT

PLATELET COUNT

Twvre 4§ Lymphod tumors, generahized effect of therapy with 2 Mev X rays and
mitrogen mustard (HN2) on blood-Tormed elements

Nitrogen Mustard
314_Sterods eng
Rodiation

z{ 200,000 Platelets wmam wm it pmagy,
|T \

Casz No 4382 N

4 6 8 iz 18 16
TIME IN MONTHS

Iicure 5 The relative effect of therapy and disease on blood formed clements; red
Llood cotunt and platelets
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that the lymphatic flow would be from the abdomen superiorly into the venous
system  However, it is probable that in some cases there must be a reversal
of the norma) flow, for it has been well demonstrated that 1n 9 per cent of the
Iymphomas the thoracic duct 1s nvolved Charles Benz and Willam H
Brownof Presbyterian Hospital in Los Angeles, Cahf (personal communication),
inadvertently injected the thoracic duct, and this is the only demonstration we
have seen shoning the cisterna chyh and thoracic ducts (FIGURE 8)  After
reviewing the lymphatic flow shown by tlis radiograph we believe treatment
of this area 15 necessary and, from now on, we plan to mclude 1t m our treat-
ment field

Fiovre 8 Lymphoid tumors, cisterna chyl and thoracic ducts
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The pnmary interest in this presentation is Hodghin's lymphoma (FIcure
9). A comparison is made of the results of several treatment methods m
several institutions, the survival being determined from the date of hiopsy
and without reference lo symptoms or presence of nodes. The California
Fumor Registry, Berkeley, Calif , reports the results of therapy between 1942
and 1933 on 479 verified cases by the 26 reporting centers, regardless of the
method used The cases reported from the Los Angeles Tumor Institute
were treated by erther 250-kvp or 400-kvp X ray and recerved a dose of radia-
tion varying from 2000 r to 2400 r to the primary tumor, the radiation being
delivered in approvumately 21 days.  The 28 cases treated in the Lahey Climc
and the ALLT. patients received a tumor dose of at least 2400 r dehvered in
18 to 24 treatment days and were treated with what we considered a large
enough port to cover adequately the primary disease and the adjacent lym-
phatics  The complications of this latter treatment were not severe except n
one case  This was the first Hodglan's case treated with 2-Mev radiation by
us, the multple adjacent fields may have produced overlapping of portals
A year later cord damage occurred following trauma at the region of possible
overlap  Because of this, single fields shaped with special care to avoid or
stagger overlap have since been routmely used Muscle and fat fibrosis 1s
occasionally seen 6 to 8 months following treatment

The follow-up on these patients treated with 2-Mev X rays (FIGURE 10)
indicates that, of 28 cases, 10 patients are alive without disease, 10 are dead
with disease, and 3 are alive with disease, with 4 cases lost to follow-up, and 1
case dead of intercurrent disease It 15 of further mnterest to tabulate the
results according to stages (FIGURE 11)

Fiovse 12
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One of the most important aspects of our radiation procedure 1s the close
. A o B P O

‘pws\erior projections {FIGurYs 12, 13, and 14),

. -
4 weehs The apparent relatine prolongation of symptom-free life by this
treatment method 1s noted  As expected, with all types of radiation therapy,
markedly better results are obtamed n Stage I and Stage 1l cases  On the
basis of our expenence we urge early biopsy of suspected cases and recommend
immediate nstitution of adequate radiation without the use of radiomimetic
drugs
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THE SCOPE OF CHEMOTHERAPY IN HODGKIN’S DISEASE

By Sidney Farber
The Children's Cancer Research Foundation and the Harzard Medical School a2
The Children’s Hospatal, Bosion, Mass,

We shall assume, for the purpose of this discussion, that Hodghin's Disease
is a form of cancer linked most closely with the leukemias and the lympho-
mas,

Acknowledgment must be made of the devoted and inspired clinical efforts
of a small group of chnicians in this country who have been responsible for
prolonging the life of patients with Hodgkin's disease and studying critically
every therapeutic possibility emerging from the laboratory that mught be
employed for the good of the patient ~ Representative of such men are some
of the participants m the conference on which this publication is based, includ-
mg Lloyd F Craver and Antonio Rottino.

This paper could not have been wnitten fifteen years ago A large part of
1t 15 the product of research of the last few years and of work that is presently
in a high state of activity in a number of lah ies and clinics throughout
the world.

The discovery of the antr-Hodgkin’s properties of the nitrogen mustards,
now a part of medrcal history, provided justification for the hope that more
effective and more specific chemical agents against the disease could be found.
The bst of chemical substances, hormones, and antibwotics that have been
found to evert a temporary but important control of the course of Hodghin’s
disease 1n a large percentage of patients is now long enough to permit a retro-
spective glance and to make plans for future research on the basis of proved
accomplishment by chemical substances alone.

We shall consider here a few of the problems concerned with the formula-
tion of research programs devoted to the search for substances that may
more effectively control the Hodgkin’s process and, we may hope, destroy it
completely without harm to the patient  We shall use the term chemotherapy
broadly, to mclude the action not only of chemicals but also of plant extracts,
hormenes and hormone analogues, and anuibiotics and bacterial products such
as the polysaccharides  Agents that have temporarily controlled the Hodghin's
process have been 1n large part (1) alkylating substances, the most potent of
which have been the mitrogen mustards, TEM, and chlorambuuil, (2) the hor-
mone ACTH, and the corticosterords, (3) antimetabolites, such as the folic
acid antagomsts, and, more recently, (4) anubiotics, such as Actmomyans C

nd D'

: Our hnowledge of the exact mechamsm of action aganst Hodghin’s disease
of all of these agents, or of any one of them, 15 insufficient to be used as a sound
foundation for the creation of a rational program of synthesis of the ideal
anti-Hodghin’s agent Although some of these substances were employed
against Hodghin's disease because of evldencc,‘denvcd from expenimental worh,
that they possessed a djcsmchuve power ::gamst the [ymphocylc, or were ¢a-
pable of causing p f e with 1 all of these substances

372
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hate been used in an attempt 1o control ather forms of cancer, and against some
of these there has been some degree of success It will be more profitable,
therefore, to depart from Hodghin's disease, as such, far the next part of this
discussion, and 1o treat that disabdity for the mament merely 2s ove of a
number of forms of cancer against which chemotherapy presently is being
employ ed

Can the Present Agenls Be Made More Fffective?

Two outstanding deterrents 1o the mare effective use of these chemo-
therapeutic weopons against Hodghm's disease may be mentianed.  The first
has to do with the reststance of the tumor to the chemical compound fo which
it had once been sensstive; the second, with the touaity of these chemicals

Resistance. 1t is true that every chemotherapeutic agens that has so far
proved to be cascinolytic or carcinostatic in either the expenmental anumal or
m man has encountered the sesistance of the sunhving tumor cells  The
phenamencn here appears te be simifar to the acquired sesistance of bactera
to antimicrobial agents. Theonies based w part upon experrmental evidence
assume mutation of the surviving cells, a possible alteration in the pesmeabiluy
of the celt 10 the chemucal agent, alterations i the utlization of the chemecat,
shich may become a food for the cell instead of 2 poison and, finadly, the
development of altemnate metabolic pathways by the cancer cell for the syn-
thesis of nucleoprotein  There has been discavered no simple method of over~
comng this form of acquired resistance, despite many prommming suggestons
based upon laboratery expesiments  The one practicnl hope at the present
tme lies in the availabulsty and utthzation of another powerful anti-Hodghm'’s
agent to be substituted for the one to which resistance has been acquired  Such
2 new agent must not be closely related 1n structure or biologscal activay to
the previous ane {for example, resistance to one fohic acsd analogue 1s extubited
agamst 21l falic acid analogues)

Toucity Tt is always justifiable 10 hope that the action of anafogues of 2
ghen cacinolytic agent may possess as much or even greater caranalyie
actaty with greatly reduced touiaity  Thus expectation has ngt been reahzed
W any practical degree thus far  The totkity, 1 general, of most of the
chemical agents has been mamfested by bone marron depresuion, alterations
the intestinal mucosa, and 1n other rapudly diidsng cells, nith great v anation m
imobement of parenchymal argans and the bram when larger dosages are
eaployed I the bone marrow could be protected or replaced, much greater
2wmounts of the hemscals could be d A waring should
be given, however, that even f e succeed w pratectiag or replacing completely
the bone marrow in & gnen pauent, the admmstration of very much larger
amounts of the chenncal agents may be produciive of sesious damage o the
brain or to the viscera, this possibibity must be hept in mind 1n the enthusizsm

fo1 bone marrow replacement  The recent 1nterest sn bone marrow replace-
fuent has led 1o much amma) and charcal ivesbgation  The possibibity of
Temoving some of his own bone matrow from a patiens wsth tancer, stonog it
under optimat conditions, and returmng i the the patient eventuaily, days after
the admimsstration of abvionsly touc amounts of chemical substances, 15 now
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being explored. At the present time there is still no easy source for large
amounts of bone marrow from appropriate banhs, although this problem may
be solved by work presently in progress in a2 number of institutions Should
such a practice become routine, it may be possible to destroy many forms of
cancer by the use of the chemicals presently available, provided the amount of
cancer js not too great

In the case of Hodgkin’s disease, I doubt that permanent destruction of the
Hodgkin's process may be accomphshed by the use of the agents presently
available, even 1if they can be used in doses several times those presently em-
ployed. I suggest that Hodgkin’s disease, the leukemias, and the lymphomas
differ from other forms of cancer 1 respect to the existence of cells situated
m the interstices of the body that have the potentiality to form new tumor
when acted upon by the cause of these forms of cancer  Such cells may remain
after all visible tumor masses are destroyed It is possible that two hinds of
agents may be needed  One substance, such as nitrogen mustard or chloram-
buctl, may be responsible for destroying large amounts of Hodgkn's tumor and
suppressing further growth for varying periods of time. A second and pethzps
unrelated substance may then be used to act destructively against viral agents,
genes, or chromosomal fragments that may have the power to act upon normal
cells and render them neoplastic

Rational Approaches to Chemotherapy of Hodghin’s Disease

The alkylating agents, called also polyfunctional cytotoxic agents, are
thought by some to be responsible for enzyme nactivation, although a number
of other theortes have been propounded, There 15 a wave of pessimism con-
cerning the value of synthesis of more agents in this class The important
carcinolytic activity of the aromatic nitrogen mustards such as chlorambucil,
particularly against Hodgkin’s disease, gives encouragement to the synthesis
of new alkylating agents Tbe striking antileuhemic effect of such folic aad
antagomsts as Amnoptenin and methotrexate have stimulated search for other
anticancer compounds based on the prmciple of antimetabolite action The
folic actd antagomusts prevent cells from using single carbon atoms for the
synthesis of several amino acids and, mn addition, prevent the use of these
carbon atoms for buslding the punnes and pynimidines that are essential
constituents of nuclerc aads  The value of 6-mercaptopurine in acute leuhemta
has emphasized the antimetabolite approach The largest number of rational
programs are concerned with the search for nucleic acid mhibitors, inclucding
such substances as antagonists to pyrimidines, purines, thymine, and ammo
acds, It 1s true that the greatest amount of biochemical research points to
nucleic acids as the very center of the cancer problem It should be empha-
sized that other vital components of cells, mcluding hpids, carbohydrates,
trace elements, and other mnerals, should not be neglected in this search for
anticancer agents

Is 1t possible to orgamze & rational approach to the chemotherapy of Hodg-
kin's disease? The exact nature and «ause of Hodgkin’s disease are not hnown

evidence 1n faver of the virus etiology of Hodghm's

;. has outhned
g,::;‘i elsewhere i these pages The leading proponent of the theory that
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avirusmay play a part in the causation of the various forms of cancer is Wendcll
Stanley,? who has pointed out that it 1s obvious that the viruses, cancer, gencs,
and life wself are tied together by a whole series of relationships; furthermore,
that veruses can act as genes, and genes as viruses, under certan circum-
stances  Stanley has stated that it 1s clear *‘that viruses can cause cancer and
that viruses are structures at the twilight zone of hfe, partaking both of hfe
and molecular propetties ”  In a series of mgenious and logical steps, he has
pointed out that the same “stuff of Ife™ holds for viruses as well m the light
of recent discos enies that special treatment of tobacco mosaic viruses yielded a
nucleic acid preparation possessing virus actisity  Ie conceives of a thousand-
unit polynucleotide Inear chain consisting of a coded repeat of only four
different components—adenine, guanine, cytosine, or uracil (thymine, 1 the
case of desoxy ribonucleic acid)—the code “for every bit of Lfe on earth and 1n
the sea ™ Stanley postulates that, when a normal cell Lecomes a cancer cell,
there is undoubtedly a change in this structure within the cell, and he ponts
out that the incorporation of 5-bromouracil into & bactenal virus in place of
thymine results in the production of the highest percentage of mutants ever
recorded  \What is of interest here 1s that Stanley comes to the importance of

imetabolites m the ch herapy of cancer from a chain of evidence denved
from studies of the chemistry of genes, viruses, and bactena to reach 2 pornt
shown during the past few years by cancer chemotherapists to be the center of
interest in the chemotherapy of cancer in man, Here 1s an important meeting
ground of cancer chemotherapy and 1irus research

T suggest, then, that whether Flodghin’s disease 1s shown to be caused by a
virus, or if it should be possible to demonstrate the ewstence of a transduction
process in man, the role of chemotherapy 1n Hodghin’s disease will reman the
same.  We must recall that Paracelsus, more than 400 years ago, spoke of a
specific chemical taken into the body wheresith to dave out ali venoms of a
speafic disease  This concept was put m saentific language by Paul Ehrlich,
who lounded the science of chemotherapy, a term that he cotned, not to 1mply
that chemistry was to be utihzed in the treatment of the disease, as in tatro-
chemistry, but rather in the destruction of the specific disease-producing living

2gainst the formation of the nuclerc acids responsible for the perpetuztion either
of the viral cause of Hodgkin’s disease or for igmiting the actiwity of viruses,
genes, or chromosomal particles required for the transformation of normal
Precursor tissue cells into Hodghin’s tumor, or for the multiplication of sur-
viveng tumor cells.

The Cancer Chemotherapy Vatianal Program
The Cancer Chemotherapy Natwonal Program (CCNP), maugurated a httle
more than three years ago after Congressional action the year before, now
Tepresents the largest voluntary cooperative medical program eser attempted
In peacetime 1n this country It has a budget at present representing nearly
one half that of the entize total of the Natsonal Cancer Institute of the Public
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Health Service at Bethesda, Md. This program has grown enormously duting
the past three years under the guidance of the Cancer Chemotherapy National
Committee, which is composed of representatives of the American Cancer
Society and The Damon Runyon Memorial Fund for Cancer Research, Inc.,
both of New York, N. Y., the National Cancer Institute, the Atomic Energy
Commission, the Food and Drug Admimstration, and the Veterans Admnistra-
tion, all of Washington, D. C., under the administrative leadership of Kenneth
M. Endicott, Chief of the Cancer Chemotherapy National Service Center
in the National Cancer Institute} The two major purposes of the CCNP are
the acceleration of research in chemotherapy of cancer and the perfection of
B FN fa N e d

addition, large cooperative programs m the several areas of interest, such as
organic chemstry, screening methodology, pharmacology, biochemistry,
endocrinology, and chncal 1nvestigation have made possible rapid expansion
mn all areas. Of great importance has been the participation of industry,
which has not only placed its many thousands of compounds and antibiotic
beers at the disposition of the national program, but has also accepted contracts
for basic research of importance to chemotherapy, as well as for the production
of chemicals and antibiotics, the testing of agents for anticancer effects, and
the development of new methods of importance 1 the many areas concerned
with the discovery, production, punfication, and preparation of a chemothera-
peutic agent for apphcation to man.

Paralleling the conduct of as much basic research as scientists have desired
to carry out has been a gigantic empincal program which, during this past
year under the direction of the National Center, permutted the testing agamst
transplanted tumors m the mouse of over 45,000 chemicals and antibiotic
beers  Unpopular as such empirical programs may be with many mvestigators,
the history of science 1s replete with examples of important advances originating
from empirical methods appled under the direction of trained observers It
is possible, therefore, that curative agents for Hodgkin's disease will anse from
these empirical programs, or that chemicals very much more effective and less
toxic than those presently available may be so discovered Two classes of
potential chemotherapeutic agents will be mentioned because of their possible
bearing on the treatment of Hodgkin’s disease

Il and hormone ! It 1s estimated that there are at least
4000 analogues of known hormones that have been synthesized by industry
and have not yet been studied agamst any form of cancer in man, including
Hodghin’s disease  The striking temporary effects prod by corti i!
and ACTH justify the careful search for an ants-Hodghin’s effect of these
synthetic hormonelihe chemicals. The development of testing devices 1n the
laboratery to give close correlation with activity against Hodghin’s disease
in man will make the tash very much easier

Antibrofies A number of antibiotics have been shown to have anticancer
effects, some of strking degree, against lumors tn expenmental ammals and,
1 a few imnstances, in man Azasenine, denved from a Sireplomyces species,
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is an 1 in the pigeon-hver system and so i with
purine  brosynth A leucine* {DON; with the de noto
synthests of purines It was jsolated also from a species of Streplomyces and is
similar instructure to azaserine, ‘There are no records of extensive studies of the
action of these compounds against Hodgkin's disease. Actinomyan C and
a material related chemically and biologically to it, Actinomycin D, are at this

most powerful agent by werght against a number of transplantable tumors in
mce that 1 have encountered, and 1t has produced actual “cures” of mouse
mammary adenocarcinomas after prolonged admunistration. In man, it is
the first agent to have a profound effect upon Wilms’s tumor metastases to the
lung  Because of its powerful antieukemic and antilymphosarcoma effect
in mouse tumors, it would be of great interest 1n combatting Hodgkin’s disease
if it were not for its high degree of toucity, Only very small doses can be
tolerated, and these are too small to have a lasting effect upon Hodgkin’s
disease, The discovery of these important, although temporary, anticancer
effects of antibiotics in man has produced justification for a large-scale produc-
tion and study of anubiotics The pharmaceutical mdustry has taken over
this opportumty, in part with the aid of contracts from the Cancer Chemo-
therapy National Program It is confidently to Le expected that from such
mass production of anttbiotics and the search for anticancer activity, antibiotics
of great value as chemotherapeutic agents in cancer will be discovered
Combination therapy If laboratory methods could be constructed for the
accurate evaluation of combmations of chemical agents that mght be used
together, 1n sequence, or in combination with radiotherapy, the task of choosing
the proper method of treatment in Hodgkimn’s disease would be greatly simphi-
fied Lacking such laboratory aids, we may ash those climcal investigators
who are prepared to carry out such studies whether a retrospective study of

of tompeunds added to annbmucs n proper dosage so that they may be

with safety U reluctance to embark upon such
studies without more hnowledge concerning mechanism of action will make
progress in this direction 1n the treatment of human Hedghin’s disease slow,
indeed

The Potentiation of Radiotherapy by Chemical Substances
In many mstitutions a search has been made for substances that could

* This compound 15 6-diaso-5-oto-nor-L-leucine
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Health Service at Bethesda, Md. This program has grown enormously durng
the past three years under the guidance of the Cancer Chemotherapy National
Committee, which 15 composed of representatives of the Amencan Cancer
Soctety and The Damon Runyon Memorral Fund for Cancer Research, Inc.,
bath of New York, N Y, the National Cancer Institute, the Atomic Energy
Commission, the Food and Drug Administration, and the Veterans Administra-
tion, all of Washmgton, D C, under the admnistrative leadership of Kenneth
M Endicott, Chief of the Cancer Chemotherapy National Service Center
in the National Cancer Institute® The two major purposes of the CCNP are
the acceleration of research in chemotherapy of cancer and the perfection of
means of communication of the results of research without delay to investigators
m all countries.  Greatly increased support to individual investigators, groups,
and institutions has been made available for basic or applied research In
addition, large cooperative programs in the several areas of nterest, such as
organic chemistry, methodology, phari logy, biochemistry,
endocrinology, and clintcal 1nvestigation have made possible rapid expansion
m all areas, Of great importance has been the participation of industry,
which has not only placed 1ts many thousands of compounds and antibiwotic
beers at the disposition of the national program, but has also accepted contracts
for basic research of tmportance to chemotherapy, as well as for the production
of chemicals and antiblotics, the testing of agents for anticancer effects, and
the development of new methods of importance in the many areas concerned
with the discovery, production, purification, and preparation of a chemothera-
peutic agent for application to man
Paralleling the conduct of as much basic research as scientists have desired
to carry out has been a gigantic empirical program which, during this past
year under the direction of the National Center, permitted the testing agamnst
transplanted tumors mn the mouse of over 45,000 chemicals and antibiotic
beers Unpopular as such empirical programs may be with many mvestigators,
the history of science 1s replete with examples of important advances originating
from empirical methods appled under the direction of tramed observers It
15 possible, therefore, that curative agents for Hodgkin's disease will anse from
these empirical programs, or that chemicals very much more effective and less
toxic than those presently available may be so discovered Two classes of
potential chemotherapeutic agents will be mentioned because of their possible
bearing on the treatment of Hodghin’s disease
Hormones and hormone analogues It 15 estimated that there arc at least
1000 analogues of known hormones that have been synthesized by industry
and have not yet been studied aganst any form of cancer in man, mcluding
Hodgkm’s disease  The striking temporary effects produced by cort d:
and ACTH justify the careful search for an anti-Hodgki'’s effect of these
synthetic hormonelihe chemicals, The development of testing devlses m the
laboratory to gwe close correlation wath activity agamnst Hodgkin's disease
1nt man will make the task very much casier
Antibiottes A number of antibiotics have been shown to have anticancer
effects, some of striking degree, against tumors m experimental animals a‘nd,
in a few mstances, in man Azaserine, denived from a Sireptomyces specics,
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of Hodghin’s disease to warrant the contlusion that in this direction lies one
complete and satisfactory solution of the problem of Hodghin’s disease
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these observations to Hodzhin’s disease is now under way in our own institu-
tion  Tn 1953 we reported the conversion of a radiosensitive rhabdomyosar-
coma to an extremely radiosensittve tumor after two months of treatment
with a folic acid antagomst, the d-amino-9,10-dimethy! fohe and  More
recently, with the collaboration of G J. D’Angio, | E. Pollock, A E. Evans,
R Toch, and other colleagues, we have observed the striking potentiation of
radiotherapy by Actinomycin D given intravenously. Na agent studied by
us has yielded such potentiation of radiotherapy effect This has been noted
particularly against several forms of sarcoma not ordinanly radiosensitive,
such as the rhabdomyosarcoma At the present time we are studying the
potentiation of radiotherapeutic effect on Hodghin’s disease, not only on pre-
viously untreated Hodghin’s disease, but also after resistance to radiotherapy
alone has been reached. This represents one more way in which methods of
proved value, such as radotherapy, may be made more effective agamst Hodg-
kwn’s disease, and it provides one additional hape far increased survival with
the use of the therapeutic weapans presently available

Conclusions

The scope of chemotherapy 1n the treatment of Hodgkin’s disease will in-
crease greatly in the immeduate future  Rational programs of synthesis based
upon knowledge of mechanism of action of those chemical compounds presently
effective 1n causing temporary control should yield compounds worthy of
chinical investigatton  The vast undertaking of the Cancer Chemotherapy
National Program studies will certainly bring to the clinical investigator in-
creased numbers of materals far study  Expert use of the campounds pres-
ently available may result m far better chacal results if problems such as
toucity, bone marrow depression, resistance, and optimal comtnnations for
therapy can be solved Research programs not designed primanly to solve
problems concerned with the chemotherapy of Hodghin’s disease alone may
be of fundamental importance A prime example is the use of bone marrow,
either 1n cellular form or in chermcal fractions given travenously to repair
the bone marrow damage taused by the use of larger amounts of anti-Hodghm's
chemotherapy ~ Finally, the study of the possible potentiation of radiotherapy
by the action of such chemicals as Actinomyun D may cause far greater and
more permanent destruction of the H‘udgkm's tumor with no tncrease 1n (hc‘

((; the patient with Hodghin's disease, on an empirrcal basis, of <hemicd!
hormones, ot antibwotics consilered worthy of study aganst any form

agents,
o% cancer m man on the basis of ebviously imperfect methods of laboratory
selectton  There ts sufficent evulence available from resecarch an the vanous

areas of cancer chemotherapy and from achievements m the chemotherapy






