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SUMMA RY

This  report presents the progress on research supported by contract number
DAMD 17—74—C-4095 during the f iscal  year of 1977. Morphologic, immunologic ,
and radiok inetic finding s have been carried out to provide new ins ight  into the
regulation of lymphocyt e traff ic in normal , antigen , and adjuvant treated animals .
The patterns of lymphocyte recirculation through the spleen and lymph node are
described and the biological determinants of th i s  process are analyzed . A new
technique for studying lymphocyte chemotaxis in vitro has been developed in
this  laboratory and preliminary evidence for a chemotactic factor derived from
1gM is presented which may offer a new and physiologic means for manipulat ing
immune responses in vivo.
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P FOREWARD

This  annua l progress report is a summary of the research act ivi t ies
carried out by Norman D. Anderson , M . D .  (Principa l  Investigator) , Robert
Hoffman , B .S .  ‘ (Associate Investigator) at The Johns Hopkins Univers i ty
School of Medicine , Baltimore , Maryland in collaboration with  Major Arthur
0. Anderson (Associate Investigator) at the U . S . .Army Medical  Research
Inst i tute  of Infectious Diseases,  Frederick , Maryland .

This work was supported by contract DAMD 17-74-C-4095 and conducted
under project 3A762760A834-02- 92 1 , Prevention and Treatment of Biologic Agent
Casual t ies .

In conducting the research described in th i s  report , the investigators
adhered to the “Guide for Laboratory Anima l  Fac i l i t i es  and Care ” , as promul-
gated by the Committee on the Guide for Laboratory Animal  Resources , Nationa l
Academy of Sciences - National Research Council .
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INTRODUCTION

Research Objective s. The goals of th i s  r~ search are to def ine  the biological
mechanisms of immuncpoterit iat i on and to ut i l ize  th i s  information in developLng
new adj uvarits for augmenting immune responses to margin al  vaccines.

Background Information. There is convincing evidence that  successful  initia-
tion of the immune response depend s upon a complex sequence of antigen
presentation , collaboration between T-lymphocytes , B-lymphocytes , and
macrophages and subsequent cellular proliferation and different iat ion which
are modulated by suppressor cells , local release of lymohokines and other
cell products such as specific antibody (1 , 2 , 3, 9) .  Since the effective use
of adj uvant agents require s appropriate manipulat ion of one or more of these
events in vivo (3) ,  precise definition of the structural and functional  determi-
nants of unmodified immune responses in established lymphatic t i s sue s remains
as a prerequisite for understanding the mechanisms of imrnun opotent iat icn.

Organized lymphatic t issue , with its complex cellular popu lations , reti—
cular meshwork , lymphatic and vascular connections provides an eff icient  locus
for facil i tating in vivo immune responses. There is ample evidence indicating
that lymph nodes serve as stationary fi l ters which  effective ly bind and concen-
trate antigens moving through lymphatics whi le  the spleen p lays a s imi la r  role
in removing ant igen from the blood . Studies by Gowari s (4) and others have
established that immunocompetent T and B lymphocytes cont inual ly  recirculate
between blood and lymph. Since th is  selective movement of lymphocytes
through the spleen and lymph nodes provides a highly eff ic ient  means of immuno-
surveillance , th i s  selective cellular traffic has been regarded as a critical step
for ini t ia t ing immune reactions in vivo. Despite this , there has been prolonged
controversy over the mecha~ni sms which regulate cellular t raff ic  in lymphatic
t issues.  Studies described in our previous progress reports have : ( 1) provided
the f i rs t  detailed description of the lymph node microvasculature and the local
hernodynamic control mechanisms which regulate the d is t r ibut ion  of blood-borne
lymphocyte s within lymph nodes; (2) defined the route of lymphocyte entry into
lymph nodes throug h intercellular spaces in the walls of high endothelial venules;
(3) demonstrated that intercellular spaces through which  lymphocytes emigrate
function as anatomical communications between the blood and lymph so that
macromolecules could flow from the node Into the HEV lumen and establ ish a
chemotactic gradient; (4) provIded morpholog ic data confirming that lymphocytes
actively migrate across the HEV wall showing directional movement from the
venular lumen into the nodal parenchyma; (5) established that  th is  sequence of
lymphocyte movement Into the node can be abrogated by a variety of pharmaco- . -

logic agents whic h coat cellular membranes , aggregate inicrofi lament s or disrupt
microtubules; (6) indicated that a variety of chemically disparate adjuvants have
the common property on augmenting cellular traffic into the regional node; and
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(7) provided the f i rs t  accurate descriptions of lymphocyte traff ic  patterns in
the spleen with  clear evidence for efferent lymphat ics  serving as the major
exit pathway for lymphocytes moving out of the s-~enic white pulp.

These findings -iave now been complemented by data presented in
Project I documenting the presence of f luid wave which  faci l i ta tes  iymcho —
cyte movement into the splenic white pulp arid efferent lymphatics .  The
importance of th is  f luid flow pattern is emphasized by our radiokinet ic  and
autoradiographic observations presented in subsequent sections of th i s  report
wh i ch  indicate that both normal and non-motile lymphocytes move throug h the
spleen in a nearly identical mariner. When this  data is combined with our
findings on the traf f ic  of enzyme—treated and malignant lymphocytes , it seeius
quite likely that lymphocyte recirculation in the spleen is not dependent upon
the same surface recognition mechanisms or intrinsic cellular motil i ty required
for movement throug h peripheral lymph nodes. Project II describes the sequen-
t ia l  pattern of lymphocyte movement through different lymph nodes in both
weanliri g and adult rats . These finding s in combination wi th  the data on selec-
tive ablation of different  lymphatic t issues  indicate that the apparent preferer i —
t i a l  sequentration of recirculating lymphocytes wi th in  gut -associated lymphatic
t issues probably results from their  greater mass and blood flow and not organ
specific surface receptors postulated by other investigators . Proj ect III sum-
marizes our in vitro, radiokinetic , autoradiographic , and ultrastructura l f ind ings
which document that lymphocytes rendered non—mctil e by Cytochalasiri A attach
to REV surfaces but fail  to move into lymph nodes. This represents the f i rs t
direct demonstration that lymphocyte entry into lymph nodes can be separated
into a recognition—attachment phase followed by active emigration . Project IV
describes our progress in developing a new in vitro method for studying lympho-
cyte migration under agarose and includes preliminary data demonstrating that a
fragment from rat 1gM is selectively chertiotactic for thoracic duct lymphocytes.
Project V briefly outline s data from our combined morphologic, autoradiographic ,
radiokinetic , and cell traffic studies of the reg i onal nodes draining local irij ec-
tions of antigen or adj uvant which certainly suggest that these methodologies
will be most u seful in defining the mechanisms and developing new agents for
use in immunopotentiation .

PROTECT I. Lymphocyte Recirculation in the Spleen.

The spleen is the largest lymphoid organ in the body and has been con-
sidered to represent a modified lymph node situated astride major blood vessels
so that it continually filters the blood and provides the major anatomical site
for immune responses against blood-bourne ant igens.  However , its contribu-
tion to host immunity appear quite complex since there is convinc i ng evidence 

. . . - - - --— 
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that  ant igen adm ’n ist ered by other parental  routes may pass th r uug h reg ional
nodes arid ult:matelv sequester in the spleen. Similarly , known patterns of
lymphocyte t ra f f ic  include the movement of ant igen-reactive cells from sti-
mulated nodes through the blood stream into the spleen where they lodge arid
initiate ant ibody secretion . Recent reports describing an apparent  pr eferen tL al
localization of suppressor cells wi th in  the spleen certainly suggest that th i s
organ may also play an important role in modu 1at~ng es tab l i shed  kmmu n e  res-
ponses.

Studies outlined in our last annual report provided the f i r s t  anatomical
description of deep lymphatics with the rat spleen and demonstrated that t h i s
complex perivenular and periarteriolar network provided a major  exit pathway
for lymphocytes moving across both the red and whi te  pulp . Over the past year
these studies have extended to include serial , th in  sect~cns throug h tri e splenic
hilus which revealed that true endothelial-l ined lymphatic vessels passed along
h~lar vessels and penetrated the splenic capsule to merg e direct ly  w :th  channels
formed between concentr:c layers of reticular cells in the per iar terio lar  lymphat ic
sheath and provided a cont:nuous conduit  for egress of lymphocytes leaving the
splenic white  pulp.  When combined with our previous autorathograoh :c studies
on the sequential  movement of radLolabe led lymphocytes throug h the spleen , t h i s
demonstration of anatomical cont inu ity  between true lymphatics  in the h i lus  ar i d
“pseudolymphatic channels ” in the white pulp should resolve much of the current
conflict over the routes lymphocyte rec :rculation in the spleen. Further , study of
these autoradiographic slides after prolonged exposure to permit different ia t ion
between heavily and lightly labeled cells have now established s imi lar  traff ic
patterns for T and B cells within the spleen. Our studies indicate that both classes
of lymphocytes move into the white pulp by entering the sheath directly throug h
segments devoid of a defined mar ginal  zone (the “bridging zone s of Mitchel l” )  cr

— moving throug h intercellular gaps between macrophages in the marginal  zone .
Between one and six hours after intravenous infus ion , radiolabeled T and B lympho-
cytes were randomly dispersed throughout all layers of the sheath.  However ,
sections examined at eight to 24 hours post-tnfusiori showed a def in i te  seques-
tration of lightly labeled cells in the corona surrounding germinal centers.  This
finding and our observation that virtually all labeled lymp hocytes entering hi lar
lymphatics between three and eight hours were heavily-labeled provided evidence
for rapid T cell transit across the splenic white pulp which differed from the rela-
tively slow movement of B cells which appeared to sequester about germinal centers .
In terms of our current knowledge of cellular interactions in immunity , th is  traff :c
pattern appears to permit exposure of recirculating lymphocytes to ant igens seque s-
tered along the marginal zone or in the interstices of the sheath , followed by a
ra ndom intermixing of T and B cells within the sheath which may facil i tate cellular
collaboration and then diversion of these cell populations into d ifferent anatomical
regions of the white pulp .
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With th is  t raff ic  pattern established , our efforts have been directed at
defining the mechanisms which prov~de the dr~ving force for propell ing lympho-
cytes through the splenic white  pulp . Direct inject ion of d i lu t e  India :nk into
the splenic art ery in anesthet ized rats caused immediate , d i f fuse  s t a tn ir .g  of
all splenic lobules. Some carbon particles passed throug h the spleen and
emerged in efferent veins wi thin  second s after inject ion , but no s ta in ing was
observed in hilar  lymphatics.  When these spleens were excised , sectioned ,
and examined by gross and l ight  microscopy , there were no indicat ions that
th i s larg e , particulate tracer ever penetrated into the splenic white pulp ,  tra-
becu lar , or h i l a r  lymphat ics .  Similarly , direct inject ion of India ink into the
spleni c parenchyma caused dense staining of the adjacent  red pulp and prompt
appearance of carbon particles in the hilar veins without any signs for entry of
th is  tracer into splenic lymphatics.  When the same experiments were repeated
using patent blue dye (a low molecular weight tracer which  has been widely
used in defining periphera l lymphatic vessels) ,  the inject ion of a small bolus
of dye into the splen ic artery caused immediate bluing of the entire spleen. Dye
appeared in the spleen wi th in  seconds after inject ion , and after a delay of 2 -

3 minutes , a def in i te  blue tinge was apparent in the hilar  lymphatic vesse ls .
Since this  same sequence of events was reproduced in each of the 12 rats in-
jected , it provided strong evidence for the recovery f lu id  transudates containing
macromolecules by a deep lymphatic  system wi th in  the sp leen . Similarly , local
inj ections with 0.05 ml. of patent blue into the substance of the spleen caused
focal staining of the adjacent red pulp with immediate appearance of dye wi thin
hilar veins.  After this ini t ial  bolus had been cleared , the veins refilled wi th
uridyed blood and resumed their  normal appearance . At this  time (40 - 80 second s
post-injection) the hilar  lymphatics draining the inj ected ~ bule f i l led with clear
blue f lu id  which gradually flowed through major extrasp lenic lymphatic trunks to
enter the thoracic duct. Despite obvious l imitat ions imposed by needle tract
trauma and elevated injection pressures, this flow of fluid containing low mole—
cular weicrht tracers from venous sinusoid s into lymphatics may mimic  the normal
physiologic process since only the blue dye appeared in hilar lymphatics when an
additional 6 rat spleens were injected in the same manner with a mixture containing
both Ind ia ink and patent blue dye. Further , direct visual  examination of cut tis-
sue sections from all spleens injected with patent blue dye revealed def in i te  blue
staining of both the red and white pulp . Since the t issue concentrations of the
dye ach ieved by these in vivo staining techniques were too low to permit accurate
tracing of the pattern of dye localization within the white pulp , sIm ilar studies
were made using horseradish peroxidase (HRP) as the tracer material .

Following direct injection of a single bolus (0 .05 - 0.1 m l .)  of 0 .05% HRP
in saline into the splenic artery, rat spleens weLe excised and prepared for
enzyme histochemistry using techniques described in our previous progress

______ ___________________ 4 
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reports . In t issue sections obtained at 10 second s pos t - in fus ion , dense deposits
of reaction product were observed in the lumens of both arteries and veins within
the spleen. Stair . ing of the red pulp varied from fa in t  to intense in the splenic
sinuses . In some area s a f a in t  haze of tracer was seen extending from th e red
pulp across the marginal  zone into the white  pulp . At one minute  p ost- inject ion ,
denser deoosit~ of reaction prod uct were found in the sinuses adjacent to the
marginal zone arid a gradient of decreasing staining intensity was seen extending
from toe marginal zone towards the central arteries of the whi te  pulp. By two
minutes , th is  gradient was rio longer vis ible  and reaction product appeared evenly
distr ibuted over the red and white  pulp. At 3 minutes , exogenous peroxidase
activity had virtually disappeared from the red pulp while the white  pulp st~ll
retained scattered deposits of reaction product. After 5 minutes , the entire spleen
was devoid of exogenous peroxidase activity and closely resembled non-perfused
spleens where red pulp could be differentiated from white pulp only by reaction
product deposition over red cells which filled the sinusoids. This correlation
be tween the a pparen t flow of a bolus of HRP across the spleen seen in hi stologic
sections and the transit of patent blue dye observed in intact rats suggested that
transudates from the sinuses give rise to a flu id wave which sweeps macromole-
cules arid cells across the red pulp into the white pulp and lymphatic vessels
which exit at the splenic hi lus .

In light of our present knowledge of splenic anatomy , these results can
best be interpreted as follows . The direction of blood flow in the spleen is
through major arteries entering at the hilus , out into white  pulp arteries which
terminate in the marginal zone and pulp cord . Blood then flow s back into venous
sinuses and trabecular veins which return to the splenic h i lus .  The long-standing
coritroversy~over whether th is  represents an open or closed circulation has been
resolved by scanning electron microscopy which  demonstrated that cordal spaces
were partitioned by larg e reticular cell processes forming a rather complete chan-
nel conducb ing blood from the arterial ending to the intraendothelial slits in the
sinus wall. While it is possible that this channel may be disrupted by physio-
logic processes which divert blood from the sinus walls and force f luid tra nsu —
dation , ava ilable ev idence suggests tha t the lymphatic de penden t f luid wave
probably originates in the splenic sinuses due to contraction of a sphinteric
mechanism at their  efferent end s as described by Knisely . Sinus f i l l ing behind
these contracted sphincters probably causes transudation with fluid flow back
across the red pulp , throug h the marginal zone into the lymphatic sheath and
ult imately into efferent spleriic lymphatics leading to the thoracic duct .  It is
this fluid wave which probably provides the driving force for rapidly propelling
lymphocytes across the spleen into per iarterial and per ivenular lymphatics des-
cribed in our previous studies. F urther evidence for this  concept is presented
~n subsequent sections of this  report which establish that lymphocytes rendered
non—motile by treatment with Cytochalasin A continue to move throug h the spleen
in a nearly normal manner .

___________________________________ 4___________________ _________ -A
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4 PRO JECT II. Pat terns  of Lymphocyte Recircula t ion in Normal An im a l s

Previous report s have conclud ed that  large or immature  lymphccyt es
isolated from the thorac ic  duct , spleen , lym p h oode s , arid t h y m u s  do not
recirculate , but appear to leave the circulation at random to enter t~ssues
subjected to in tens ive  antigen exposure such as the gu t .  Gr i sce l l i ’ s f ind ing
that large lymphocytes isolated from rat rnesenter ic nodes tended to prefer-
entially accumulate  in gut-associated lymphatic  t i s sues , whi le  cells from
other nodes lodged preferent i a l ly  in periphera l lymphat ic  t i s s u e s , have been
attributed to d i f fe rences  in the dis t r ibut ion of antigen s t imula t ion  in normal
an imals .  Th i s  f inding  has not been considered to be an important  regulatory
factor of lymphocyte t raff ic  in intact an imals  where immature cells probably do
not recirculate . Indeed , Strober described two different  patterns of t ra f f ic  for
st imulated B lymphocytes.  “Primed B.c~~s ”isolated early in the immune response
tended to lodge in the spleen after t r ans fus ion  and did riot recirculate whi le
“memory cells ” isolated in later stages after immunization had acquired the
capac ity  to recirculate through peripheral  lympha t ic  t i s sues  and could be re-
covered from the thcracic duct .  While there is strong evidence indicat ing that
long-lived T and B cells recirculate at different rates throug h periphera l lymph-
atic t i s sues , most observers have po stulated that  these cells random ly d i st r ~bute
in the lymph nodes of normal an ima l s .  Th i s  tennant  ha~ been challenged recent ly
by Cahi l l  who has concluded that recircu lat ing ceils in thoracic  duct l y m p h  con-
tain large numbers of lymphocytes which preferent:ally home into gut-associated• lymphatic t i s sues , while the cellular eff lux from pool iteal nodes is composed
prim ari ly  by lymphocyte s which “home ” into oeriph era l lymph nodes. Since th i s

• concept of subsets of rec i rculating lymphocytes which  exhibi t  d i f ferent  t raff ic
patterns could negate most of the established literature on lymphocyte rectrcula—
tion and influence our studies on cellular  traffic during immun op otent :a t ion , we
have undertaken a series of experiments designed to provide the first , com prehen-
sive cuantitative description of the traffic of thoracic duct lymphocytes throug h all
major lymphatic tissues of normal rats at varying ages of maturity .

To ach ieve th is goal , we first  autopsied groups of 25 normal female Lewis
rats weighing 30 to 40 g . ,  80 to 90 g . ,  and 190 to 200 grams and weighed thei r
lymph nodes and spleens to estimate the total mass of organized lymphatic tis-
sue . The lymph nodes were then subgrouped according to the origin of their
lymphatic drainage to sLrnp l i fy  comparisons of potentia l regional differences ir
cellular traffic as follows: Group AB consisting of the axillary , brac hial , ingutna l ,
and popliteal nodes which drain the skin of the flank and extremities; Group SM
which included all submandibular and cervical nodes draining mucous membranes
of the mouth and oropharynx; Group MES consisting oi all nodes in the rnesenteric
lymphatic chain; Group PP composed by the 16 to 22 discrete Peyer’s Pa tches
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scattered along th~ ‘vai l of the small in tes t ine  and Group CTI~ consis t ing of
3 heterogeneous group of nodes dra in ing the lung , per~toneum , arid urogenital
system. The results shown in Table I show that  there is a Procress~ve L ncrease
in both lymph node and splen ic mass as wean ing rats mature into adulthood .
The total adult lymph nodal weight of some 700 to 750 mg .  is achieved when
femal rats are about half—grown a rid then maintained at about th i s  level throug h-
out the f i rs t  year of life . It is equally interesting that the gut-associated
lymphat ~c t i ssues  ~mesenter ic nodes and Peyer ’s Patches) account for nearly
half the total lymphat ic  t issue mass at each developmental stage studied . On
the basis  of these f indings alone , it seems pos sible that previous descr~ctions
of the apparent preferential homing of thoracic duct lymphocytes into gut-associated
lymphatic tissues which were made without considering the total lymph nodal mass
might simply reflect the relatively large size of the rneserit eric lymph nodes.

This question was analyzed by fo1low~ng the tissue distribution of radio-activity in 32 rats frozg each developmental stage at sequent ia l  t ime  intervals
after infusing 300 xlO H-uridine labeled , syngene ic thorac ic duct lymphocytes .
The results of these studies are shown in Table LI to IV . In adult  an imals  we ighing
190 to 200 g . ,  the bulk of the transfused lymphocytes were t ransient ly  held up
within the vascula ture of the lungs , l iver , and spleen over th & f ir s t  half hour post-
injection . Then , these organs rap idly lost radioa ct ivi ty as labeled cells accumu-
lated in the spleen over the next one to two hours . Thereafter , the total counts
within the spleen and other viscera progressively declined whi le  radi oact iv i ty
continued to rise within lymph nodes until  a peak level was reached at 18 to 24
hours . Since comparable infusions with heat—ki lled labeled lymphocytes or free3H-uridine alone failed to yield significant accumulation of radiolabel With in  ei ther
the spleen or lymph nodes , this pattern of redistribution of radiolabel wit h i n  the
bod y clearly resulted from the traff ic  of viable lymphocytes into lymphatic t i ssues .• Similar patterns of sequestration and redistribution of radioactivity were observed
in half—grown rats weighing 80 to 90g. (Table III). Since rats at this age have a
relatively small body mass and lower numbers of recirculating lymphocytes to popu-
late the organized lymphatic tissues which have developed into adult s i ze , i t  m ight
be anticipated that the standard inoculurn of 300 x 106 cells used in these studies
should produce an early and more rapid movement of radiolabel ~oto lymph nodes.This was, in fact, observed in all animals . However , it should also be recog-
nizeci , in light of our splenectomy studies discussed in subsequent sect:ons of
this report, that smaller spleen size and concomitant reauced early accumulation
of radiolabel within the spleen may indicate that this organ sequesters fewer
recirculating lymphocytes than adult spleens and thus permits greater uptake of
infused cells within periphera l lymphatic tissues. The observations of radiolabel
cell traffic in 30 g. rats are of equal interest. Since these animals were found to
have a total lymph node and splenic mass less than half that present in mature
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adults , rapid expansion of their  relatively small pool of recirculating lymphocytes
by the standard inoculum of 300 x 106 thoracic duct cells m i g h t  be expected to
caus e a sim i lar early increase in the lymphatic  t i ssue uptake of radiolabel .  How-
ever , data presented in Table IV demonstrate that both the rate arid total accumula-
tion of labeled cells wi th in  thei r  lymphatic t i ssues  was s igni f icant ly  less than that
seen in adult rats. These f inding s certainly suggest th at  nodal blood flow , the total
surface of HdV available for emigration , or both factors must be so small in these
young rats that even relative saturation of the available site s  for emigration can-
not achieve total organ accumulations of radioactivity comparable to that found
in adult animals.  While we do not yet have data ava i lable from our autoradiographic
studies on the nodes of young animals , we have completed other experiments which
support such conclusion~~. The mesenteric lymph nodes of developing Lewis rats
ranging from 1 to 28 days of age were studied by both alcian blue perfusion , histo-
chemistry , and routine l ight  microscopy using methods described in our previous
progress reports . The results showed that in the first  24 hours after b i r th , mesen-
teric lymph nodes were formed by orimitive mesenchyme which was devoid of HEV
and small lymphocytes. At three days , numerous small lymphocytes were seen in
the primitive cortex of these nodes and this  was accompanied by the appearance
of high endothelial cells in a few small venules.  At one week , the f i rs t  medullary
sinuses were seen in these developing nodes, but there was little medullary t issue
so that the total nod e was dominated by a relatively thick cortex populated with
lymphocytes. The HEV were present as short , vert ically oriented vessels mea-
suring some 200 to 400,zq in length and they lacked the typical arborizing structure
seen with maturity . Between 14 to 21 days , these nodes developed a better defined
-sinus system and enlarged , but they did not develop the typical,  long branching -

network of HEV’s we have described in mature rats unti l  after four weeks of age.
Further , attempts to estimate lymphocyte traffic into the two to three week old
rnesenteric nodes showed that the ratio of migrating lymphocytes/hig h eridothelial
cells w~~~ .52 - a value well below the .81 value observed in normal rats. Together ,
these morphologic demonstrations of decreased lymphocyte tra ff ic  across the s hort
HEy segments of the developing node appear to be entirely consistent with our
radiokinetic studies.

The decline in total recoverable radioactivity within  the t issues studied in
these experiments may be due , in part , to loss of recirculating lymphocytes
through the intestine since 5 to 10% of the total dose were found with larg e and
small bowel at 8 to 24 hours. However , the specific activity ( DPM /~ of t i ssue )
of the intestine was quite low when compared with that found in Peye r rs Patches or
peripheral lymph nodes , and our autorad iographic studies failed to demonstrate
more than a very few labeled lymphocyte s in the gut wall. In view of these finding s ,
i
~ 

seems more likely that the decline in recovered radioactivity may result from loss
of 3H-ur idine from the labeled cells due to RNA turnover as our autoradiographic
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studies  showed clear evidence for a decl ine in gra in  counts w i t h i n  individua l
lymphocytes between 4 to 24 hours after  in fus ion . Despite th i s  l imi ta t ion , the
sequential shif t  in remaining radioactivity from the spleen into lymph nodes
observed in all rats suggested that  viable lymphocytes which  had been seques-
tered ini t ia l ly  wi thin  the lungs , liver and spleen were redistributing in peripheral
lymphatic t i ssues .  More direct evidence supporting the concept that th i s  redis-
tr ibut ion of radiolabel resulted from continual lymphocyt e rec irculation throug h
peripheral lymphatic t issues  was obtained by repeating these experiments in
200 gram rats bearing establ ished thoracic duct f i s tu lae . Results  shown in Table V
demonstrate that only small amounts of radioactivity appeared in thoracic duct
lymph within the first two to four hours pos t - infus ion , and th i s  correlates well
with our autorad iographic data which indicated that only a few labeled lympho-
cytes moved across peripheral lymph nodes to enter efferent lymph with in  two
hours after t ransfusion . Yet , the t ransi t  t imes for the bulk of the infused cells
must be considerably s lower since less t~ an 1% of the total injected radioactivity
was recovered in thoracic duct lymph during the f i rs t  four to eight  hours while  th~
total accumulation of radioactivi ty in the lymphatic t i ssues  of the cannulatec rats
over the same t ime span was roughly comparable to that seen in normal an imals .
When lymph drainage was continued out to 24 hours , some 12 to 28% of the total
injected dose could be recovered in thora cic duct lymph and t h i s  was paralleled
by a signif icant  reduction in the expected progressive accumulat ion of radioacti-.~ity
within lymphatic  t i ssues .

The observations described above provide strong evidence for the continued
recirculation of thoracic duct lymphocytes with a traffic pattern characterized by
early sequestration in the spleen which is followed by progressive redistr ibut ion
of these cells in periphera l lymph nodes. Since results described in our last annual
progress report described different  pathways and transi t  t imes for lymphocyte move-
ment acr~ ss the red and white pulp , th is  early sequestration of r adioactivity in the

• spleen probably reflects early accumulation of blood bourne lymphocytes wi thin
the splenic sinusoids and it is not surprising that such cells would ul t imately move

• into peripheral lymph nodes. However , Katz ’s group has described a lymphocyte
sub-population which purportedly has the ability to selectively “home ” into the
spleen and fai ls  to move into other organized lymphatic t i ssue . To determine whether
thoracic duct lymph contained a similar population of “ spleen-seeking ” lymphocytes ,
we repeated these experiments in a series of adult rats which had been splenec—
tomized seven to ten days prior to use for ceiltra ffic studies.  The results shown
in Table Vt demonstrated that there is an early and more rapid accumulation of
radiolabeled lymphocytes in the peripheral nodes of splenectomized rats , but this

• rapidly plateaus so that the total radioactivity present in their  lymph nodes at 8 to
24 hours is virtually identical to the combined total seen in the spleen and lymph
nodes of normal rats. These f inding s mitigate strongly against the presence of a
significant  population of “ spleen-seeking ” lymphocytes in thoracic duct lymph
and suggest that the initial differences In dis tr ibution of recirculating lymphocytes
in various lymphatic organs are determined by differences in blood flow and t issue
transit t imes.

________________________ -A 1’
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if th i s  thes is  is correct , it might be ant icipated th a t  s imply  en lar g:ng
the sp len ic mass or disrupting its normal architecture could result ~n delayed
transi t  and ~rclonged sequestration of recirculating lymphocytes  wit .~in th is
organ. Since suc h mechanisms might  contribute to the immune  a lt e ra t ~or.s seen
~n some infectious diseases , cr the lymphopenia associated wit r i  splenomegaly ,
we have begun a series of experiments designed to prov ide new ins igh t  into th i s
prob lem . Data pre sented in Table VIE show s that splenic weigh t  had increased
by nearly 50% at one week after three daily IV in ject ions  w: th  10 8 sheep red
blood cells while  the mass of the peripheral lymph nodes was una it~ r ed .  ~ es-
pite this evidence for induced splenomegaly which  is i~nown to be related to
immune response , the splenic uptake and subsequent redis t r ibut ion of labeled
thoracic duct lymphocytes into periphera l nodes was unaltered in these an ima l s .
Similarly , normal traffic patterns were observed in rats bearing a syngere~c ,
transplantable lymphoma where our morphologic studies indicated that  mal ignant
lymphocytes have invaded both the splenic red and whi te  pu lp ,  expanding the total
mass of th i s  organ two to four t imes that seen in normal rats (Table VIII ) . These
finding s certainly demonstrate that there is no direct correlation between spleri ic
size and the sequestration of lymphocytes from the recirculating pool and further
studies are needed to define the precise mech an i sms  which  regulate cellular traf-
fic across the splenic parenchyrna dur ing immune responses and dif ferent  disease
states.

Having established a rather consistent pattern for exchange of recirculating
lymphocytes between spleen and peripher al lymph nodes , addit ional  studies were
made to determine whether thoracic duct lymph contained s igni f icant  numbers of
cells exhibiting preferential “homing ” into the gut—associa te d  lymph at~c t i ssue  as
postulated by Cahill . Results of studies showing the pattern of accumulation of
radioactivity in d ifferent anatomical groups of lymph nod~ s in normal rats after
infusir,q 3H—uridine—labeled lymphocytes are shown in Table IX. These experi-
ments demonstrate that when various groups of lymph nodes are examined without
considering their relative size and different morphology , the total accumulation of
radioactivity within the mesenter ic nodes is consistently greater than that  present
in any other lymph node at each t ime interva l studied . Conversely , Peyer ’s
Patches display an early, rapid increase and gradual decline in rad ioactivity
which is quite consistent with our previous observations that these spec ial ized
lymphoid structures lack medullary cord s and may be exempt from the altered
patterns of egress described following stimulation of periphera l nodes. Since
each of the other lymph nodes groups which were roughly of comparable size ,
the greater number of total counts within the gut-associated lymphatic tissue
might be attributable to the greater mass of the mesenteric nodes.
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To clarify this  issue , the same nodes were compared using specif ic
activity (DPM/mg , of t i ssue)  (Table IX ) .  With th i s  technique , the mesen-
ter ic  nodes cont inued to s how the greatest activity at each t Lm e interva l , but
after eight hours its spec~fic activity was only sl ightly greater than that seen
in the submandibular  nodes. The Peyer ’ s Patches showed the same b~ph as i c
rapid r ise and decline in specific activity expected from the total organ counts.
This  discrepancy between the patterns of accumulation of r adiolabeled cells
within the major constituents of the gut -associated lymphatic t issues does l i t t le
to support Cahill ’ s concept of subpopula t ton s  wi th  selective homing capaci t ies .
Indeed , our f tn d ing  that the subm andib ul ar  nodes contain nearly the same spe-
ci f ic  activity as mesenteric nodes suggests that the factors causing increased
accumulation of recirculating cells in selected nodes may be related to changes
induced by the intense background ant igenic  s t imulat ion one would expect to
exist in lymphatic t issues draining the oral and intest ~nal cavit ies .  More direct
evidence bearing on t h i s  prob lem was soug ht u s i n g  rad iokin et~c analys is  of cellular
traff ic  in animals where the gut-associated lymphat ic  t :ssues were ablated selec-
t~vely . In our in i t i a l  trials the  spleen , mesenteric nodes , and entire small bowel
were excised to remove all gut lymphatic t issues and the remaining duodenal stump
was anastomosed to the transverse colon . These animals  were infused with  the  stan-
dard inoculum of 300 x 10 6 ur id ine- labe led TDL cells to determ:ne wri at fract ion of
infused lymphocytes could localize ~n the remaining nodes. The results shown :n
Table X show that the initial  accumulat~on of radioact iv i t y  wi th in  periphera l  nodes
of these rats was about half that seen ifl an imals  subjected only to splenectorny .
(Table VI) .  However, from eight  to twenty-four hours , the total radioactivity present
within the remaining lymphatic t issue was only a small fraction of that seen ~nboth normal and splene~ tomized rats .  This  dramatic  fal l  in lymphocyte entry
cannot be attributed to removal of the “homing ” site for gut-seeking lymphocytes.
Indeed , the extensive surg ery , postoperative i l eus/  and profound maihutr i t ion
induced by the surgical manipulat ions almost-certainly evoked increased stero~d
secretion in response to stress, and there is ample evidence from other laboratort es
indicating that modest increases in the plasma cortisol level can bLock lyrnpho -
cyt e recirculatton . To resolve this issue , identical t raff ic  studies were repeated
in rats where only the meseriteric nodes had been excised . These animals  all
tolerated the operative proced ure well , maintained normal body weight , and appeared
to rapidly re—e stablish lymphatic flow from the mesentery into the thorac ic duct
since no evidence for lymphatic fistu lae or chylous ascites was found at autopsy.
Table II show s the pattern of distribution of radioactivity in these animals when
labeled lymphocytes were infused two weeks after surgery . Comp arisons of t h i s
data and that presented in Tables II and LX for normal rats demonstrates that the
tota l nodal uptake and sequential distribution of radiolabel was identical in both
groups. This finding and the absence of any increased accumulation of label with
the Peyer ’s Patches vir tual ly  excludes the presenc e of significant subpopulations
of gut-seeking lymphocytes within rat thoracic duct lymph. Thus , it seems likely
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that var~ations in regiona l blood flow and microenvironmental  chan ges  induced
by ant igen challenge may be the major factors determining the d i s t r i bu t ion  of
recirculating lymphocytes wi thin  different  lymph nodes and th i s  documentat ion
provides a reasonable basis  for our future attempts to promcte immunop oteri t :a-
tion by selectively manipulat ing this  cell t ra f f ic .

To provide more detailed information on cellular t raff ic  in normal rat
lymphatic t i s sues , we have init iated detailed autoradiogr aphic studies to def ine
the rate of entry , intranodal distribution and transit  time s of labeled lymphocytes
in Peyer ’s Patches , mesenteric , axillary and submandibular  lymph nodes.  The
results obtained to date show a remarkable correlation with the whole organ
kinetic data with the added dimensions of being able to follow and localize the
t raf f ic  of both T and B lymphocyte subpopulations in these nodes. Table VI show s
the quant i ta t ive data complied by Major  ~nder son localizing labeled lymphocytes
wi th in  various anatomical subdivisions of the lymph nodes at sequential intervals
post- infusion . These f ind ing s clearly establish that  lymphocytes can move from
the blood , across the HEV wall into the parenchyma of all node types wi th in  three
minutes after intravenous injection . This can be explained only by rapid cellular
transit  across the walls and surrounding sheaths and there doe s not appear to be
any s ign i f i can t  differences in th t s  sequence wi th in  different  nodes. Thereaf ter ,
a progressive increase in the total number of labeled cells is seen wi th in  the
dif fuse  cortex with t ime and th is  increase show s a rank order of mesenteric nodes
- submandibular nodes - axillary nodes similar  to that noted in the whole organ
studies . These differences cannot be attributed to impaired egress since labeled
cells move into efferent s inuses within 30 minutes  in all nodes and the total num-
ber of exiting lymphocytes is actually considerably greater in the rnesenteric nodes
between one-half to two hours . Since these histologic scoring techniques do not
consider tota l nodal mass ,  the best explanation for the progressive increase in
labeled cells ~-“ithtn the mesenteric nodes may be increased blood flow to this
gland or se1ect~ve homing as described previously . These f ind ing s also support
our thoracic duct f is tulae studies where small quantities of label were recovered
in efferent lymph wi thin  two hours , but the bulk of the inj ected cells did not enter
thoracic lymph until after six hours. We have not yet completed studies of the
Peyer ’ s Patche s , but the finding of numerous labeled lymphocytes wi th in  the cor-
tical sinuses at one hour pos t—inj ection certainly suggest that even more rapid
cellular transit may occur in these specialized lymphatic t issues .  When these
autoradiograp hic sections were reviewed using dense and light labeling to differ-
entiate between recirculating T and B cells, other interesting aspects of t h i s
cellular traffic are becoming apparent . The data indicates that both T and B
lymphocytes emigrate across HEV walls ~t similar rate s , but there is a suggestion
that B cells may preferentially leave the blood by moving across distal  segments
of the HEy . In the early intervals , both lymphocyte classes appear to be randomly
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dispersed in the d i f fuse  cortex and we have not been able to document the
reported segregation of these cells into T and B zones as yet .  Despite th i s ,
it is already apparent that the bulk of the lymphocytes moving into the medullar~
sinuses and efferent lymphatics of the mesenteric node in the f i r s t  two hours
are heavily- labeled T cells so that the d i f fuse  cortex contains a relat ive increase
in B cells. This provides strong evidence for rapid T cell t ransi t  across the rn esen—
teric node while B cells appear to move more slowly across th i s  nod e causing an
apparent retention of B cells which  really reflects total lymphocyte traff ic  across
the cortex . We are now expanding these studies to later t im e intervals and
beginning similar experiments in adjuvant-treated rats to attempt better def ini t ion
of the mechanism responsible for differences in cellular traffic in both normal and
altered nodes.

PROTECT III. Studies on the Mechanism s of Lymphocyte Entry into Lymph Nodes.

Morphologic evidence summarized in our previous annual progress reports
has provided a firm base for the concept that lymphocyte entry into lymph nodes
depend s upon the selective attachment of blood-bourne lymphocytes to the surface
of high endothelial cells followed by active migration of these cells across the
ven ular wall . The precise biochemical mechanisms regu lat ing this process are
still contraversial. Postulates that attachment depends upon surface recognition
between complementary receptors on lymphocyte and endothelial cell surfaces are
based largely upon enzymatic digestion studies showing that brief treatment with
dilute trypsin and a few other selected enzyme s can both prevent lymphocyte re-
circulation and dislodge adherent lymphocytes from the lumina l  surfaces of HEy .
Other methodologies are clearly needed to better define th i s  cr~tical step in regula-
ting lymphocyte recirculation~ Since defined lymphocyte populat ions can be readily
obtained for ex-D erimental use , the maj or roadblock for definit ive studies in this
area has been the complete lack of suitable means for isolating endothelial cells.
Over the past year we have attempted isolation of HEV endothelium using collage-
nase , pronase ,hyaluronldase , trypsin , and EDTI~ alone or in varying combinationswith minced lymph nodes. None of these approaches have provided adequate iso-
lation of HEV end othelial cells. Related efforts attempting to dislodge these endo—
thelial cells by enzymatic perfusion of the isolated lymph node vasculature have
also failed . Since these approaches have been unrewarding thus far , we have
evaluated an alternate approach described by Woodruff. In brief , her method
consists of incubating a suspension of freshly isolated lymphocytes over cryostat
sections of lymph nodes using gentle agitation on a mechanical shaker to distri-
bute lymphocytes over the tissue section . The spe cimens are then washed and
fi xed In 3% glutaraldehyd e and stained with methy l-green pyronin. With this
approac h , Woodruff has claimed that some 64 to 80% of the cells remaining adher-
ent to the tissue sections adhere selectively to HEV surfaces. We have investigated

_____ 
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this  approach carefully by: (1) using both thoracic duct and peripheral blood
lymphocytes collected in suc h anticoagulants as heparin , ci trate , EDTA ; (2)
using fresh unfixed cryostat sections wi th  omiss ion  of the f ixat ion and s ta in ing
proced ures and scoring the specimens by phase microscopy; (3) using a variety
of different buffers to main ta in  pH in the 7 to 7 .4 range throughout the entire
procedure ; (4) omitting one or both steps of glutaraldehyde fix at ion described
by Woodruff ;  (5) subst i tut ing several different  s ta ins  for the methyl green pyronin
used in the reported technique . In brief summary, neither the basic technique
reported by Woodruff , nor any of the various modif icat ions  we have introduced ,
have provided a convincing demonstrat ion for selective attachment of the sus-
pended lymphocytes to HEV surfaces. We have observed that many lymphocytes
do adhere to the tissue section , particularly when the double glutaraldehyde
fixation steps employed by Woodruff are utilized . However , th i s  binding appears
to be ent irely non—specif ic  for when the sections are scored by a neu tral observer
as many or more lymphocytes are found adherent to walls of medullary s inuses  ari d
crack s or kn i f e  cuts ~n the section than are present over HEV’ s. We have commu-
nicated these disturbing results to Dr. Woodruff , and she admLts  to having some
diff icul t ies  in reproducing her or iginal  data in her own laboratory; but she also
believes that these observations are correct and has invited us to visi t  her labora-
tories for mutual  exchange of information on this  technique . Further evaluat ion of
this technique is planned in the near future , but unt i l  convincing , reproducable
demonstrations of selective lymphocyte attachment has been achieved wi th  this
model it should be recognized that double f ixat ion wi th  glutaraldehyde ut i l ized by
Woodruff may simply reflect artifacts induced by cross l inking between lympho-
cyte surface proteins and globulins wi thin  the t issue section .

This  inabi l i ty  to accurately define the surface recognit ion mechanisms  res-
pon~ ible for cellular t raff ic  in lymph nodes has compounded the current contraversy
over the existence of lymohocyte sub popu lat ion s which  purportedly “ home ” selec-
tively into specific lymphatic  t i ssues  - i . e .  the spleen—seeking and GA LT-seeking
lymphocytes discussed in Project I t .  When these considerations are extended to
:riclud e lymphocyte populations other than those obtained from lymph or blood , thi s
confusion becomes more pronounced . Other investigators have attempted radio-
kinet ic  measurement of cellular t raff ic  using heterogeneous lymphocyte suspensions
obtained by mechanical  or enzymatic disrupt ion of the spleen , lymph nodes , Peyer ’ s
patches , bone marrow , and t h y m u s .  While such reports have concluded that  large
lymphob las ts  which  do not normally recircu late can lodge in the lamina propria of
the gut wall or sequester in or near germinal centers within the spleen and lymph
nodes , it has been d i f f i cu l t  to es t imate  the extent of t h i s  t ra f f ic  s ince these pre-
paration s contain large numbers of inj ured and dead cel ls  wh ich  cause marked
accumulation of rad iolabel wi th in  the liver , lung , and gut . Despite these l imita-
tions , suc h f ind ings  certa~nly suggest that most lymphocyte subpopulat ions possess

a
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the capaci ty  to emigrate  into es tabl ished lymphat ic  t i s sue  so th i s  “homing ”
Ins t inc t  cannot be ent i re ly  dependent upon cel lular  matura t ion  or the i r  abi l i ty
to r ec ircu la te .  This  sort of reasoning migh t  well lead to the conclusion that
surface recognit ion mech ani sms  are character is t ic  of all lymphoid  cell l i nes
except for those who lose th : s  capacity to re—ente r  lym oh at ~c t i s sue  when t~ ey
d i f f e ren t i a t e  and mature into short—lived effector cel ls .  If t h i s  t h e s i s  is correct .
:t seems p 1aus~b1e that  the different  patterns of t i ssue  arid organ involvement
seen between lymphomas and lymphat ic  l eukemias  may be determined by the
presence or absence of surface receptors wh i c h  regulate lymphocyt e recircula-
t ion . Lyrnph oma cells may possess the receptors required for “homing ” in t o
lymph nodes , while s imi lar  recognition mechanisms may be lacking in leukemic
cells.  Th i s  would p ermit both type s of mal ignan t  lymphocytes to spread wi th in
the s inusoidal  circulat ion of the marrow , liver , and spleen; yet , only lymphoma
cells would preferent ia l ly  localize ~n periphera l nodes. The late appearanc e of
a leukemic phase in some lym~ homas could s imp ly  reflect the saturat ion of nodal
t i s sues , destruction of h igh  endothel i a l  venuies , or loss of surface receptor s due
to genetic drift .

We have begun to test th is  hypothesis  u s ing a B—cel l  lym~ homa produced in
Lewis rats  which is readily transferred in four to six week old syngeneic  rec ipients .
Subcutaneous inoculation s wi th  i0 3 to 10 6 spleen cell suspensions or isolated per-
~pheral blood cells from tumor bearing hosts result in local nodular growth with in
five days which  is followed by blood invasion w i th  hematogenous spread of tumor
cells to the spleen , liver , and lungs by eight  to ten days and then the rats die  in
a leukemic phase at 14 to 21 days po st- inoculat ion . In the late stages , periphera l
blood counts range from 2 x i0 5 to 2 x 106 cells/mm 3 and some 99% of these cells
are pleomcrphic , bla stoid cells when examined us ing  Wright’ s s ta in .  Lymph node
invasion wi th  these malignant  lymphocytes is riot seen in any nodal group other
than that draining the local tumor and thoracic duct lymph isolated from these rats
contains approximately the same * and morphology of lymphocytes seen in normal ,
non—tumor bearing rats .  These f indings  cer ta inly  sLgcest that  th~s exper~menta1
lymphoma lacks the surface receptors required for entry into peripheral  lymph notes.
Further , when malignant  lymphocyt es are obtained from per Iphe ra l blood from tumor
bearing rats , a 100% viable popu lation of malignant  lymphocyt es is obtained which
avidly incorporate 3H-uri din e during brief , in vitro incubation . Lymphocyte t raff ic
data from such preparations is shown in Table XIII , and th i s  certainly establ ishes
that  these malignant  lymphocyt es fa i l  to accumulate in peripheral  nodes in spite of
the i r  propensity for producing massive blood invasion . Since th i s  tumor line pro-
vides the f i rs t  de f in i t ive  proof for a non-effector lymphocyt e population which
cannot “home ” into lymphatic tissues , fur ther  experiments along th i s  line and
comparisons wi th  normal lymphocyte population s may s ign i f icant ly  enhance our
understanding of the mechani sms regulating lymphocyte re circulat ion .
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Scanning and t ransmiss ion electron microscopic studies described in our
previous annual  progress reports have strong ly suggested that  mot i le  lymcho -
cytes actIvely  migrate across HEV walls as they leave tri e blood stream and
enter the nodal  parenchyma . We have now completed a series of experiments
designed to test th i s  postulate in a more direct manner .  ~n~t ia 1ly , thorac ic
duct lymphocytes were incubated in vitro w i thCy tocha l a s in  A at concentrat ~cns
ranging from 5 x i0~~ to 5 x 10 8 M for 30 minu tes .  Then , the cells were wa shed,
resuspended in M-199 , and examined for motil i ty using both the heated micro-
scopic stage ari d the migration under agarose assay (see Project IV) . These
studies demonstrated that  Cytochalas in  A at concentrations of 5 x iO-~ to 1 x 10 4 M
completely inhibi ted random lymphocyte movement in both a s says .  Further , th i s
inhib i t ion  appeared to be irreversible under the conditions used in vitro since no
random movement was found when washed cells were incubated ~t 370 C under
agarose for 12 to 24 hours . This  suppression of cell moti l i ty could not be attri-
buted to cell death since trypan blue dye exclusion studies indicated that  the
cell preparations mainta ined 95% v iab i l i ty  throug h th is  12 to 24 hours period .
Examinat ion of these Cytochalasin—treated cells by both scanning and t r ansmiss ion
electron microscopy in collaboration with Doctor John White and Major Arthur
Anderson at USAMRIID showed that these lymphocytes exhibi ted a marked decrease
in the number of microvi l lous project ion s wi th  frequent c lus ter ing of the microv i l i i
at one pole of the cell wi th  thei r  distort ion into elongate , c lub—shaped or b leb — like
forms. Transmission EM doc umented that these surface changes were caused by
disruption and aggregation of microfilaments w~th i n  these cells which  were iden-
tical to reported descript ions of the Cytochal a s in—iri duced alterations described
in other cell types.

Having proven that  in vitro Cytocri alasin treatment had inhibi ted lymphocyte
motility without causing overt cellular inj ury , we then  repeated our in vivo traff ic
stud ies follow:rtg the sequential organ d i s tr ib ut i on  using this  lymphocyte popula-
tion . The results shown in Table XIV prov e that  the accumulat ion of lymphocytes
wi th in  peripheral lymph nodes is almost completely blocked by prior treatment with
Cytochalasin. This cannot be attributed to n on— spec i f ic  sequestration of these
cells wi thin  other capillary beds, since total uptake and red is t r ibu t ion  of radiolabel
within the lung s and liver is virtually identical to that seen using normal TDL
cells (See Project II) . Further , the striking differences seen between the d i s t r ibu—
tion of Cyt ochalasin—tr eated cells and control inoculee us ing heat -k~1led lymphocytes
mitigate against  cell death as being a s igni f icant  contributor to this altered rec~r-
culation pattern . It is equally interesting that while the entry of Cytochala s~n-
treated lymphocytes into periphera l nodes is markedly depressed , a s ign i f ican t
proportion of these cells continued to redistribute in the spleen in a manner anal-
agous , but somewhat reduced , to that seen with normal lymphocytes.
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Other experimental  methods were employed to conf i rm and ~ x ;and
conclusion s derived from the radiok inet ic  s t u d i e s .  When 3 x 10 Cytocha las in-
treated lymphocytes were :nfused into normal  rats , h is to logic  examin a t ion  of
the~r lymph ncdes at sequential  intervals pos t -t r ansfus~on showed a st r i k ing ,
sustained increase in the number of lymphocyte s present w i t h i n  the lumens and
wa lls of HE7 than was produced by comparable i n fu s ions  wI th  normal TDL cells
(Table XV) . ~n a ly s i s  of these events by autorad i ographl c techniques  demon-
strated that  t h i s  ric rease resulted from the accumulat :on of Cytochalasin-t re ated
cells along the lurn~nal surfaces of HER ! and the concomitant  fa i lure  or marked
delay of these lympn ocytes to migrate across the HE’! wall into the adjacent  nodal
parenchyma (Table XVI and XVII) . This  clearly differed from the rapid movement
of normal labeled lymphocytes through the veriu lar wall which was found in all
control animals  wi th in  three minutes  after the in fus ions  were completed . The
Cytochalasin—treated cells continued to accumulate w~t h i n  HEV walls  over the
ini t i a l  two hours and then a few cells appeared to move ~nto the  surrounding sheath
and assume a perivenular distr ibution . However , s igni f icant  numbers of these
cells were never found in the nodal parenchyma or efferent  lymphatic channels ,
even when observations were extended to eight to 12 hours . When combined w itn
the in v it ro  and c.ell t raff ic  studies described previously , these results  crov~de
convincing evidence that lymphocytes can both recognize and attach to endothelia l
surfaces despite d is rupt i on  of microfi lament  funct ion which  block s the i r  moti l i ty .
Thus , our morpholog~c evidence indicating that active cellular moti l i ty  is requ ired
for lymphocyte entry into periphera l  nodes seems well substantiated . ~ t the same
time , it should be recognized that our present data showing near—normal accumula-
tion of radiolabel wi th in  the spleens of these animals , is entirely consistent wi th
the autoradicgraph:c studies of Cytocha las in—treated lymphocytes w ith in  the
spleen descr 1bed in our last annual  progress report . When combined with our
evidence for a f luid  wave in the spleen , these composite f ind ing s indicate that
f luid  flow — not cell motility — may be the main  force propelling lymphocytes
through the loose ret~cular meshwork of the spleen .

PROJECT IV. Studies on Lymphocyte Chemotaxi s: Its Role ~n Lyrnohccvte
Rec irculat ion and In Vitro Assay s  of t h i s  Phenomenon.

Ultrastrubtural observations described in our previous annual orogrecs
reports have shown that  when lymphocytes move across the HEV wal l ,  they
actively migrate  thro u g h intercellular spaces which  are contiguous wi th  the
venular lumen an~ the nodal  inters t i tum . Since we have demonstrated that
macromolecuj ar t racers can pass from the lymph node into venous blood and
surround emigra t ~ng lymphocytes in the process , we have postulated that
lymphocyte movement across the HEV wall and surrounding sheath may be
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directed by migra t ion  along a chemotactic gradient .  While th i s  is an appeal ing
zostulate , it has not yet been confirmed by more def in i t ive  exper iments .  Be—
caus-~ there is st i l l  intense controversy over the natural mediators of leukotaxi s
in v ivo and vir tually nothing is known about specif ic  lymphocyte chemotaxis , we
have begun a series of experiments attempting to resolve some of these  i s sues .

Our in i t i a l  efforts have been directed at def in ing the effects of the mIcro-
tubular  disrupt ~ng drug- Coichicine - on lymphocyte migra:ion us ing both in vitro
and in vivo assays .  This  pharmacologic approach has obvious weaknesses ,
since Colchicine can ablate microtubular  dependent secretion in all body t i ssues
and produce a variety of toxic side effects which complicate interpretation of the
experimental f ind ings .  However , the following data does provide evidence sug-
gest ing that lymphocyte entry into lymph nod e may be dependent upon secretory
processes wnich  are disrupted by CoJ.chicine treatment . In vi tro s tudies  shuwed
that rat th-oracic duct lymphocytes incubated in t issue culture media containing
Colchicine at concentrations ranging from io 8 to io 2 M for intervals  ranging
from one to 24 hours remained viable  by trypan blue dye exclusion unless the
Coichicine level exceeded iO~~ M. The effects of s imi la r  concentrations of Col—
chicine on lymphocyte mot :lity were assessed by examining al iquots  of these
suspensions at phase microscopy arid measuring random lymphocyte migra t ion
under agarose. Both techniques documented that lymphocytes retained normal
motility until the toxic level of i o 3  M was achieved . Examinat ion of Cclchic~rie—
treated cells (0 .5  x 10 5M) by scanning and t ransmiss ion  electron microscopy
revealed that virtually all lymphocytes retained thei r  normal surface conformation
wi th  numerous microvillous projections . While we were unable to demonstrate
aggregated or dissociated microtubules in these cells , th :s  may simply reflect
the dif f icul ty  in documenting such changes wi th in  cells which  lack a prominent
microtubular network . Certainly , the inhib i t ion  of microtubular assembly has
been substantiated in a variety of other cell type s treated wi th  comparable
dosages of th i s  drug arid has been widely accepted as a general biologic response
to Colchicine.

When 3H—uridi n e  labeled thoracic duct cells were incubated wi th  0 .5  x 10 5M
Coichicine , washed , and transfused into normal rats , they exhibited the same
pattern of uptake and redistribution wi th in  body organs as that seen using normal
cells (Table XVIII ) . Further , when the lymphat ic  t issues from these rats were
examined by autoradiography , the radiolabeled cells appeared to attach to REV
surfaces , emigrate into per iphera l  nodes , and move across the nodal in ters t i t ium
in a completely normal manner.  Reciprocal experiments were then made by in-
fusing  normal 3H-ur id lne  labeled lymphocytes into rats injected IP wi th  Coichic iri e
(0 .2  mg./ 100 gram body weight)  one hour before t ransfusion . Examinat ion of the
whole organ accumulation of radioactivity in these rats at sequential  intervals

_ _ _ _ _ _ _ _  
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shown in Table XIX indicates that  Coichic ine—treatment  markedly suppressed
lymphocyte movement into lymph nodes and spleen for e~ght  to ten hours wi thou t
causing toxic sequestrat ion of the label wi th in  the RE system of the liver a rid
sp leen . This  effect  appeared part ial ly reversible in that progressive accumula-
t Ion of the label was observed between eight to 24 hours . However , th~s was
probably due to recovery from the  inhib i tory  changes induced by a single bo lus
of Coich icine since fur ther  accumulation of radiolabeled cells wi thin  lymphat i c
t~ssues was prevented by adminis ter ing a second irijec t :on of Colcni c ine  at e~ght
to ten hours . When combined with  results described in our last annual  progress
report wh i ch  showed that  Coichicine caused marked r eduction ~n the lymphocyte
migrat ion ind ex , cel lular  depletion in lymphatic t i ssues  and a progressive fall
in thoracic duct lymphocyte output , the present experiments provide fur ther  proof
that  th is  drug blocks lymphocyte entry into lymph nodes . Sinc e our in vitro
studies and reports by others have established that th i s  effect cannot be attri-
buted to altered lymphocyte motility , we have atterrpted further  def in i t ion  of the
possible mechanisms by ultrastructural  studies on the nodes from Coichicine-
treated rats . These observations have documented a marked decrease in the
number of emigrat ing lymphocytes within the lumens and walls of HEy w i t h i n
one—half  to one hour after Coichicine inject ion which is sustained for 12 to 18
hours . Despite th i s  decline in number , the few migrat ing lymphocytes remain in g
at th i s  s i te  exhibi t  normal morpholo gy , cytoplasmic organelle d i s t r ibu t ion , an d
1ntact microtubules .  Thus , there were no Indicat ions  that Coichic ine  treatment
of the intact an imal  caused any s t ru ctural  al terations in recirculating lympho-
cytes which  differed from those noted in vitro. The paucity of emigrat ing lympho-
cyte s made it d i f f i cu l t  to assess cytop lasm~c polarity indicative of direct ional
movement in a truly s tat ist ical ly s ign i f i can t  manner , but we have been able to
show defin:te evidence for continued directiona l movement across the REV wall
at t :me intervals ranging from one-half to eight hours post-Colchicine treatment.
This f ind ing  m i g h t  be interpreted as indicating that secretion of the p~~ative
chemotactic agent w i t h i n  the node is not totally suppressed by the dose of drug
used , despite ultrastructural evtdence for description of the labile r i t i crotubular
network in high endotheltal cells , macrophages , and large lymphoblastic  cells .
However , our studies have clearly indicated that lymphocyte attachment to REV
surfaces is almost totally absent wi thin  lymph nodes after Coichicine treatment.
Since microtubules appear to be of great importance in the maintenance of the
cy-toskeleton and topographic stabil i ty of the membrane in addit ion to the i r  con-
tribution to intracellular organelle movement during secretion , it is also possible
that Coichicirie treatment has altered the membrane receptors on REV endothelial
cells in some manner which precludes lymphocyte attachment . Further  experiments
are needed to document the precise mechanisms responsible for blockade of
lymphocyte recirculat ion by this  drug .

Chernotaxis has been defined as “a reaction by which  the direction of
locomotion of cells is determined by substances in the i r  environment . If the
direction of movement is not def ini tely  toward or away from the substance in
question , chemotaxis is indifferent or absent ” (White , 1974) . Thus , only
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direct ~ona 1 mi gr at ion  can be used as a measure for ch emotax i s ,  yet muc h cf :ne
~. iter ature on cel lular  locomotion has fa i led  to es tab l ish  t h i s  c r i t i ca l  poin t  arid
~nadecuate techniques  have frequently been employed to measure  t h i s  phenomeno nin a confusing and mi s lead ing  way.

The contraversy over directed leukocyt e Iocomot~on ~s most pronounced overlymphocytes.  Lymphocyte mot i l i ty  was beaut i fu l ly  documented by Lewis in the1930’ s , yet numerous attempts to demonstrate a true ch emotact ~c response forthese cells fai led and in 1974 , White concluded that “ the  l it e ra ture  i s  s ingula r lybereft of f~nding s supporting the existence of chemot act~c factors  for lymDh ocyt e s . ”Ward ’s group first reported evidence that  supernatarit s from an t igen-s t imula tedlymph node cultures were chernotactic for all types of leukocytes - includinglymphocytes - while  using a Boyden chamber assay in 1971. Th i s  report hasnever been confirmed , but in a 1976 workshop at N IH , Wa rd indicated that  henow had further evidence for lymphocyte chemattractants in supern atant s  obtaLri edfrom Concanaval in-A stimulated lymphocytes , mixed leukocyt e cul tures , a nd a n t i —immunog lobu lLn s .  Regrettably , he has never indicated whether these agents attractall type s of leukocytes as originally reported , or if these were truly spec i f ic  inprod uc:ng selective lymphocyte chemotaxis .  With  th is  possible exception , theonly other documentation of selective lymphocyte chemotaxis has been reportedby H iguch i , et a l . ,  as a fragment of 14000 Mwcleaved from rabbit  1gM by an SH-dependent protease isolated from granulocyte s , and th is  response was also mea-sured using a m odif i ed  Boyden chamber.

Since lymphocytes are actively motile , it has long been suspected t i-t at thedi f f icul t ies  encountered in studying lymphocyte chemotax~s reflected l imi ta t ion sof the existing in vitro assay procedures. While Cebra ’s cr i t ic ism th at  it  isimp ossible to differentiate between random and directional movement I r i  the twocnamber system employed by Boyden may not be entire ly correct , t h i s  te chniquecertain ly has many inherent l imita t ions  which make it diff ~cuj t  to achieve ade-quate quar it i tatj o~ and reproducibility — i .e. (1) m a in t a in ing  concentrat iongradient s over a t ime interval that allows cells to migrate appreciable  d is tan cesind icat ive of a directional response; (2) providing adequate morphologic ~den-t i f i c at i on  of the responding cells; (3) variable ability of different cell populationsto adhere to cellulose fil ters to permit migration and frequent detachment of thesecells from the underside of the fi l ters;  (4) widespread use cf d i lu te  serum , a n t i —coagulaz-its , or gelat in in the suspen sions whi ch  may alter responses to p o ssib lechemoattra ctant s ; etc .

These crit ic~sms of the Boyden chamber and its mult iple mo dif ica t ions  havelead us to attempt development of another methodology for studying lymphocytechemotaxis in vitro. In the past year we have concentrated our efforts or .
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mod i fying the Nelson method for study~ng cel lular  migr at i on under agarose since
:h~s provides a three chamber technique for simul t aneo u s  comp arison of both
threc t i onal  arid ra ndom migrat ion over relat ively long time per iods.  After numerous
t r~als , we have succeeded in developing th is  assay method to the state where t

appears to ne~ ate many of the def ic ienc~es associated w :th the Boyden chamber.
Whi le  Nelson has never obse~~ed ei ther  random or direct ional  migra t ion  of lympho-
cytes in his  assay , our modi f ica t ions  of th i s  technique have provided clear cut and
reproducible demonstration s of botn types of lvm~ hccyte movement ~n v tro.

In our modif icat ion , sterile MEM containing 2 rn M glu t am~ne , 375 g/ml
N aHC O3, and 69 m M Hepes buffer was add ed to 0 .8% agarose dissolved in
Hepes buffer .  This mixture was mixed wi th  a mechanical  stirrer and poured into
sterile Petri d ishes  where six circular coverslips were positioned on its bottom
in a hexagona l array . After gelat ion , a template was used to ~ut three wells ,
2 . 4 4  mm.  in diameter , and separated by 2 . 4  mm. over each coversi~p . After as-
p ira t ing the agarose plugs , the plates were pre— 1ncubated for three hours under
5% CO 2 and saturated H 20 atmosphere at 370 C. The washed cell suspensions
(thoracic duct lymphocytes , peripher al  blood leukocytes obtained using Ficol l—
Hy~~que separation , peritoneal macrophages , spleen cells , etc.) were added to
the center well over each cover slip while putative ch ern otactic agents and con-
trol solut:ons were placed into the outer wells .  The plates were incubated under
5% CO 2 saturated H2O atmosphere at 370 C , and cellular migrat ion under agarose
adj acent to the center well was scored using an inverted phase microscope . At
selected intervals , ranging from one-half to 24 hours , some plates were fixed ,
deh ydra ted , and separated from the gel as described by Nelson.  The coverslips
were removed , stained with Gremia , and mounted on glass slides~to provide per-
manent specimens. These were examined by light microscopy to establish the
morpholog y of the motile cells and an ocular micrometer gr:d system was used
to measure the distance of cellular migration from the edge of the center well.
Standard stem and leaf plots were used to illustrate the number of m~grating cells
arid the distances they l-.ad migrated under agarose along a line connecting the
centers of all three wells . Measurement of the linear di stance covered by the
furtherest 10 cells migrating from the center well toward s the chemotactic factor
(A) and that found for similar cells on the opposite facing control medium on the
opposite site (B) were also used to score the chemotactic index (A/ B) defined by
Nelson .

We have completed a large number of pilot studies with this techni que . While
these need not be presented in detail , the data clearly indicate that this procedure
can be effectively used to study chemotaxis for granulocytes , easinophiles , macro-
phages , lymphocyte s , and mixed cellular popu lations . Since they provide for:
sustained gradients which permit significant linear cell movement over protracted
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t ime intervals;  (2 ) permit  s imul taneous  comparison of both random and dire ct ~on al
movement; (3) y ield est imates of the total number of migra t ing  cells; and (4)
permit  adequate morpho logic ident i f ica t ion  of tn e cells~ these  plates appear to be
a def~nite advance over the Boyden chamber .

Examples of our studies on lymphocyte m igr a t ion  are shown in the stem-leaf
plot (Table iC() and photomicrographs (Table ~C(I) . This  data demonstrates  tha t
more lymphocytes are found further from the edge of the center well along a l~ne
wn~ch connects the centers of the middle well ari d an outer  well conta ining endo-
toxin act~vated serum than are present on a comparable sample moving in the
opposite d :rect ion toward s culture media.  This yields a chemotactic index of
3 (A/ B) and a chemotactic dif ferent ia l  of 132 ,M. (A— B ) by the Nelson cr i ter ia .  Fur-
ther , stem-leaf plot i l lustrates that  many more cells are moving toward s the
endotoxin act~vated sera . Such f inding s cer ta inly suggest that  C’ 3a, C’ 5a,  or
other unknown products being formed in the outer well are truly chemotactic for
lymphocytes. it should also be emphasized that th i s  data also demonstrates that
both random and directional migration of lymphocytes can be observed under agarose .
When s imila r  studies were repeated using serum from rats wi th  macrog lcbu l inern ~a ,
endotoxin activation resulted in dramatic movement of normal thoracic  duct lympho-
cytes toward s t h i s  well while  v i r tua l ly  no random migrat ion was found in the
opposite direct ion . By Nelson ’s cri teria , these plates show a chemotactic index
of 14 and a chemotactic d .fferentia l  of 858,~ . Since careful histologic examina-
tion of these plates proved that all of the migra t ing  cells were lymphocyt es and
we have thus  far been unable to show that either granulocytes or macrophages
show similar directional movement to endotoxin—activated macroglobulin sera ,
t h i s  may well be selective lymphocyte chemotaxis to an 1gM split  product s imilar
to that described by Higuchi , et aL This selectivity is made even more interest~ng
when compared with observations on the movement of malignant lymphocytes shown

- 

-. in Table )O(. These cells isolated from the peripheral blood during the leucosar-
coma stage after Implanting a syngeneic lymphorna display the typical morphologic
fea tures of large , immature lymphocy tes in Wright ’ s and Giemsa stained prepara-
t ions.  When studied in vitro they exhibit  marked random migr at ion under agarose
but no evidence of specific chemotactic response to ei ther  normal or macroglobu-
u n  activated serum . We believe that these find ings document the valid~ty of our
methodology and provide a foundation for in i t ia t ing  an intensive effort  to study
the mechanisms of lymphocyte chemotaxis as proposed in our request for contract
renewal.

Another potential use of this technique is shown in Table XXI t where the e f fec t s
of Cytochalasin on random lymphocyte migration under agarose are illustrated .
These results establ ish that the dose of Cy-tochalas in A required to totally suppress• lymphocyte motility is at least 50% greater than that reported in the literature . This
technique then appears to offer a more stringent means for assaying the pharma-
cologic inh ib i t ion  of cellular motility than have been available in the past.
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PROJECT V. Studies  of the A l te ra t ions  in Reg ional  Lvmoh Nodes af ter
St imula t ion  w~th Antigens end A dju v an t s .

Evider 1ce summ ar i zed  ~n our previous annual  progress reports pr ov:d es
strong support for the  concept that cont inual  rec ircu lat :on  of long-lived iym~ no-
cytes through organized lymphat ic  t i s sue  provides an e f f i c i e n t  form of :mrnuno-
surveil lance fac : li t a t ing  both antigen recognition and cell collaboration n the
develop ing immune response . The belief that lymphccyte rec :rcu lat~on migh t
enhance :mmu n ity  by permitting preferent ial  sequestrat ~on of ~nt :gen react ive
cells wi th L n  an t igen-s t imula ted  nodes is as old as the concept of recirculat~cn ,
and has f inal ly  been supported by r adiokinet ic  studies in severa l d i f fe ren t  lab-
oratories. Our own wcrk has certainly supported th :s  thesis  and helped delineate
some of the mechanisms which regulate t h i s  responde . In the past year , we have
completed add iti onal studies which have begun to correlate sequential rnicrovas-
cular changes , altered structure of the cortex end medulla , wi th  lymphocyte
t raf f i c  patterns and cellular interactions at sequential  stages in the evolving
immune response to known ant igens . Perhaps the s~mplest  model system studied
has been the regiona l lymph nod e in Lewis rats draining sites of skin graft ing
with AgE incompat~ble sk in  - where a short lived an t igen ic  burst  results ~n both
humoral  and cellular immuni ty . Data compiled from studying 42 rats at t ime
intervals ranging from before to 28 days after graf t ~n; by combined m~crovascular
perfusion , light and electron microscopy , autoradiography , and rad:ckir .etic
techniques are summarized in Table XXIII . These results show that up to 50%
differences in the total uptake of radioactivity can be observed in axillary nodes
of normal rats which show roughly comparable size , vascular anatomy , and mor-
phology . However , in all rats examined between one and 28 days post-grafting ,
the t raff ic  index derived by dividing the total number of organ counts with in  the
regional lymph node by that formed in the contralateral nod e consi stentLy ra nged
between tw) to six - a difference which was s ignif icant  by standard ana ly s i s
(P = .005) .  Attempts to relate this  accumulation of rad~olabel to morphologic
changes were quite interesting In that the early rise in organ uptake correlated
well with increase in nodal weight , elevation of the LMI , and morphologic changes
of altered vascular permeability and the formation of cellular aggregate s w i t h i n  the
lymphatic s inuses .  This early increase in radioactivity almost certainly reflects
increased blood flow with delivery of more labeled cells to the node since our
sequential analysis  of the regional versus contralatera l nod e uptake of labeled
cells showed that the regional node always contained two to eight t imes more
radioactivity — even Cn the f i rs t  one—ha lf to two hours of infusion which is the
shortest transit  times known for lymphocytes moving across the node (see
Project 11). This finding effectively excludes “trapping ” due to impaired egress
as a major contributor to the increase in nodal size . Further, our autorad~ographic
studies fai led to provide any evidence for “hold up ” of radiolabeled cells w i t h i n
the nodal parenchyma or s inuses over th is  time span. These cellular plug s rapidly
cleared within two to three days , and the increased LMI and corttcalexpans~On
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di sappeared wi th in  one week . The nod e then evolved to a relatively norma :
app earance save for a s l ight ly prominent medulla and the  presence of severa l
large germ inal  centers . Despi te  th i s  morphologic evidence for return of nor-
mal cell t r3 ff ic  patterns as the B cell humoral immune re sponses came into the
f o re , the radiokinet i c  t raff ic  index continued to show that  four t imes as muc h
label accumulated wi th in  the enlarged , stimulated no de than were found or. the
smaller contra lateral side . This can best be exp lained by vascular pro li fera-
t:on w ith  concomitant increased blood flow into these nodes as sh cwn b-i studies
de scribed in our previous progress reports . The biol ogicol  usefu lness  of t h i s
enhanced traffic of recircul ating cells into a lymph node when th e ang~gen:c
stimulus is ceasing and a full immune response has evolved must  be questioned ,
but it may be that such altered cellular t raf f ic  continues to supply the progeni-
tOrs for clorT~l bursts of cel lular  pro l ifero t~on to sustain the hurn oral antibody
response or faci l i ta tes  entry of suppressor cells into the node.

These quest ions ra~sed the i ssue as to whether  we could alter th :s  rela-
tively simple pattern of evolutional changes wi th in  the nod e by susta :ned or
repet i t ive ant igen ic  st imulation . The model selected for use here was a methyl
cholanthrene induced sarcoma which  is syngene~c for Lew:s rats and s t i l l  pos-
sesses relatively potent tumor speci f ic  t ransplantat ion ant:gens wh~ch are ~mrn uno —
ge nic to the host . Since th~z sarcoma does not metastas ize  to the re~ ional nodes ,
yet provides a sustained bolus of antigen due to rapid membrane turnover and
focal necrosis within the control tumor mass , it was thought  to be sui table  for
our purpose. Data summarized in Table XXIV demonstrates that the regional nodes
draining such tumors show virtually the same changes in morphology,  microcir-
culation , and cell traff ic as those seen in the skin graft  model for the f :rst  week.
Th en , these nodes progress to marked sinus histiocytosis with  progressive expans~on
of the medullary cord s at the expense of a thinned cortex w h i c h  becomes dominated
by numer~ us germinal centers . Cellular t raf f ic  cont tnues th rough these nodes
with the same general increase seen in the skin graft model ,  and th ere  are no
changes to indicate that this suppresses the massive B cell response occurr:ng
locally within the node . While the hurnoral antibodies produced in . t h i s  tumor

system fail  to suppress tumor growt h , the overall evolut :on of a massive B cell
response within these nodes is really quite intr iguing for t h i s  is prec~sely what
we may wish to achieve in our attempts to achieve ~mmunopoterittatiOt1 against
biologic agents with adjuvants. Indeed , our preliminary observations on regional
nodes stimulated with pertusses vaccine and peanut oi l  as adj uvants  suggest that
both agents can produce changes mimickin g those -described above .
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TABLE I

L’~MPHA TIC T: SSUE WEIGHT IN NORMAL LEWIS RATS AT VARY ING AGES

30 — 40 g. Rats
Weigh t

Type of Node Mean Range % Total Lymoh Node Mas s

0TH 49 (37 — 69) 11.6
MES 145 (117 — 205 )  34 .2

76 (37 —120 )  17 .8
SM 48 (27 — 74) 11.4
PP 108 (79 —146)  2 5 . 0
TOTAL 426 -

Spleen 239 (181 — 312) —

80 — 90g. Rats
Weight

Mean Range ~t Total Lymph Node Mass

0TH 134 (85 — 177) 13.8
MES 229 (166 — 290) 32 .2

108 (76 — 141) 15.2
SM 105 (77 — 174) 14.8
PP 135 (98 — 164) 19.0
TOTAL 711 -

Spleen 482 (418 — 584) -

190 — 200 c.~ Rats
Weight

Mean Range % Tota l L’--mch N ode Mas s

0TH 114 (78 — 132) 15 .2
MES 187 (148 — 258 ) 2 4 . 9

135 (95 — 200 ) 18.0
SM 134 (81 — 174) 17 .8
PP 180 (146 — 240) 2 4 . 0
TOTAL 750 -

Spleen 600 (444 — 727) —
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TABLE VI

THE A CCU MU ~~ TION OF RADIOACT~ Jt TY IN PERIPHERA L LYMPH NODES
JF SFLEN CTOMIZED RATS AFTER INTRAVENOUS IN FU SI ON WIT H 300x 5

VIA BLE 3 H -URtD IN E- L~BELED THORA C IC DUC T LYMPHOCYTES .

DPM/organ
of Total Dose C___________ ) Accumulat ing ~n D i f f e r en t  Organs —

DPM injected

T m e  after Lymph Nodes L.’;e~ Lungs Gu:
_ _ _ _ _ _ _ _ _  

0TH MES PP AB SM Total

1 hr. 1.45 2 .6  1.3 1.3 .5 7 . 5  22 .1  18.0 8 .5

2 hr.  2 . 0  3.8 1 .95 1.5 1.2 10.45 19.8 9 . 6  5 .8

3 hr.  2 . 5  10.1 3.2 1.5 1.1 18.40 15.1 11.4 12.1

4 hr .  4 .4 6 . 8  2 . 9  1.5 1.2 16.80 15 .5  7 .1 9 .6

8 hr.  6 .0  9 .6  1.9 4 .9  2 . 7  25 .10  11.1 3.1 8. 7

18 hr .  5 .2  11.3 1.9 5.1 2 . 9  2 6 . 4  8 .0  1.1 8 .6

= Each Value Represents the Mean Value Derived from Studying 3— 5 animals . 
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TABLE VII

THE A CC TJ MU L~TION OF RADI OA CTIV:~~! IN BODY CR-0A~-~.~ OF RATS
INF U SED WITH 3 H -UR ID INE L~B L D  TDL ONE WEE K AF TE? ~

IV CHALLENGE WITH 3x 10 3 SHEE P EP ~YTH~~O-CY::S

Body Weight Mean Lvmchat:c T ssue We~c~ z

Mean Range 0TH .\1 3 3M _ PP Scleeri

198 ( 190-210) 222 420  225  13~~~ 21 7 337

% of Total Dose ( DPM/organ ) Accumula t ing  in Dif fere n t  Organs
DPM injected

Time after Lymph Nodes Sp leen Liver Lungs
Inj ectt on 0TH MES PP AB SM Total

4 hr. 0 .7  2 . 2  0 .6  0 .6  0 . 7  4.80 25 .1  2 6 . 5  17 .2

2 hr .  0 .6  2 .2  0 .4  0 .5  0 .6  4 .30  25 .3  16. 7 3 .33

4 hr .  0 .7  2 .0  .4 0 .7  0 .5  4 .30  14.8 11.4 2 . 2 0

8 hr.  2 .0  2 .8  .8 1.1 1.4 8.10 10.9 6 . 2 3  1.99

18 hr. 2 .0  8.3 0 . 2  1.8 2 .8  15.60 - 3. 7 5 .53  0.86

* Mean Value s for Derived from Studying 3—5 rats at each t ime interval .

________________________ - V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5— - —.- - ~- - 
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TABLE ~.TI ~~ I

THE A CCUMU ~~ TION OF RAD IOACT iVI TY IN BODY ORGAN S OF RATS
BEARING ESTABLISHED LYMPHOM A AFTER INFU SING

3H-URIDINE I~~BELED LYMPHOCYTES

Bcdy We~cht Mean Weight of Lymohatic Tissue (mc .)

~Mean -~R~ nge) 0TH MES AB SM PP Sp leen 

I

~154 ( 140 - 180) I 135 I 230 108 105 1 135 1280

% of Total Dose ( DPM/organ Accumulating in Different Organs =
DPM injected

Time after Lymph Nodes Soleen Liver Lur .~ s
Injection 0TH MES AB SM PP Total

4 hr. .37 1.60 
- 

.44 .26 . 73 3 .40  3 2 . 3  21 .3  11.0

2 hr. .96 3.08 .44 .37 1.49 6 . 3 4  2 2 . 9  24 .0  3.1

4 hr.  1.00 2 . 7 0  .39 .52 1.22 5 .83  2 0 . 4  9 . 9  2 . 2

8 hr.  .94 3.50 2 .60  .85 .97 8.86 10.8 7 .2 1.3

18 hr. 1.57 5 .60 3 .50 2 . 2 4  .49 13.40 9 . 0  4 .0  1.0

~ Mean values derived from studying 3-5 rats at each t ime inte rval .

I
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TABLE IX

SPECIFIC ACTIVITZ (DP M/mg .TI SSUE)  OF VARIOUS LYMPH NODES
AFTE R I N F U S I O N  WITH 300 x 106 LABELED LYMPHOCYTES

Time af ter  Ax Lll a~~ — ?eyer ’ s
Injection Other Mesenteric Brachial Submandibular P~tc~es

hr.  00 151 75 85 154

1 hr .  132 241 113 
- 

140 149

2 hr .  68 247 72 101 218

4 hr .  176 235 168 162 147

8 hr.  300 402 215 351 139

18 hr.  580 1 , 164 697 932 107

24 hr.  505 924 624 702 147
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T.ABLE X

THE A CCUM U ~~ TION CF RADI CL A BEL E D LYMPHOCYTES N RATS AFTER
EN CI SI ON OF THE M SENTER I C NODES , S MALL :N TES T IN E S ~GALT ) , AND SPLEEN

~ of Tct al  Dose Injected ~n Various Organs
T m e  af ter  Re mai n t ng  Lym~ h Nodes Liver Lung s
Iri~ect~on Mean Rance~ Mean (Ra.—~ce) Mean Ran~e)

2 hr. 2 . 9  ( 1 . 9 — 4 . 0 )  27 (26 —29 ) 15 ( 12 —18

4 hr .  3 .0  ( 2 . 3 — 3 . 6 )  27 (20 —32 ) 8.8 ( 6 — 13

8 hr .  1.3 ( 1 . 1— 1 . 6 )  7 ( 5 . 5 —  8 .0 )  5. 7 ( 4.5— 6.6)

18 hr.  .8 ( .5— .8)  5 .6  C 5 . 4 —  6 . 0 )  2 . 4  ( 2 . 2 —  2. 7)

____________________ - - ~~~—— -  V - - 
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TABLE XI

THE A CC C M UL~TtON OF RADIOACTIVIrZ N T~-~E ORGANS OF RATS
SUBjECTED TO SELECTIVE EXCISION OF THE M E S E N T E R I C  LY?.’IPH :~:oD:s

BEFORE INFUSING 300x 10 5 URID[NE-L~BELED THORACIC DUC T LYMPHOC YTES

of Total Dose ( DPM /organ ) Acc~ mulat~ng in D i f f e r en t  Organs
DPM :njected

Time after Lymph N odes Sclee n LLver L un c s
Inj~ction 0TH MES PP AB SM Total

2 hr.  1.07 — 0.37  0 .60  0 .6  2 . 6 4  2 4 . 5  15.4 5. 7

4 hr.  1. 70 — 0.81 0 .87  0 .3  3 .68 2 9 . 5  6 . 8  1.3

B nr. 3-.13 — 0.97 1.80 .67 6 .57  17 .8 6 .1  1 .4

24 hr.  7.13 — 0 .97  4 .33  1.10 13.53 7 .4  5. 7 0 .8

= Each point represents the mean value derived from study:~ g 3-4 rats at
each t~rne interval.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - -~~~-_V - —~~~—-  -~~~~~ - - 
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TABLE XII

DIST RIBUTION OF I~~BELE D LYMPHOCYTES 1.-V ITHIN DI FFERENT LYM PH
NODES AT SEQ UENTIAL TIME INTERVALS AFTER INFUS I ON W:TH
3 x 10~ 3 H -UR IDINE -LABELE D THORAC IC DUCT LYMPHOC YT ES

Time after Injection
Nur ~ ber of Cells ner An a t o m i c a l  Lccat~on

HEy HEV
Lumen W011 Cortex ( 1OH p F) Sinuses  Total ( 1OHpF )

Submar . thbu lar  Node

3 m m .  10.0 13.8 1.0 0.2 27.0
10 m m .  4 .4 28. 4 16.4 0 49
30 mm . 1.8 27 . 8 28.8  1.2 59 .6

120 m m .  0 . 4  12. 0 130.8 10.2  173.4

Axillary Node

3 m m .  8.0 10.2 3.6 0 21.3
10 raLn .  11.2 22 .8 15.~’ 0 53.6
30 rn~n. 4.8 33.6 22.0 .4 65.4

120 miii . 2 .4  29 .0  72.1 0 103.3

Mesenteric Node

3 m m .  12.8 25 .8 1.2 0 39.8
1 0 m m .  11.0 49.4  4 2 . 6  2 .0 109.6

30 mii i .  1.6 16.6 77 .8 7 .6 103.6
120 mii i .  0 .4  2 2 . 2  258.8  15.6 287 .0

_______________________________ -.
~~. ~~~~~~~~ - ~~~~~~ - --- - - -- - . .~~ — Vi 7 -.
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TABLE XI II

T I-IS A CCUMIJL TION OF RADIOACT !VI~~’ N THE QRGAN S OF N O R M A L  RATS
FOLLOWING IV INFUSION WITH 300 x 10° 3 H - U R I D :N E

L~BELED MALIGNANT LYMPHOCYTES

% of Total Dose ( DPM/organ ) AccumulatLng in Different Organs =

DPM :nlected

Time after
Inje ct ion Lymph Nodes Spleen Liver Lungs Gut Blood

4 hr.  0.1 6 .82  2 9 . 7  47 .2 1.63 1.82

1 hr. 0.1 7 .28 27 .1  26 .4  1.78 3 . 82

2 hr. 0.2 5.61 23.3 19.6 3.71 9.71

4 hr. 0 .2  6 . 2 2  29 .5  14.7 4.51 6 .50

8 hr.  0 .4  7 .07 2 2 .2  5 .2  5.12 5.06

18 hr. 0 .5  5.85 12.12 2 .36  5.38 5.40

Each value represents the mean derived from studying 3—5 rats .

— ~~~~ - r-—  -“~~- --~~~~~~~~~~~~~~~~~~~~~~~~ — - - ~ ~~~~~~~~ ~~ V_ V  - - 
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TABLE XIV

TH E A CCUMU L -’-~T O N  OF RADIOACTIV I T! IN RAT ORGANS
FOLLOWING THE INFUSION OF 300 x 10° CYTCC HA TJ~SIN OR

HEAT-KILLED THORACI C DUCT LYMPHOCYTES

% of Total Dose injected ( DPM /organ

DPM injected

Time after
Inj ection Cytocha1as~n Cells Heat-Killed Cells

Lymph Lymph
Nodes Spleen Liver Lungs Nodes Spleen Liver Lung s

10 m m .  0.1 18.3 18 28.2 —— —— —— — —

30 m m .  0.1 25 20.3 14 .3 1.6 18.4 10.2

1 hr. 0.12 17 10 9.3 .46 0.7 15.6 5.3

2 hr. 0.07 23 13.3 4.0 —— —— ——

3 hr .  0 .09  14.3 13.6 2 .3  —— —— — —
4 hr . 0.14 3.6 9 .3  1.0 1.6 2 .1  24.6  3.16

8 hr.  C . 1 4  4 .0  7 .0 0 .6  1.83 2 . 0  21.6 1.9

18 hr.  0.13 2 .1  7 .3  0 .2  1.4 1.2 18.0 1.5

24 hr .  0 .15 2 .0  7 .5  0.1 —— —— —— ——

.,
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TABLE XVIII

THE ACCUMULATION OF RADIOACTrVITY IN TIlE ORGANS OF RATS iNFUSED
WITH RAD I OLA BELED LYMPHOCYTES INCUB A TED W i T I I  COLCHICINE IN VITRO

~ of Total Dose ( DPM/organ ) Accumulating in Different Organs
DPM inj ected

Ti me a f t e r
Inje ct ion Lymph Nodes Spleen Li ver Lun g s Gut Blood

4 hr . 2 .1  28 .3  2 5 . 2  2 9 . 6  3 .0  2 . 4

2 h r .  2 . 4  2 4 . 5  14.9 5 .6  2 . 7 2 . 0

4 hr .  4 . 1 30.1 6 . 2  1.2 3 . 2  3 .8

8 hr .  2 .3 16.8 6 .3  1.4 9.1 4 . 2

24 hr.  14.6 6 . 2  5.1 0.8 6 . 5  5.1

~ Each value represents the mean of three an ima l s  s~tud ied at each t ime interval .

_ _ _  _ _  
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TABLE xi:-:

THE ACCU M U L A T I O N  OF RADIOACTI1ITZ IN THE OR OAN S OF RATS
NFUS ED W: TH 3 H - U R I D IN E  L~ B LED TDL ON E HCU~ .-~FT E R

IP IN~EC TI ON WITH C O L C N T A N E  ( 1mg. / - ~q . )

~ ~f Total Dose ( DPM/ org~ n ) Accumulating in D~~~~~~nt Organs =

DPM ~nje cte d

Time after
Inj ectt on ~ymph Nodes Spleen Liver Lung s Gut Blood

hr .  0 .8  5 .5  17 . 7 38 .9 2 . 8  2 .1

2 hr. 0.6 5.7 18.3 15. 7 5.1 2.6

4 ~~. 0.9 0.3 17.0 8.~ 6.1 5.7

8 hr. 2.2 10.3 14.3 3.4 7.7 6.4

24 hr .  6. 7 4 . 3  8 .8 0 .9  8 .4  8. -I

24 hr.  after 2 .1  2 .9  6 . 3  1 .2  4 .9 9. 8
2nd dose given
[P at 8 hours .

Each value represents the mean of 3-4 animals studied at each time interval.

—— - -—-~~~ —~~~~ -V- _ __ ~~~~~~~~~~~ ~~~~~ - - - - . - ~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~
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TAB L E x:•: — (a)

~TIV M .-\ND LEAF PLOTS: FARTHEST TEN CELL S WITHIN 66 MICRA OF AXIS BE TWEEN W EL LS

Tho:ac~c Duct Lymphocyte s Thorac ic  Duct Lymphocytes LY8 Tumor Cel ls  to
to - iotox ~n Act iva ted  Serum to En d otox un  Activated Serum En dotox in Act~vated
Not Usi ng M-3croTlob~11~n Usi ng Macroglobulin Serum using Macro globulin

38.
37 .
_) -)

35. 7
34 .
33 . 77 2
32. 83
31. 54 321
30. 3
29.  8855 20
28. 8
27 . 32

t 25.
25.  - 70

-
~ 24.  97 322

23. 432
22. 77666531000

~ 21. 870
20. 4
19. 2

~ 18.
cf) 11

-I- ,. 71
16 . 9

-— is .  0
14. 2

V 
-
~~ 13. 31
~ 12. 944

11. 8863222
10. 66533
9. 77776653322
8. 87765544432110
7 . 420
6. 933
5. 87 6443
4. 731
3. 9863222 8
2. 74400
1. 98773

+0. 8755422

- 

_ _ _  _ _ _ _  _ _ _- -
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TABLE IU< — (h)

STEM AND LEAF PLOTS: FARTHEST TEN CELLS W iTHIN 66 M ICRA OF AXIS BE TW EEN WELLS

Thorac~c Duct Lymphocytes Thoracic Duct Lymphocytes  LY8 Tumor  Cells  to
to E ndotoxin Acti vated Serum to Endotox in Activ ated Serum Sndot oxin Activated Serur ~
Not Us ing  M acrog lobu l in  Using Ma croglobul mn Using Macroglobulin

— 0. 544
1. 510 6
2 .  11

4

5.
6.
7 .
8.

~ 9.
-
~~ 10.
~ 11. 99877
~ 12. 91
~ 13. 6000
2 14. 7662 1
>. 15. 886542
~ 16. 75400
~ 17 . 3
T 18. 995532

19. - 64
20. 86

C’,
~ 21. 5

> 23. 3
~ 24.
~ 25.  7

26. 866
27 . 3
28 . 9
29. 5
30.
31. 32
32. -

33.
34.
35. 

_ _ _ _ _ _ _  
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L E C E N D S  FOR FIGURE ~~~

A. Low power photom~crograph of center well in chemotact:c assay showing
d :r ~ ct t o n a l  migr at ion of cells towards outer well c o n t a in i n g  endotox~n-
activated serum ( edge j u s t  vu s ab l e ) .  Note the absence ~ ce l lu lar  move-
ment in the oppo site direct ion toward s well conta in ing  control med ium.

B. Low power photomicrograph o~ center well us ing  m a l i g n a n t  lymphocytes in
chemotact ic  a ssay .  Note equal d i spens ion  of cells about the center well
i ndicative of random migratio n under agarose .

C. High power ph oto microgr apn of cells shown in A .  All migra t ing  cells
exhib i t  the typical morphology of small lymphocytes.

I
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TABLE ~C< ::

Tij E  EFFECTS OF CYTOC NAL ’~SIN A ON LYMPHOCYTE
~.l lGRATI CN U N D i R  .-~CAi~OS: *

Dose ~f Cvto ch a I3s i n
0 2 4 6 8 10

Number of Numbe r of Number of Number of Number cf Number of
Di stance rn~gr at~ng migra t ing  migra t ing  migrating migrating migrating
migrated lympho - lympho - lympho- lyrripho- lympho- lympho-
çrni crons) cytes cytes cytes ~j~es cytes cytes

0 - 67 3620 3740 3790 450 0 0

67 — 133 3~ 10 3980 1630 0 0 0

133 — 200 4300 4500 200 0 0 0

200 — 2 67 4250 41 90 150 0 0 0

2 67 - 333 3450 3420 0 0 0 0

333 — 400 20 20 1930 — — - -

400 - 467 700 620 - — - —

467 — 533 80 - 60 - — — —

* All lymphocytes were incubated in varying concentrations of Cytochalas~n , washed .
and then placed in the center well of the agarose assay.  Migrat ion was scored
afte r 18 hours incubation at 370 under 5% C02 ,  usi ng an ocular micrometer grid
system to enumerate cells wi th in  each distance designated .

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
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TABLE X XIII

t LTE RA T I ON S [N THE REGION A L NODE D R A I N I N G  ~i~~N ALLOC RA FTS

Days ~ft ’~ Node Weigh t  Lymphocyte

~T-rift .nc (mg.) LMI Plugs 4- Trapp ing  Index

0 18 0. 72 0 1 + 0 . 5

1 21 1.14 2+ 2 ± 0 . 2

2 2 5 . 5  1.20 2+ 3 . 4 ±  .6

3 2 8 . 5  .84 + 3 . 8 ± 1 . 2

7 43 .5  .97 0 6 . 0 ± 2 . 2

14 38.5  .81 0 4 .1  ± 1.8

28 37 .8 .68 0 4 .1  ± 2.1

LMI = Nu mber of migrat ing lymphocytes in HEV
Number of high endothel ia l  cells

Lymphocyte Plug s = Histologic evidence of plugging of lymph s inuses
by log-ja ms of lymphocytes .

Trappi ng Index = Total DPM in regional node 
~ S. E .

Total DPM in contralateral nod e

-~~~

I— —V - — - ~-~~~~~a~~~~~~~
——— - - 

-‘



( 5w ) .LHDI3M
0 0to 2 0

I I I

I 0 —I 4

2 $ /

w I •
(4, 

1 11 0 & 4

I— ‘ z LU

Z L J  
- 0

< 0 I
U) 

0I I 0

Q. 
$ C.) Z

0 > -  I 
-!

I LU

I
L iz  

1~
0

LU _ ‘
~I ~~~~~

0

I I I I I 
to)

I~) ~ . c-%J —

3~ ON V~ J .NO3-V~dD
300N D3~~-~ dd 3 X 3C N I OId.~V8J.

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ q;~~~ — 
- - - - 

4



— 54  —

D :STR IB U T~ON LIST

4 c~~p ies  F I OD A ( V V GR D-RPP)
WA SH DC 2 0314

S copies
US Arm y Medical  Researc h Ins t i t ute

~f [n f c c t ~ j us Di seases
Fort Detr ~ck
Frederick , Maryland 21701

12 copies  Defense Documenta t ion  Center
A TTN : DDC -TCA
Cameron Stat v ~ri
i’~lexandria , ‘Ji r g : n L a  22314

1 copy Superintendent
Academy of He a l th  Sciences , US Ar my
ATTN: AHS-COM
Fort Sam Houston , Texas 78234

1 copy Dea n
School of Medic ine
U niformed Serv ices
Unive r s i ty  of the Hea l th  Sciences
Office of the Secretary of Defense
6917 Arl ington Road
Bethesda , Maryland 20014

1~-

I

I

1-
-a



— 55 —

U N C L A S S I F I E D

-V.

- —
~~

-— 
— — V 

~
VV - -

~~~


