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Part I Defimtions and Morphologic Aspects of the Reticuloendothelial
System

REACTION PATTERAS OF THE RLTICULOLNDOTHELIAL Sy STE\
UNDER STINMUI ATION*

Ralph N Badhi
Department of Analomy Tulane Unsve sily Schook of ed cine Vew O leans La

Scientists are still attempting to delineate the reticulocndothehal system
{RES) anatomically and to determine 1ts phystological properties! ¢ These
problems have not becn solved because of its functional complexity and al o
because of a lack of expcrimental procedures that yield readily interpretable
results  One method for carrying out delineation studies has been that of stim
ulating the system by any of a vanety of methods and following the sequence
of attendant hi tocytological changes This method has not proved to be
entirely satsfactory because it affects not only the RES proper but other cells
and tissues as well thereby giving nse to a complex of simultancous varables
Nevertheless this method <hould not be discarded out of hand unul it can be
superseded by one more clearly reliable or until a concerted effort has been
made to mummize 1ts mherent faults

One popular method for stmulation of the RES 15 that of administering
acd collodal matenials and following their accumulation within the macro
phages Such a method serves to locate phagocytes or phagocy ticopetential
elements when the colloidal partcles are brought into associatson with these
cells under conditions advantageous for ingestion  The selecton of a colloid
suttable for thry purpose has proved to be difficult some are rapidly ehminated
from the body others tend to flocculate in body flurd and stil others are
marhedly tovic to the host  In the first senes of studies to be reported here a
suspension of thonum diouide (Thorotrast) has been used as a test colloid 1n
rats and mice because of its relative stability slow elimmation and 1n low
dosage relativelach of toviaaty ™ © Ina second series of expenments the same
tissues and organs were studied 1n hosts bearing an actively growing Ehrlich
ascites caromoma  This was done 1n order to determine whether there are
Iistologscal evidences of RES stimulation 1n cancer bearing amimals

RE Responses Followng Ingection of Thorotrast

The reaction of the RES to intravenous Thorotrast 1s easily followed histo-
logically by sacniice of amimals within a few days after even a single myection
The progressiv¢ activation of phagocyticopotentual cells 15 followed by 1ncreas
ing the number of doses and the time interval before sacnfice

Preliminary electron microscopic studies have been made to determne the
essential features of phagocytosts  These stucies indicate that 1n the Rupffer
macrophages 1solated particles of Thorotrast ate taken 1n through cell mem
branes particulatly 1n the regions between microvilh  Such particles are at
ot s ofHeuRa ot e eSS HoBerisd yfoe B @ ront from the Natwonal
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first scattered at random throughout the macrophage cytoplasm and are se.
ondanly collected into groups  These groups are charactenzed by association
with small arcas of dense cytoplasm  As greater numbers of particles become
collected withen a single group they are forced into association with cach other
to form small lattrces and chains (FIGURE I)

The mjection of Thorotrast into subcutaneous tissues or other areas rich in
loose connective tissue 1s followed by formation of 2 compact nodule rich 1n
macrophages and 1efiltrated with collagenous and elastic fibers  With n
creasing age these nodules become progressively smaller and firmer mn texture
(FIGURE 2a) Their more deeply placed macrophages undergo fusion to form
mualtitucleate giant cells while the number of stromal fibers increases  In rare
mstances (a total of 5 from our entire series of more than 4000 subcutaneous
1noculations) neoplastic changes may appear nithin the period of 2 year  Such
nodules begim to enlarge grossly and, upon palpation become softer in consist
ency Histologically, they exlbit many elongated fibroblasts with rather
chromatophilic nucler (FIGURE 2 and ¢)  None of these nodules proved to be
transplantable

Luer  After a single dose of Thorotrast a few hepatic macrophages can be
wdentified by therr collection of granules Following multiple doses almost
every himung cell has bucome phagocytic and with still heavier doses, the cells
are highly distended thereby distorting the <inusordal pattern By using se
rial sections 1t can be shown that these loaded cclls pull free from therr connec
tions 10 the stnusoidal walls At least some of these freed cells disintegrate,
thereby Liberating ther store of globular clumps (FIGURE 2d)

Spleen. Most of the Thorotrast particles in the spleen are taken up by free
macrophages of the red pulp (F16URE 2¢)  These cells appear i great num
bers and are apparently derived by transformation of lymphocytes that m
grate from the margins of the winte pulp nodules  After prolonged njection
of Thorotrast the red pulp becomes filled with clusters of these loaded macro
phages thereby distorting the pattern of the organ as a whole At the same

time there 1s gradual depletion of shite pulp so that the lymphod component
becomes small and mconspictous

idrenal After muluple spaced dosages of the collord fixed macrophages
become actrvated tn the cortical and medullary sinusoids of theadrenal  Theqe
macrophages are freed to collect 1n the lumens of sinusoids n the zona reticy
lans (FIGURE 2

Tymph nodes  Lymph nodes are most readily stimulated by myection of
Thorotrast 1nto the pentoncal cavity from which 1t 15 draned principalty by
the lymphatics and filtered through the mesentenc and mediastinal nodeg 21
Tn such organs both the bndging and httoral macrophages are readily stimy
lated to phagocytosts (r1cURF 3a) When the dosage 1s repeated and spaceq
over 2 considerable period cortical and medullary mactophage appear to haye
ble avidity 1n collecting the particulate matter
tng lymphocy tes are readily converted into macrophages within the
lymph node where they typically appear as hightly loaded f;;ee :L]Hs 11)n the 5
nusord lumen  They are reacily differentiated {]mm the heavily burdeneq
phagocytes that were freed from the sinusoidal walls

corpara;
Migra
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F1ouRe 1 {a) ¥1 ctron m crograph of a Kupffer mactophage with collections of Thoro
trast This cell projects into the sinusorial fumen shown at the nght The Thorotrast
particles appeat to collect first at the surfaces of condensed areas of cytoplasm seen here in
termuxed with mitochondn  The ma ses of phagocytosed material can be .cen readily with
# light microscope ~ Micrevills apy ear us exiensions of the cytopls m ¢ membrane at the
lower right a small group of Thorotrast particles apy ars m the area hetween ¢ microvilh
Ths velat onship 18 frequently st n and may ¢ present the mechamim by which particles
are taken into the cell. ~ A small part of the hupffer cell mucleus 15 seen at the extreme left
X10350 (8} ¥1 ctron mcrograph of kupfler cell macrophages nucle: sre seen at top and
bottam  Note the foamy character of the cyt {)\nsm and the mnute Thorotrast particles
scattere 1 1n areas near the coll cted masses X 10,350
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Ballif Reaction Patterns Under Stimulation 7

Thymus It becomes evident that repeated injections of Thorotrast are
towic to the host as ndicated by lo « of appetite and weight as well as by the
apperance of acadental snvolution of the thymus ™ Thi latter phenomenon
15 not of precipitate nature nd can be followed histologically by the gradual
Tows of thymocy tew and 1n 1~ ociated increase i the prominence of 1ts stromal
el As the thymocytes buome depleted these stromal cells assume a
rounded form and t1he on phagocytic propertie  If injections of Thorotrast
are contmued the great mrjonty of stromal elements collect and store some of
the particles  When such amimals are pre crved over several months follow
ing the final Thorotrast ijection thymocytes gridually reappear while the
Joaded macrophages remain 1y clumps of cells within the lobular cortices

Red bone marrow. It 15 imanably difficult to study the morphology of the
red marrow sinucords because of 2 profusion of associated developing blood
cells  After even a single intrav enous injection of Thorotrast howeser a few
macrophages appear among the immature blood cells  In all istances they
are free phagocytes none has been obsenved attached to the sinusoidal wall
As the number of Thorotrast tmjections 1> tncreased the storage properties of
matrow are not mathedly augmented po sibly because of a concomitant stim
ulus toward hematopotesis

Lung  The lungs of rats and mice began to collect Thototrast particles soon
after the mutial intravenous tmjectton  In all ca es particles appear m the so
called septal cells seen promunently in the interalveolar <eptae and later in
great numbcrs within the alveolar lumen

Psendossnusords  Dunng the course of the expenments Just descnibed care
ful study was made of blood channels 1n the antenor lobe of the hypophysis
the parathyroid gland and 1n the nlands of Langerhans  These channel are
of inconstant diameter and are Lined bv a simple squamous epithelium whose
cells are supported by a nich reticular fiber network In no instance has 1t

been possible to observe phagocytows of Thorotrast particles m these hining
cells At the moment 1t scems unbkely that these cells never come in contact
with the arculating colloid partides this leads to the conclusion that they

FIGvRE 2 (0) \oidulein Ghsson s capsule from the Liver of a rat injected intrapenitoneally
w th Thorotrast o era period of 6 months The large heavily loa led macrophages near the
center of thus nodule appear to be coalescing while the smaller m re peripherally located
phagocytes remain discrete X456 (b) Subcutancous nodule formed in a rat follo ng a
single inject on of Tho otrast 11 month before sacnfice Two weeks p eviously 1t was noted
that the nodule had enlarged a d softened  Microscop cally numerous mitoses were found
1n the small cells with hyperchromatophihic nucles that made up the bulk of the nodule In
the center of the figure a heavilv loaded macrophage also 1 diviston 1 seen X456 ()
ule sim laT 1n ongin and age to that seen1n (5)  This nodule however was firm 1n tex
tu ¢ mitoses were absent and the predominant cells contar ed rather hypchromatoph hic
nucle: usually 8 1th p omunent rucleal  Due to the presence of many fibers the macrophages
we ¢ typically flattened and elongate X456 (d) Li er f om a rat repeatedly mected
ntravenously with Thor trast for a penod of 3 months In the los er and central
porton are” seen ditended macrophages sull attached to the sinus 1lal wall By
contrast a dsntegrat g group of macrophages s seen lying free in a s nusotdal umen
near the top X436 () Splemic red pulp f om a mouse rep atedly injected 1ntravenou I
w th Tho otrast ove a period of 1 month  Nate the loaded free mac ophages m sed Wllg
Iymph cytes within the cords of Bilioth X456 (/) Ad enal {rom a mouse myected re
peatedy with Thorot ast for 2 months by the wtravensus route  Macrophages have be
come freed ¢ m in ngs of the cort cal s puso d and are shown here collected 1 groups within
simuso ds of the zona reticula 15
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Baillif Reaction Patterns Under Stumultion 9

should not be considered as eloments of the RES  Such channels might thus
be destgnated as pseudownusouds

Corpus Iutenm Corrclation of intravenous Thorotrast sajection with phases
of the rat and moust. estrous cycle has shown that corpus luteum sinusods are
Ysned by true phagocytes  Dunng growth snd development of the corpus lu
teum thure s» httle phagocy i activity but with the advent of s regreasiie
phase they ingest and destroy the ceff detritus  Any Thorotrast avadable at
this time 1y stored 1 the same manper as that seen tn fised phagocytes eloe
wher @

RI exhauston  When repeated Thorotrast mjections are mide there s
progressine mohil of phagocs treoy t eddiy throughout the body
It 15 dafficult to trace the sources of thee celly but some undoubtedly anse
{rom hitiory tes and reticulsr eloments of the tissues themselnes some also
anse from cells brought o by magrrtion {rom the vascular supply  When the
collord s iy cted repeatedly by 1he intravenous route the riaction takes place
on 2 system wide by and eventually produces great numbers of actinated
macrophages  These same circumstances eventusdly cause towic changes as
well asndiated by a slow but progressne tows of appetite weight and degree
of physical actvity  This chromie state can persist for & protracted pened o
wmjections are ehmnvted  Should the dosage be increased however the
anmals soon succumb ¥

The touc anmal characten-tically show incrensed hematoportic activity
 the marron and myclord metaplasia m the spleen fner and fymph nodes
Tt will be remembered that the vodent splecn normally cirnes an active mye
joid componest but under the presemt arcumstances the organ becomes
fargedy granuloporetic In toue ammals that succumb following mercased
dosage of the collord there 1+ 1 decrease m cellutanty of the marzow and deple
tion of lymphocy tes from by mphocy topoetic organs while free dumps of Thoro
trast granules appear i vanous tivsues  Sunultancously ther anse fen newly
actnated macrophages that 5 tho e that contain smalt numbers of phago
cytosed granules  These findings ate mtetpreted to mdicate that one phase
of the towe reactton ts expressed by dey i the RE cell nepl
mechanm an essdence of RE exhaustion

REL Changes wn Cancer Bearing Vice

The Lhrlsch ascites carcinoma of mce differs i tts gronth charactenstics
depending on the mode of noculation  When an adequate rumber of Iving

Fiouxe 3 () Mesentenc hymph node from a mouse jecred intiaperitoneally  sth
Tho ot ast for 1 week Roth {few and {se | macrophages &hpea in all stages of loading
within the cortical simusoids X436 (b3 Mesentenc bymph nodes fr m 2 mouse injected
intrapentoncally witha eell free asutic fud { om a host f0 1he b fich ascates fumor  Note
the enlarges ssausondal Jming cells and the presence of endoplasnuc granules Mo evidentes
of phag cyto sarevisible X436 () Lymphnode { oma m use treat d  the same man
Der as that descrbed m {2} “ote the enlargement and vacuolation 1n RE. eells Imog th
0 tcal smusoids  The ool in m toms at the left of the Houre 15 probably a hymphocyte
X456 {d) Lymph node from a mouse iz cted 3t mes atrapent nesBy with eelf free asctie
flnd and sac 1fce 1 1 week fater Note the plasmacytoid changes i cells of a meduliary cord
Freed wotucula cells with pale rucle appea neat the wgooi e frate. X120 1 L e
from a wause 1 rated in the same manner a5 described abov  This photomitrograph shaws
mycloid m taplna 83 Yhibited by a cluste of cells with mag or spiral necle at ¢ top of
theSgure  Near the lower night ma g s a groap of mononuckexe bemocytoud forms X436
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cells 1s mjected into the peritoneal cavity 1t develops m ascites form, that s as
indvidual cells suspended mn ascitte flid 2 The sermsold form consisting of
tumor cells enmeshed 1n a fibrous network, appears after prolonged incubation
of the ascites tumor within a single host  When mjected subcutaneausly or
intramuscularly, the tumor develops m solid form

Reticuloendothelial changes i cancer bearing mice are most prominent in
ammals that have been inoculated intravenously  Duning the first week after
1noculation free tumor cells can be found arculating throughout a number of
organs Later they collect 1n clusters that may or may not dstntegrate
Should a metastasis be formed the cells m such groups be,in to show mitotic
and migratory activity

Lung  The earliest most numerous and most nvastve tumors appear mn
the lungs of intravenowly inoculated mice  Free tumor cells ate seen first
within the pulmonary vessels they appear later mn the adventitin of the air
tube system and stil later, in the interaholar septae Particularly 1n the
latter location they undergo rapid multiplication to produce nodules Early
1 thus period of metastasis formation septal cells become numerous and promt
nent  They enlarge and form vacuoles but are phagocy tic toward cell detritus
only Septat celts migrate actively and particularly 1n lungs with advanced
tumor formation collect within the flattened alveolar spaccs

Lymph nodes  Lymph nodes undergo marked changes 1n histologreal struc
ture while tumor cells or the ascitic flwd or both are traversing the stnusords
During early stages of this process ficed cortical sinusordal hnng cells enlarge
through cytoplasmrc vacuolition (FIGURE 3% and ) In addition to vacuoles
the hittoral cell cytoplasm may al~o develop ¢ndapl granules or acidophil
rods the latter may be severalmmicronsn length - With prolonged stimulation
the medullary stmusoidal cells are sumilerly altered but to a smaller degree

Nodes transmutting tumor cells typically become lymphocyte poor possibly
through depression of the regeneration mechinism or through increased loss
by migraton  In some instances the lymphocytes of medullary cord and
cortical tissue spaces undergo marhed plismacy towd chinges (ricurr 3d)

Liter The Inrs of mice injected intravenously with tumor cells or with
cell free ascitic flud show moderate RE reaction  In the former wstance me
tastases 4re rare despite the presence in sinu oids of many pparently yiable
tumor cells The Rupffer cells may under thesc conditions enlarge and b,
come vacuolate  Clusters of myelord elements arc found in the 1nusoids
and 1t 15 believed that these are formed by direct tran tormation of the s
nusordal liming, elements  The same chingcs appear after intravenous njec
tion of asartic flud alone although the rection t> le s toking and delayed
1 appearance (FIGURE 3¢)

Spleen  The pleens of mice after mtravenous m_]clcuon of ¢ m:.;cr cells are
typically small 1 stze Study of the red pulp revea >dgrt-lllhmlmh>ers of fre,
tumor cells and immature myeloid elements Inlfﬂ:ﬁel with <ach other ang
with plasmacytord cells that appeat to be of lymphocy trc o;lgm The white

nspicuou  having been reduced to a narrown sheath of lymphg.
pulp Isb::,cto‘hgblood‘“scl’ Alalpighian enlargements are rarcdy seen T
f,’-:,;;acell; of the splenic stnusoids appear to be unaltered
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Discussson

‘The sigmficance of these observations 13 not entwely clear  These are 1
dications that stmulation of the RES to phagocytesis by tnjection of col
loid produces a fonaistent histocy tologieal response and that this response
15 one element of the defense mechanm  Under the conditsons of the ex
penment no cvtoquantiation 1s possible but the method stil serves as a
means for sentification of phagocytes and phagocy licopatential celis iz
should be adequate 1o to gne us further insght wto cytological changes
assoaated with the collection and storage of 2 foreign partrculate matenat

Fawte
Trs RETSCLLOENDOTHELIL Sastest

Free macrophages Fized macvophages
Lymphorytes (formed i tissues) Sinusor 4l ba Fired macrophages
1ng cells m issues
Splemac Jymphocytes G Bt ___tn tissue
vath s cords) spaces Hepatic (hapf T mph sodules{ses
i et ondary centers)
lymphocytes
lood{ menocy tes B i Th
lather leakomtes Lyroph vede— (\n’ acwi)mm P
volution
“Tissue fastincvtes: — Spleen. !
e | Adrevat i
Corpys luteum~. -
Pulmonary septat cell A 1 (may becorme)
Termunad mactophages  (which st
death discharge their segregate
} These masses e avaable fo
i y  repbagacyasis)
Free macrophages—’

{may fusz to form)
Foresgn body grnt cells

These studies present further evidence of RES reaction w cancer beanng
hosts  Details of the respanse pattern vary wish the host and with the amount
of tumar present but are consi tent as to type and 10 many respects sre
comparable sith tho e seen after mjection of & forerige coliord  Changes are
seen it both free and ficed RE celds of the cancer beanng mice but the greatest
sm%le sesponse ts m the lymphocy te producing mechanism and behavior of
s hne

Great care must be ob erved w interpretation of the data presented when
making generahizations on sttucture and function of the RE as a unnt sys
tem  One approzch to this problem v presented mn TaBLr 1 which 1 W
tended to emphasize the aterrelationships betneen free and fived elements
of the system s & the wase with all schemata however xt should serve

~ as an ad 1 bng af a broad picture  The detarly within
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thiy pattern of presentation are bemng continually altered or elminated as
additional information becomes available

Sunmary

An attempt has been made to dchincate the RES by stimulating its cells
to phagocy tic activity using Thorotrast as a test material The histocyto
logical re ponse pattern 1n various organs was followed 1 order to deter
mine the mode of reaction and relationships betneen free and fixed RE cells

Using the same basic plan of study the vanous RE tissues were subjected
to the stimulating effects of cells and/or asartic fluid of the Ehrlich carainoma
It was found that the histocytological response to this cancer was, mn many
respects, stmlar to that seen after Thorotrast stimulation

These and other expenmental data are presented 1n the form of a chart
that attempts to correlate the reactive mechanisms 1n the RES as a func
tionung umt

References
At;ﬂolry L 1924 Reticulo-endothehal system Ergeb 1nr VMed u Kinderhedk

JigrE R I 1931 The reiulo endothelial systom tn sty Physil Revs

Bakzr R D 1934 The reticulo endothelial system & reconsideration  Southern
“ed J 27 913-918

Bacvsit S 1938 Die Husto Physiologie des reticuloendotbelialen Svstems (RES)
1 Mutteilung  Histolowusche Untersuchungen ber die Blotkade des reticuloondo.
thebalen Systems  Zellforsch u mikroskop. Anat 28 387~40

Dawsor R 1938 Le Sysitme reticulo endothéhal  Ses séactions physiologiques
onanyon 8 1580 Th lo end sthelial

Doun e reticulo endsthelial system 1ts phy stoloy o
TLab Cin Med 26 9-101 4 Physiology and pathology

CizvRENonT M 1948 Le Syst me histiocs tasre ou réticuloendothéhial Biol Pev
23 267-29

Towprins E 1949 The reticulo en lothehal svstem ] Am Med W men's Assoc
¢ 417463

EETFINNY

© m ow oo

Gasrier1 E 199> Reticulo endothehal actwity dunng antibody response A,
Vian S h i e o N
BanLif R . e reticulo-endothelial system a structural and
analysss  Bull Tulane Med Faculty 12 14144'))' funetional
Tarrort C J & E vov Hasu 1931 Effects of toxic and non tow ¢ of th rium
dioude 10 vanous ammals  Proc Soc Fxptl Biol Med 29 1053-1076
Haxris W 1 & AV FRiepRicns 1932 Microscopic changes produce | in tissues
of anmals injected with thonum diovide for splcno hepatograrhy T ¢ Sy Fyptl
Buol Med 29 9|047~1040

SRR
528

=
)
]
=}
w

e A lal the
dioude  Can Med Assoc § 27 130-13 orm

14 Wen T C &T 5 Jene 1933 Changes in s wes aftee 1ntraven us 11y i n of col
lot al thorium diouide  Proc Sac Fxrtl Bod VMl 31 330 302

15 Snute L &M F Davis 1933 Hist ! guc changes in ral Dt ar L1 ) g £ 1l ing
the intravenous tnjectt n of th num reparati ns Arch Jath | 16 27 34

16 Reeves R J &J T M reay 1937 Th retents n fthyrtim b 31 Dy ther ticgln
endothehal system  Rad | gy 29 612 614

17 Gavst W T & G P Weiontr 1030 A ompanson of the Bl it n between
+anous organs of arsemcated seram pr ten and TN 1D w1 I 1le (Th 1o
trast) followng thew mtraven us iny ctons  J Inftetr us Dsea 67 217-221

18 Hate LR &R N Buiuir 3253 Thercent nanichmn 6 2 € 1 5 Lol thorym

ioude 1 the allino rat foll wing v hogel almimistrat © A\cat Lecrd 137
163-144



oo oM om o
neoNeE8s

Bailhf Reaction Patterns Under Stimulation 13

Banue R N 1955 Htolome changes sssociated with long term storage of Thoto-
trast tn rats an 1 mice

Seae BN 1566 The use ol Thoru\msl for the el ctron microscopic study of
phagocytosss  Amat Record 184 501

Bawr RN 1951 Lymph node th:ngts Jollowing sepeated snjctions of acit
colvtalsibstaneesn the sl rat Am J Anat 88 10)

Banur R Thymic imvolution . regrtssxon o the allana rat follon ng
njecton of ac{ colowal substances  Am ] nat 81

Butor R N 1948 Oyanan response in the all ino rat ton) cte colloidal sut stances
Am ] \nat 83 109-142

Banuw R N L3 mc reactions to collowtl thorum diost e 1 the albino rat
\m ] Anat 82 35-198

SeeczR P G 1937 U nam T des Maus Vutalfacbbark

der Asziteszellen  Arch Lxptl Z llforsch 20 2%0-33>



INFLUENCE OF RETICULOENDOTHELIAL AND OTHER CELLS ON
THE METABOLIC FATE OF STEROIDS*

David L Berlinert and Thomas F Dougherty
Department of Analomy Unsiersity of Utak College of Medicine Sall Lake Cily Ulak

We have long been interested m studying the relatronship that ewsts be
tween the influence of steroid hormones on certam cellular reactions and n
turn the influence of these reactions on the metabolism of the steroid hor
mone We feel that 1t 1s of major importance to ascertamn whether there 1s a
relatronship between the action of a sterord hormone on the cell and the con
comitrnt steroxdal molecular alteration that ensues durning the period of time
that the hormone exerts its influence  This nteraction 1s also of importance
with respect to the general body metabolism and excretion of steroid hormone
since the level of the amount of hormone axvatlable to exert functions of various
types 1s dependent upon not only the rate of secretion but the rate of removal

It has been ascertained that major sites of metabolism of certain adrenc-
cortical steroids are the fibroblasts and the reticuloendothehal (RE) cells ! *
Ve have known for some time that the hormone cell relationship between
hydrocortisone (cortssol) and fibroblasts 15 of considerable significance 1n the
expression of the antiphlogistic function of this hormone  Numerous publica
tions have dealt with this mechanm for inbibition of the nflammatory
responce* 7 More recently studies have been performed on the reticuloen
dothelial cells to elucidate the role that they plav m the catabolism and excre
tion of cortiso} and corticosterone ®*  This 15 of particular importance since 1t
15 known that the Iver 15 a major <ite of cortisel and corticosterone catabolism
and that 1t has a umque function not posses ed by other organs or cells that
\s the formation of water soluble steroid glucuromde or sulfate conjugates 19 1
It 15 therefore of major importance to ascertain the roles pluyed by reticulo
endothehial cells of the iver and the hepatic cell  Needles to say the role of
reticuloendothelal cells in the metabolism of cortisol may be different 1n organs
other than the Iner but the extreme mportance of the hver 1 the scheme of
cortisol metabolism emphasi.cs the significince of the cell 1t thes wte

Another closely related cell that 1s denved from ather tibroblasts or RE
cells 1» the lymphocyte  Cortisol inhibuts the ‘pn:ductmn ot lymphocytes and
brings tbout their maturat:on and destruction 2 ¥

The relationships among the dfferent actions of cortisol on t group of closely
related mesenchymally denived cells are discussed below  The function of
cortrsol and its relationshtp to metabolsm by these varous ¢l ty pes are pointeq
out and discusved

General Metabolssm of Sterards

Biologreal half ife of sterords Qur studics have shown that RE cells hepato
cytes fibroblasts ‘and Iy mphocy tes are the major cell types that detcrmine the
orted 1n part Iy Grant 34 5916 Cooperat
« The work et 1ot e AR 080 40 O LT G
Mut It\!:y Tnyestigator of the ymerican Cancer Society

M
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bislogeal half hves of sterods  The ¢ cell retyn metabobze and excrete
the sterod hormones n different wys according to the numbcr of carbon
atoms ovygen atoms and specal configuration of the molecule  Trom manty
1 one may sce that as the number of catbon and oxygen atoms decrease  the
biolageal half hfe of stermds al o dectcrses

Cholestero} {CrOV > cholie aad (Cy0)y) > cortiol (C20s) > cottr
costerone {CyOy) > 11B0H androvtunedione (CuGa) > testostesane (0 >
21-deoxytetrahy drocortisone (Cn0)  Note that 21 deoxvietrahydrocorticone
has the <hottost haif hie of the stermd hsted in TABLE 1 since thes compound
1 completely reduced an nng A (tetrahydro configurition) thus favonng s
elimination as 1 water soluble compound as discussed below

The reticuloendothelin cells have the ability 1o yesain some sterord molecules
tonger than others  Thus cholesterol s retamed by the RFS for a much longer
period of tume then cortsol ¥ Cortz ol 1 retamed for a very short time by
the reticuloendothehal celf but By o 1 fibroblasts® which,

Taste 1
CoMPARISON OF STEROD AnD STEROL Biorocicar Hary Lives n Prassta

Bt B obe b MU reporteds 1¢ ratare
Cholestersh (G0 7 days | Cholesterol 11 13 days ¢
¢ ’ Cholic and (Cy0u) 2-3 days

Cortsof 1C2 Oy) 40-80min | Cortisnl 60-90 min s 7
Corticosterone (C: 0 } 50-3y min | Corticosterone 60 min
1160H Androstened one {Coli) 20-30 min | Progesterone \C, 0} 26 min ¥
21 Deosy tetraby drocorhsone

i 0y 10 mn | Testosterone (C,0) 11 min®

Values obtaired 1t qur lruaratory

n turn have the ability to metabolue th s sterad at a rapud rate ™ The half
tnves gven in the left column of TABIT 1 are of the 4C5* labeled steroids them
selhves that 15 of the actual steroid tsolated an 1 identified by paper chroma

tography and not that of total radioactivity  The figures on the nght side of
TaPix 1 ate those given by other mvestigators and not 2)} of them represent
the haif hie of the free sterord mjected but imclude the bulk of 1ts metabolites
as well  However, both tyfes of data reveal that the same trend 15 clovely
followed ~ Another factor of posuible importance that can wfluence the balf
hfe of a steroid 1s that stermd may be bound differentially to plasma pro-
tews T # The nature of this binding may favor or act agamnst the ability of
cells to metabolve sterads  Therefore we wan <ay that the biological half hie
of a sterotd can be nfluenced by four factors (1) the mofecular weight of the
sterod and 1ts contiguration {2) whether or not a nentral .teroid hormone 15
reduced it ring, A {3) the specsfic uptake of the cell type toward a sterodithe
cholesterol (RES) or cottisol \fibroblast) and (4) the binding affimty of a
sterod 1o plasma protein and this relationstup in turn to the steroid me

tabolizing cell

The fiver plavs several roles 1n steroid ang sterol metabohsm  In recent
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years the avallability of radioactive compounds has allowed a very detatled
analysis of hepatic function by admimstermg C* labeled substances to hepa
tectomized and normal rats  The steroids studied m hepatectomized prepart
tions were cortisol,)* corticosterone ! progesterone # and 21 deoxytetrahydro
cortisone ® Tt has been found that these ammals are not able to conjugate
these steroids to water soluble compounds ~ Since it has been shown that this
15 a fast reaction that occurs i normal ammals the hver seems 1o be the
principal 1f not the only organ that can conjugate sterods However the

(,:H,OH CH,OH
HO HO ¢=0

\;r Y\‘)i""

- -
@ Cor
9l
AN / |
D/ [ H
Cortisol Diby drocortisol
(ISH:OH CH:0H
C=0 [’:0

HO Jﬁou . 1O \“:(j(’"
o s

1
HCOH

Tetrahy drocortisol 1 Telrihﬁl gz:}:&s,x
HOCH
uéou
HC—
¢ ¢oo-

Fiovns 1 Tner metalolism scheme of typical ring \ relucti 0 an ! ¢ myugatiy
corticosterods by the bver

extrahepatic tisstes were able to metabolize the sterotds tested thae , they
ovidize and reduce the substituted groups of the molcwule but thy canngy
reduce actinely the af unsaturated hetone configuration i ning, \ nd form
tetrahy dro compounds 10 ¢ % Frxtrahepatic tissucs can produce a mingr but
measurable amount of double bond reduction (dihydro form) but no conyugy
tron was obsersed  The Incr also purfortms transformation wimilar to those
accomph hed by extrahepatic cells *”  The unique functions Jf the Iner
cortisol metaboli m are <hown in FIGURF 1 'lhc.»:xm reactton (cortrgl 1o
dihydrocortisol) has becn shown to be wrreversible ™ However the reacyop
from dihy drocortrsol to tetrahydrocorttsol has been reported to b reveraple
\x.:)nous tssues ® Tetrahy drocortisol, hosever t» conjugated as oon ag 18
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formed thus the second reaction bucome  for prctical purposes essentially
an wrteverable reaction snce the conjugate 1 then excreted rapidly  Tioure
2ffustrates the over all ractaboly m of cortisol divided into hepatic and extra
hepiticsegments  Inwade the quadrangle are afl the sterowds that have pot been
reduced 1 ring A and outsde of 1t are tho ¢ that have buen reduced in ring
A thesugh the dihydro form The tetrahydro dervtings have been s ofated
munly as glucsrordes  Alt of the steroids m F1cURF 2 have been wolated
from studie on human ™ and m ce ®  The full hne arrons mdicate the steps
that have boen tested and that otcur 13 riro or i tafro the mterrupted arrons
mdicate steps that have not yet heen prosed in our laboratory, but that prob-
ably cast

1t 15 welt known that cottinal and cortisone are intercomyertible and that
20-e¢pr subi tance E of Reichstemy al o intercomveruible with 20-ep1 substance
U of kechstan The <ame sttuation exsts for the 203 homalogues  The
pos ible ouidation of the 20 and/or 8-l configuration to the 20 hetone has
not been tested ns yet  However m provious espeniments it was showmythat
po sibly a hydrosy group in the 20 position may be transformed to a ketone 1
the adrenal gland ®  This reaction was the transformation of 4-pregnene 203
al J-ofie to progesterone and sub equently to corts of an the bovine adrenal
gland 1 ziere® This meaction has also now been shown to occur in pyanan
ussue from 4-pregnenc 20a-01 3-one to progesterone ¥ The po sibibity there
fore ext ts that other compounds reduced n the 70 povtion can be audied
We should hike 1o postulate the cxistence of an extral epatic ¢y chie transforma
tion of cortisol 15 yepresented 1n PIGLRF 2 The possible physiolopical sig
nuficance of this cycle 15 concidered below

Txtrahepatic 3etaboltsm

The fbroblasts The predominant cell found in connective tissue 1s the
fibsoblast? This cell of mesenchymat origin and widely distnibuted through
out the organism has been shown to be a target cell for corticostero dst b7
The ¢nzymic capalibities and functions of the e cells are numerous® thev
wclude the formation of collagen the fotmation of ground substance micello-
Phagosss * and the synthe 15 of cholesterol 3 7% and thev have <hown catalase
prolinase phenplsul! ) cytochrome ¢ sed Jactic dehy drogenase malic
duhy frogenase glutamic ovalacenic transammmise peroudase atkahne phos
phits ¢ 8 glucutomdase  proteolytic prohdace and acd phesphatase ac
tivsties ¥

We first discu s the abihity of Gibrobla t5 to metabolize steroids and to svn
the 1ze sterol  Tor many years the major interest of this laboratory has becn
the relatsonship that eusts butween corticosterods and their ants Yy
effect €5 1t has been well ¢ tablished that cortisol 1 the most highly potent
ant inflammatory agent’ narmally produced by the adrenal gland and that it
probably exerts its anuiphlogs tic effect within an inflamed volume of t1 sue by
wnbiting the focal damage ot tibrobla ts and endothebial cells thereby pre
venting this mitux of nonautochthonous cells wto the mjured 11 sue 7 It has
been ob enved that after the ud of a muld phl stimulus
there 1 a destrucuion of tibroblasts and that 2 vaneble number of palymor
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phonuclears and macrophages enters the nflamed area  However when
cortirol 1 admimstered locally or systermically the fibroblasuc destruction s
decreased and the entrance of polvmorphonuclears into the area 1 alo de
crea ed or aboh hed ®  There 1> a particular cellular change that occurs in the
fibroblast after treatment with corts ol in antt inflammatory do~es the hormone
mduces a rounding up or epitheloid type change nmany but not ali fibrobla ts ¢
Tht ha been shown to occur 1n connective 1 ue or 1n U sue culture fibro-
bla 157 These re ults have led ta the theory of Eyning and Dougherty® by
which they explan that inflammation exerts an autocatalytic celf destruction
in which the breakdown of one cell promotes the breakdown of another by
means of the destructive products hiberated by the broken cell  Thi destruc
uve flammatory chain reaction could be interrupted because <ome fibro-
blasts are resstant to the accumulation of substances that bring about their
sneling and Iy Cortisol which round  up fibroblasts and concentrates
them * can stop the catalytic proces of cell destruction by making these cells
resistant to the destructive effect of the accumulation of ubstances thereby
stopping the inflammatory reaction

Yetabolrsm of stermds by fibroblasts  The picture of fibroblastic metabol m
toward sterord  has been studied inten 1vely in thy laboratory especially with
cortsol ' 3 and cortico terone ¢ It has been <hown that 1n connective tissue
or 10 tissue culture this cell has a great ability to oxidize and reduce the van
ous substituted groups of the gonane {cvclopentane-pethydrophenanthrene)
nuclee of these stermds  The products of conversion from ncubations of
loose connecuse t1 sue and tt sue culture fibroblasts with vanou sterord are
shown m TaBLF 2 All of these studies were done usng radioactive micro
method developed in this laboratery % A great varnety of productsa formed
from these incubations  From incubation studies with cortisol 1t was obrerved
that loo.e connective tissue bl from mice! pref; 1y form the o
1somer at the 20 pouition while fibroblasts in ti ue culture usually produce
metabolites of the 8 contiguration n the 20 po won (rasre 2)  This probably
repre ents more a quantitatne difference than a qualitatve one  Both 2%
and 203 womers were formed from the incubations of progesterone in tusue
culture although the 20a configuration was preferentnally formed® There
seemed to be an apparent mability of tiscue culture fibroblasts to ondize the

Figiee 2 Hepatic and of cortsol (1) 4p 18 17a 21
trol-3 20-di ne (cortisal) (2) 4 pregmene 17a 21 diol 3 11 20-dione (cortisaned (3) dpreg
nene i 208 2 tiol 3 1l-dione (substance L of Rech tewn) (£ 4 pregnene 118 10 203
21 tetrol 3one (substance F of Reichsteind (3) 4 pregnent 118 17a 20 21 tetrot 3-one
(20-eps subetance E of Rexchstein) (6) $-pregnene Lix 20x 21 tnol 3 11-dione (20-¢ps sub-
stan e L of Reichstein) (7) pregnane 3o 17 21 tnui 11 20-dione (tetmabvdrocortisone)
(R) pregnane 3o 113 1 @ 21 tet ol 20one {tetrahydrocortisol) () presnane 3a 1la 20a
21 tetrol 11-one {ac rt lone) (10) pregnanc 3o 17a 203 21 tetrol 11-one (8<cortolone) (11)
¢ egnane 3a 118 17a 200 21 pento) {a-cortol) (17) pregnane 3a 118 1 & 203 21 pent 1
Bcortel) (13} 4 androstene 3 11 17 trione (adrenosterone) (14) 4 androsten 113-01 3 17
dione (113-OH androstenedione) (15) etiocholane 3o 113-dol 17-one (112-0H-etiocholano-
fon ) and (16) et ocholane 3a ol 11 17-don (i1 keto-etwcholanslone)

All of the compaunds hsted he e ave the major_nes found 63 hydrovylated sterords and
others not fully dentified are not represented  The confimuration Sa or 21lo 13 alsa present
w th metabolism of cortiol® The da k hines rt% esent pathways that we and/or other
wnvestigators have found to exist  Those indicated by the d tted Lines have not bren tested
a3 vet 1o our laboratory
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phonuclears and macrophages enters the inflamed arca  However when
cortisol 1s ad: tered locally or <y the fibrot destruction 13
decrea ed and the entrance of polymorphonuclears into the 1rea 15 also de
creased or aboli hed ¥ There 1 a particular cellular change that eccurs 1n the
fibroblast after treatment with corti ol 1 ant1 inflammatory do es the hormone
induces a rounding up or epithelord type change in many but not ll fibrobtasts ¢
Thi has been shown to occur in connective 1 sue or 1t sue culture fibro
blasts ¥ The ¢ results have fed to the theory of Fynng and Dougherty® by
which they explun that inflammation excrts an autocatalytic cell destruction
n which the breakdown of one ccll promotes the breakdown of another by
mean of the destructine products hiberated by the brohen cell  This destruc
tive inflammatory chan rcaction could be interrupted because some fibro
blasts are rest tant to the accumulation of sub tances that bring about their
swelling and lyss  Corti ol which rounds up fibroblasts and concentrates in
them * can stop the cataly tic proce s of cell destruction by making the<e cells
resistant to the destructive effect of the accumulation of substances thereby
stopping the inflammatory reaction

Velaboltsm of sterords by fidbroblasts  The picture of fibroblastic metabolism
toward steroids has been studied 1ntensively i this laboratory especially with
cort1 ol ' ¥ and corticosterone * It has been shown that i connective tissue
orn issue culture th cell has a great ability 10 oudize and reduce the van
ous substituted groups of the gonane {cyclopentane perhydropheninthrenc)
nucleus of the e sterord  The products of conversion from incubations of
loose connectrve tnsue and tissue culture fibroblasts with vanous steroids are
shown m TasLr 2 All of the e studies werc done u ing radioactine micro
methods developed in this Inboratory ¥ A great vanety of products is formed
{rom these mcubations  From incubation studies with cortisol it was ob enved
that loose connective tessue fibrob! from muce ! pre form the a
womer at the 20 posttion while fibroblsts n tissue culture usually produce
metabolites of the 8 configuration m the 20 po 1tion (TaBLE2)  This probably
fepresents more a quantitative difference than a qualitative one  Both 20a
and 208 1omers were formed from the incubations of progesterone m tissue
culture although the 20a configuration was preferentmlly formed® There
seemed to be an apparent mability of tissue culture fibroblasts to oudize the

Fioure 2 Hepat ¢ and extrahepatic metabol sm of cortisol (1) 4-pregnene 118 17 21
tnol 3 20t re {c rusol) (2) d-pregnene 17a 21d o} 3 11 204 ne (cortisone) (3) 4p e
ne €1 a 208 21 trol 3 11-d one (substance U of Reichste n) (4) 4 p egnene 118 17« 208
21 tetr | 3one (substance F of Reichstein) (5] 4 pregnene 118 17 20ar 21 tetrol 3-one
(20-¢p ubstance E of Rech ten) (6) 4p conene 1ia 20 21 tn 13 11-d one (20-¢ps sulx
stance U of Rewchsten) (7) pregnane 3o e 21 tnol 11 20 d one {tetrahydrocortisone)
(8) preg ane 3a 118 17a 21 tetrol 20-one (tetrahydrocortisal) (9) pregnane 3e 1a 20a
21 tetrol 11-one (acortol ne) (1) pregnanc 3a 17 208 21 tetrol 11.one (8-cortolone) (1)
P egnane 3o 119 17a 20 Zipent § (acortol} (12) pregnane 3 118 17 208 21 pentol
{Bcortol) {13)4-a d sten 3 11 17t onc (adrenosterone) (14) 4 androstene 1180l 3 17
dione (118 OH androstened one) (15) et ocholane 3a 118-diol 17-one (118 OH-etocholano
lo ) and (16) etiocholane 3a ol 11 17 dione {11 keto et ocholanolone)

All f the compounds lited here are the m ) r anes found 63 hvd oxy1 ted steroids and
others not fully identified are not represented ~ The configurats n Sa ot allo 13 also present
tn the m tab 1sm of corti ol ¥ The dark Lines represent pathsays that w and/or other
investigators have [ und to exsst  Those indicated Ey the J;ned lines have not boen tested
a3 yet 1n out luboratory
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{1 poution of cortiol te cortisone®  Howcver tht was also 1 quantitatnne
rather than a qualitatiy e diffcrence as small imounts have been ssolted  The
fibroblast 15 without doubt one of the most actrve cclls 1 the extrahepatic
metabolism of steroids  This cell 1+ capable of forming the mctabolites 10 e
the quadrangle depicted i FICURF 2

The reyerabihty butween 20-hydroxy and 20hctonc sterouds has been cstab-
1ched ¥ ¥ The effectiveness on gluconcogenest and Jvmphocy tokarvarthexs
of € 20-rcduced steraxd  {for example Reichstein s substtnces ¥ and U 20e
or 203) 15 much less than that of cortisol and cortt one ¥ % The ratio of the

Tapte 2
\feTaBousyt ar STEROIDS By I1BROBLASTS

Ste 4neubat d Str d solaed

4 Pregnene 118 208 24 triol 3-one

Carticosterone

170H Progesterone 4-Psegpenc 17a 208 diol 3 incty
4-Pregnene 203 of 3-one

L Pregnene 200 0l 3 ne
lopregnane 3 20 1 ne
\Nopregnane 20a-ol 3-one

Progesterone

4 Pregnene 17a 21 diol
3 20-dwpe 24 Pregnene 1% 20° 21 trol 3 20-dumet

4 1seynene 1A 2x 200 "1 tetcol 3 one (20epr substance T of
Reichsten) t
4 Tregnene 118 17a 202 23 tetrol 3 one (substance ¥ of Rexch

sien;

Pregnane 118 Ysar 21 triol 3 20-dione (dshy drocortis |

4 Pregnene 17 20a 21 tnol 3 11 fione (20-¢p3 !\I.bs\;:\q U oof
1 eichstesn} {

4 Prrm;mc 17 208 21 tnol 3 1 dione tsutstance U of Retch
stemn

4 Pregnene 7o 21 diot 3 11 20 trone {corusone) t

4 Androstene 118 ol 3 17 dionc f

Corusol

These are comy wsolate | and from \ cul ations of 4 C 4
sterouds with fissue cultuces of ibroblasts or loose connective b5 ue ot $C
Tissue culture ﬁrmblmsui
Loose connective tissue of mxe
;Cor\ﬁgursnon at C 20 pot determined at this time

concentrations of the active to the mactive forms of 1 terosd can br controll g
by the cell

Apother situation exists 1 the connective tt sue in which thete could be an
active wactive Tatio between 2 sterords that 1s between cortt al and cortrgne
The reactton of corti ol (active) to cortisone {mnactve) 1 kiown to pe g
vermble ™ Cortasol 15 at least % or $ lmes more potent w ¥ Antiphlogreye
effect than cortisone ™ 1t 1s Very possible that only corlisol 15 the antt inflyy,
matory steroid ! and that cortiane must be Ccm‘e‘rled to worti ol for thy pye
mone to be antiphlogstic Tn other expertments 1nt wis «.1hov\ 1 that 2 methy |
(ortisone cannot be actively comerted to 2 melh\} cortiso) rlm.nbolxc;\ny and
when 2 methyl costisone was tested for Dojogical acuvity  the compoung v 55
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far k s wctive than cortrsane ot corti ol However 2 methy! cortisol 15 more
acti e than cortinol as 1ested for gluconeogeme or ant wflaramatory actaty ¥
Tht alva supge ts that corli one must be converted to cortrsol for this sterod
tobeactne Therefore 2t the cellular Jerel m the fibroblast there could bea
ratio between the artine and the mactive sterod (118-ot =2 1t heto) Tt has
been shown that sterovd  can partiaipite m the rever 1ble reduction and onda
uon of dipho phopyrdine nucleotide {DP\) and tnphosphopy nidine nucleo
ude (TPN) as a mechanmt m for hydrogen tran fer® Tt 1s alsp fnown that
the ¢ nucleotides can ncrease the reduction or oudation of the substituted
sroups of the sterord nucleus ™ Therefore the ratio between oudized and re
duced coenzy mes avartable could influence the e chic consersion of cortisol and
mantatn n intracellular ratio between an actine and an mactive steroid

Retienloendothelsal ¢ells Tt hys been shown that cholestersl can be syn
thesized from acetate by fibroblasts in 11 sue culture®® and by shices of a sponge
connective ssue-cell preparation ¥

Factors affecting intracellular and extracellular cholesterol levels are abrotp-
tion synthest and escretion It has been shawn that obstruction of the tile
duct produces hypercholesterolesmia but that this does not occur when the
liver 1s removed  The removal of vanous other organs prior to obstruction of
the bie duct was without effect ¥ It hs therefore been postulated by Bverst
that the bver 15 the prinaipal of tot the sole sourcc of plasma cholesterol and
that this > a soluble cholesteral that 15 talen up chiefly by the parenchymal
cells of the hver  Twa types of cholrsterol ext t one 1s synthe 1zed and sent
1o the blood m soluble form by the hver and 15> not phagocytized the second
which 1s of oral ongin 13 phagocytized by hupfer s and other RLS cells** *
Annterference with this last function (that 1s the phagocvioss of cholesterol)
ha been described by Niveuw of af 8 These investigators mjected parhculate
m:mer that was taken up preferentially by Lupﬁer ce\k :hus pmducmg

and hypercholesterol by diy 1 to the
hlood “Thus v mteresting since it shows that the reuculurndomchal cell func
tion 1 of great mp n these hyp and hyper

cholesterolemie states

The relative speaific activities expres ed as counts per rnute per milligram of
dry tissue of vanous organs of mice after these ammals were g en a wingle dose
of rholesterol 4 C* mirigastnically are shown m 1a8LE 3 These anmals nere
sacnificed 9 days Jater and their 1) sues were homogemzed 2nd counted for
amounts of radionctivity It m1) be ren that the relatine specific activity
fung 18 significantly higher than i the hver  Additionally the smal' intestines
and the adrenals are high n selation to hiver  Another group gnen 4C%
cholesterol 1n the same manner was treated with L tn odothy romne dunng the
9day period  Tre spectfic activities m all the same organs were decreased
sigmbicantly as compared to ammals fed the same amount of cholesterol but
fiven sahine that is the ehomnation of the cholesterol from these organs was
mereased by the admumstration of L triodethyronine or p-truodothy romne
(TABLE 3)

El ewhere we bave <hown that ACTH his 1n oppo ite effect that 15 1t re
tams cholesterol for longer perinds of time than i non ACTH treated an
mals '3 The depo 1wion of cholesters! i Jung 1 i the reticuloendothehal
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cell as <hown by radiwautographic techmques?? We thus have a contra t
betneen 2 eells one of which {the fibroblast) can <ynthewze thns sterol very
actively and the other, the reticuloendothehial cell that retamns it The half
Tfe of tht sterol normalfy 1s quite fong 1n companson o other sterotds (TABLE
1) When a compound wuch as L or p-truedothvronine v gen however
thexe reticuloendothehal cells have the ability actively to remove cholesterol
and dum b 1ts biolomeal hatf ife  Thus a1 es the pos shilsty ¢hat the hupf

fers coll L respon ible for the formation of bile aad from cholesterol (hy

drovylation of the molecule and plitting of the side chain) as this1 the pnn

aipal metabolie pathway for the steral ¥*

The lymphocyles  Some detail of the metabalic actiities of lymphocytes
mrelationto teraid arep dby u elsewheren this ph Itim
portant to mentioh here that there 15 3 guantitative difference between the
ways matute and immature lymphocytes metabolize cortisol  The lympho-
cyte has the ability to oxidize the 11 position of cortisol to form cortr one, alo
1t can reduce cotti~one to form corteol  Thi 1 2 reversible reaction by which
another cell (the Iymphocvte) can activate or mactinate steroid molecules
since cartsol 1 lymphocytokary orthectic and since cotti-one posses-es na such
activity  The actnty of cortisone 1» dependent upon 1its bemng converted to
carts ol Thus the capaaities of lymphocytes to perform oudation and reduc

tion of this steroid regulate also the degree of 1ts resistance or susceptibility to
be matured and destroyed

Hepanc 3letabolism

Many studies on the ability of the liver as a whole to metabolize sterads
havebeenreported  However no atiention has been gven to the hver cellular
components in charge of these metabohic functions  This poruon deals with
the cytological components of the lwer that are involved in oudations and
reductions of substituted groups of steroid and sterol molecules and of their
conjugation to form water soluble denvatines® *

e cell popul and the bution of these cells i Iner
1 ue of mice or rats® are reported to be as follons parenchvmal cells or
hepatocytes 606 per cent hittoral cells or RES cell 33 4 per cent bile duct
cells 2 per cent conbective t1 sue cells 22 per cent and blood vessel wall
cell 18percent These data indicate that about 40 per cent of the cells are
nonparenchymal the majonty are both hepatocytes and retsculoendothelal
cell A modification of the techmque descnibed by Rous and Beard* has
been utiized 1n our laboratorv for the purpoce of eparaung iron contaming
Kupffer s celts from parenchymal cells m the lver with a magnet the device
by which these cells are separated 15 shown m F16eRE 3 In order to ascertain
whether the enzymic capacities to conjugate sterord by the hiver are altered by
he 1won an was perf d 1 which the conjugation of
cotticosterone-3C** and pregnane 3a-ol 11 20-dione 3C* was tested by sncubar
g these steroid with livers of 1ron treated ammal and those of nontreated
ammals > shown m Tapie 4 the presence of 1ron did not alter the capacity
of the Iiver to conjugate exther of the 2 steraid ncubated that 15 1t dhd not
atter the capaaity of the ceils to reduce nng A and to form water-soluble com
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pounds TABLE > represents the 1ncubation of corticosterone-{CH and preg
nane 3a ol, 11,20 dione-4C* with both reticulocndothehal and parenchymal
cells  The hepatocyte appears to be the only cell fraction that conjugates the

~ver 3 Trocedure for the sepuration of RE and parenchvmal ells from the Iy
L.»E; Dress of animals previously m}med with cartonylwon 1V are s parate) by 1ns§§fg
e eough the con while it 18 suspended bet en the poles of the magnet  The brey ar
irepared in B 10 bufler I 74 e aron-contain ng cell (RF) adh €+ the suface of
llhe ot Several nashings with buffer solution allow a higher degree ot paration

steronds in significant quanuties It of interest that both the reticulocndo
thelal and parcnchymal cells were able to owdize and reduce the substituteq
groups of the gonane nuelcus (including ing A)a determined by papur chroma
tography Although a small contarnation of both cdll fractions custed the
scparation was adequate to determme that the hepatocyte ¢ the cell that

produces most of the steroid water soluble conjugates
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Influence of Hormones

ACTH ACTH infusion and surgieal stress have been shown to rare the
levels of 14 hydroxy corticosteroids n penpherat blood It 15 now becoring,
evident that the mechanism of ACTH action may not be a «tmple and un

‘TaBLE 4
Ersect or Caxnonyr IroN TReATIPNT o\ Sreeow CONJUGATION BY ThE Livir

Al a{( cuba
o " 1t O
Teom t Strot dm R RN
e

None Corticosterone 4C! 4 1228 4149
Fe Smg 1\ Corticosterone-4C! 4 119 £119
“one Compound \-4C [ 1675 & 1 86
Fe Smg TV Compound \-4CH 4 1923 & 485

Corticosterone4C ¢ 2 0

Zero control Compound " ¢ H H

The effect of our standard dose of carbony! 1ron was compared with nontreated animal
Divers  One gm_of hyer munce was incubated with S0 mumole of steroid in K PO bufler
(#1174) at 37 C for 3 hours n each case  Zero controls were not incubate }

Pregnane-3a-ol 11 20-d one-4C

Tastr §
CONJUGATION OF STERoips BY LaveR CLt FrACTIONS
C iltyre Strd BV ol Trete

- Corticosterone-$C! 13 030
Compotnd \4C ¢ 15 0%
Corticosterone-4CH 15 493

Parenchymal Compound \—4CH+ 15 109
Corticosterone-4CH - [

Cantrol Compound \-4C * - o

The ability of whole cella of I er to conjugate 50 muM of incut ated sterotd 15 ¢ mpared
here  Eachincubation flask contmned 1 5M UDPGA 10 4M DPNH 10,0 soatrate and
K PO buffer (pH74) Incubations were pecformed for a peniod of 3 hours at 37

Pregnane 3a ol 11 20-dione4C ¢

complicated direct stimulation of the adrenal cortex but may also involve an
mfluence of some factor or factors controlling the rate at which corticosterods
and their metabolites are removed from blaod and tissues

Tt has been demonstrated by Engel® that extra adrenal effects of ACIH
exist 1 relation to vanous enzymic mechantsms  In additton st has been
demonstrated m our laboratory that ACTH whibits conjugation of cortisol
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and corticosterone by the Iner®  This cffcct of ACTH 15 produced 1n adrenal
cctomized ammal  I'tGURE 4 shows data of an expentment in which adrcnal
ectomized mice were given ACTH and compared to nonireated control

Cortrsol 4CY w15 given intrivenously to both groups  The Iivers of the amimal
were tthen out at different times (3 7, 15 50 and 100 min) after cortiol
infusion, ind the varous tissucs were cxtracted for the <eparation of free

and water soluble compounds Tt was found (FIGURE 4) that the ACTH

DISTRIBUTION OF RADIOACTIVITY IN LIVERS
OF MIGE AFTER CORTISOL-4C!4 INFUSION

10 000—
./
f 1000 Ay
) 9/
e—eaCTH
FREE ~ .
& - AGONTROU
- AACTH
" A CONJUGATES
o——0 CONTROL)
H 1 I ] ]
100
3 7 15 50
MINUTES 100
Frovre 4 Tsolatton of feee and water soluble om b e of ad

fre 1
mice at different time intersals  The formatiun of conjugated st roid s slower i the an;
mals treated with \CTH

TABLE 6
DT 3 TRFATFD  Annvan:
Afeneep LIvER TISSUE SAMPLES OF LT 3 avp > AND Contrars,
e pAReD %171 450 1,0 Op STEROD DATA FOR PER CFNT { \JUGATION ANp 1pm
CLNT OF STEROID LIBERATED By f U LLClx Nibv

N n‘\’be' {
T tmet am st d ‘
ts )
I
Corticosterone 4CH
dothyromne 4
52 wmefany for 4days | 4 Componnd  4C*
4 Corticosterone4C
dothy romne 3
3{5‘:‘;:& dav for 4 days 4 Compound \-4C
4 Commsttmnc—l(:“
Saline 4 Compound \4C

* Pregnane 3a ol 11 20-dione-4C*
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treated ammal had a decreased ability to conjugate cottisol  This effect alvo
occurs when a tetrahydro compound 15 tested which suggests that ACTH 15
dircetly 1flecting the parenchymal cell of the lner
Thyroid hormones  Livers of mice treated with ¢ tniodothy ronine (IT3)or
mmodulh) ronmne (DT 3) were examined with re pect to their atulity to
and preg 3a-0! 11 20-dione (TantF 6) It was
obrerved that 1T 3 and DT 3 incrense the conjugition of corticosterone but
not the conjugation of pregnane 3a-o! 11 20-dione  The fact that corticos
terone must be reduced in ring A before conjugation implies that the increased
conjugation was a reflection of an increased reduction of nng A and not on the
conjugation mechimsm itself as there was no ncrease 1n conjugation with
pregnane 3a-ol 11 20-dione (a ning A reduced sterord)  These data agree with
findings of presious investigators ™ % who have shown that the hinvers of rats
treated with thyroun can reduce the nng A of cortisone faster than nontreated
amumal can
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SKIN WINDOWS AND THL ACTION Ol THF
RTTICUI OENDOTHELIAL
SYSTEM IN MAN

J W Rebuck, C B Boyd J M Ruddle
Department of Laboratories The Henry Ford Hosputal Detrort Mich

Credut for the orderly description of a general defen e system of cells divided
mto hematogenous (Jymphocytes and large mononuclears} and histogenous
macrophages belongs to Metchmkoff 20 Clearer delinertion of this general
defense system was afforded by Aschoff and KRiyono 2% and only these cells
were included that were found 1o have stored vital dyes ‘The Iattcr authors
excluded the lymphocy tes from their schame of the reticuloendothelial sy stem
because,under the conditions of theire xpertments onsucha sy stem of phagocytes,
they were uncertain as to whether lymphocytes had an affimty for the tal
dyes However, Tschaschin® © Downey ** 1 \erling * Maximow # Sehr ®
and Dougherty 7 1n a long serics of expeniments demonstrated that Iympho
cytes m inflammatory lesions and in tis ue culture were capable of ingesting
and storing such dyes until their ¢y toplasmic content was indistinguishable from
Aschoff s ordinary histtocytes  The foregomng mvestigations were performed
on the system of phagocytes found i laboratory 1mmals  Hitherto the e<
sentially certan wdentification afforded by vial staming has been replaced by
the comparsson of the structure of vital dyc storing cells 1 animals with cells
i similar situations 1n human tissues not i contact nith vital dyes  We have
modified the method of Aschoff and Rayono for study of those cells capable of
storing their vital dyes (hthium carmine pyrrol blue trypan blye and trypan
red) mn shin windows 1n man that 15 m smal) simple mflzmmatory shin lestons
that we have described elsewhere ® *  The methods and result of such 2 study
follow
Recently Matshall ® 1n hus extensive text on the cytology of the retular
tissue has pomted out that concdent sith Aschoff s later work on his vjeal
staiming method> Hortega del Rro and Jimencz de Asug 18 18 using an 1m
pregnation. method with silver carbonate were able to demenstrate that
microgha were a histogenous source of macrophages i cercbrat nflammation
and mjury (for the further historict] development of such a concept sce \far
hallt?}  Marshall has brought fornard convincing s idence that a system of
cells can be demonstrated in fixed tsues by the u e of dher mpregnation
methods that either cotncide with or overlap the rcticuluendothela) system of
Aschoff  The cells demonstrated by the impregnation methods of Hortega det
Rio and Jienez de Asua'® '® and Marshall® wre in the tssues solitary apg
syncytal forms of fixed metalophsl cells and amebord mut dophit cells 1 the
ertpheral blood the metalophilic monocytes  Marshatl however 1n secton
S ud es of stenle nflammatory lestons m rabbits dlaimed demarcation bery, ren
lymphotytes that never showed an affinity for metallic compounds ang the
ympl hul system of thetr fellow hustiocytes of macropha,cs and mongcy g
hm“:‘ff, he did state that the large mononuclears of milammation Were ad
n::ted\y to a great extent of hemic angin In the studies reported hejoy
30
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Alarshall s techmques were applied to the progressive influx of mononuclears
1nhuman hin windows that permit preaise ¢y tological compan on of exudatune
and penpheral blood cell  Lymphocytes were strongly metalophilic at 9 and
12 hours of inflammation 1n man and hypertrophied lymphocytes were similarly
metalophilic at 14 hours of mflammation

MATERIALS AND MFTHODS

The shin window techmque™ ¥ = for studyng cell from inflammatory lesions
was ustd to obtain the specimens 1 ths study  Thi techmque conw ts of
denuding a ardle of the papillary layer of the conum 3 mm in dameter and
observing the migration of exudative cell onto <mall coverships placed over
the denuded area on the volar surface of the forearm  Fach leston was chal
lenged at © hour with 0 03> ml of the challenging sub tances (typhoid vaccine
or 1 1000 tuberculn OT)  The cell of the inflammatory exudate migrated
to the undersurface of the coverip  The covershp was removed at 3 hours
and replaced by another until the end of the observation penod at 24 or 2>
hours Twelve le tons were prepared on 6 normal individual  the stenle
coversbps were changed at 3 6 9 12 13- or 1+-hour mterval and the
studies were terminated at 24 or 23 hours  Seven of the lesions were used in
the study of the vital dyes {(FicurEs 1 and 2)  Coverships from the remaining
> lesions were u ed m the sibver impregnation studies (FIGURFs 3 and 4)

The vital dyes used m ths study—hthium carmine (Harleco) pyrrol blue
(\ational Anthne) trypan blue (\Nationil Amhine C1 474 and trypan red
{Natonal Amline C1 438)—were prepared as aqueous solutions of 50 gm
percent 05 gm per cent 25 gm percent and 25 gm per ceat Tespectively
The solutions were filtered before use  The dyes were added to the le 10ns at
the 3 hour stage using a stenle platinum loop the coversips when removed
were air-dried and stained with Let hman s stain for 12 mn

The silver impregnation techuique outhined by Varshall® and by Black and
Speer? was used with the folloning modifications the air-dned coverslips were
evposed to formaldehyde vapor for 1> min to fix the cells wa hed 1n distilled
wter before and after the ammoniacal siher bath and stamned with Leishman s
stain for 15> min following the reduction of the silver and thorough washing
with disnlled water To date we have been unable to apply the <iiver m
pregnation techmque satisfuctorily to the peripheral blood smear 1tself

RESULTS

1 1tal Dyes

Luthiim carmine  In the exp 1 nfl y lesion 1l d 1in
FIGURE 1 less than 00> ml of 50 gm per cent aqueous <olution of lithtum
carmine was applied with a stenle loop to the lesion at 6 hours after 1t had been
produced and challenged with a small amount of diphthena toxoid as deseribed
above At 9 hours of nflammation an abundant cellular exudate was ob-
taned that presented more than the normal number of neutrophilic leukocy tes
but that contained some migrant Iymphocytes and a few macrophages  Only
a few of the lymphorytes had stored hthium carmene at this ime At 12 hours
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the cellular exudate agun contuned an unu ualfy large number of neutrophils
but now many lymphacytes were present, 1s well as a few macrophages Tie
URE 1a depicts 4 such lymphocytes and <ome of the neutrophuls at this stage
The 3 contral lymphocytes show varying amounts of granular storage of the
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Frorag 4 (a) Four monocytes and 3 lymphocytes and some degenerating neut ophils 1n
the lesion shown 1n FIGLRE 3 Both monocs tes and lymphocytes are metalophil cells  The
4 cent al monoeytes with thenr horsesboc shaped nucler and Jarge cell bodies are 10 be dis
tinguished from the Iy mphocy tes shown here and 1n Ficuze 3 X 1100 (6) Srx macrophages
and some degene ating neutroph ! 1n the same lesion as in FIGURE 3¢ and b Note that the
macrophages are also metalophil ¢ X 1100

dye  Note also the accentuation of the nuclear mdentation of one of the lower
small jymphocytes which 1s without granules At 14 hours the still abundant
exudate now contained many lymphocytes (FXGURE 18) and their hypertrophy

mg forms (FIGURE 1c) as well as additional macrophages (FIGURE 1e) and an
occasional monocyte (FIGURE 1d) The neutrophils are less numerous and
present thewr customary signs of cytoplasm losy and nuclear shnnkage for this
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stage  TIGURE 18 presents 1 central umchoid Iy mphocy te and « small Iy mpho-
cyte to its night, which have both stored hthium carmine in a granular form
TicuRE Ic contuny 1 centril typical hypertrophied ymphocyte with hehtly
more cci body than Iy mphocytes s found 1n the blood 1t has concentrated 3
large masses of the hthium carmine - Ticurr 1d depicts simular storage of the
dye by the ccntral monocyte with its horscshoe haped nucleus and larger
amount of cytoplism  Typical macrophages arc shown in r1ure (4 Ibe
ont at the top presents a partieular affinity for the carmine At 24 hours the
abundant exudate consisted largdly of macrophages Although some Iy mpho
cytes nd hypertroplied lymphocytes were sull present as a hematogenous
source of the former  These mononuclears {not tlustrated) pre ented again
<ome modest storage of the thum carmine  Two additional Jestons were
studied after application of hithium carminc 2t 3 ot 6 hours and similar storage
of the dye wns attained by the lymphacy tes hy pertrophicd lymphocy tes and
macrophages of the exudate
Pyrrol biue  In the cxpenmental inflammatory lesion illustrated tn Ficurr 2
less than 00> ml of 05 gm pcr cent 1queous <olution of pyrrol blue was ap-
plied with a stenle loop at 3 hours after the lesion had been produced and
challenged with diphthenia tovoid At 6 hours of inflammation numerous
neutrophilic leukocytes were present but only 4 few lymphocy tes and macro
phages The macrophages since they were fully formed were presumably of
tissue ongin  Some of the neutrophils (Fi¢ urr 20 arron) had ingcsted large
pale Liue globules contaiming the pyreol blue  The occa jonal Iymphaocy tes
already migrated 1t this stagc had ingested semular bhue dy¢ containing mas es
(FIGURE 2b), although lymphocyics with more sranular storage were 2l o ap-
parent (central area of FICURF 2a) - By 12 hours there were more macrophag <
a few lymphocytes and hypertrophicd lymphocyte  and an unu wal retention
of neutrophilic predominance At 13 hour the Iy mphouy tes and ther hyper
trophied forms had increased someshat but stll there wire numerous neutro-
phils present ($IGURE 2c) The central lymphocy te 1n Frouxe 2, was fixed
while mgesting a neutrophihic leuhocyte fine granutar pyrrol blue conuentrates
were visible m the thin encirching (ytoplasmic nm of thys lymphacyte Ay 24
fours the customaty predomnance of microphages had been attained
Trypan blue  In the experumental mflammatory lesion Mustrated 1 proure

2d less than 00> ml of 25 gm por cent 1qucou solution of ypn bue was
applied with a sterile Joop at 3 hours of inflummution after the | gy Fad been
produced and challenged with diphthent toxod By 9 hour ke Dumerous
weutrophtls of the earlier exudate had been runforeed by <ome Iy mphocy tes
and macrophages which showed granular concentrate of the trypon blue
thett cell bodies simular to that depicted for hthum carmine 1 wrgugy 1 und
¢ At 12 hours there was agan An abnormal predominance of Rettrophls
with some macrophages a few lymphocytes and hypertrophicd 1y wphocy tes
complete the prcture In FrcurF 24 which depicts a sample of the cclf at
(ins stage the arros points to a lymphocyte that hus ingested g trypan iuc
At 14 hours lymphocytes hypcrtrophied lymplmc)m

ular mass and
,gr‘,ztmphages had tncreased to form the 24-hour exudate of mﬂtl’oph;‘gC;
moderate storage was exhibited by members of each of these Tuonanucle 5
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groups A second lesion i this group was charactenized by the customary
granular concentrates of the dye in the small lymphocy tic cell bodses

Trypan red  In the evperimental inflimmatory lesion depicted 1n FIGURE
2¢less than 0 0> ml of 25> gm per cent <olution of trypan red was applied with
a stenle loop to the lesion at 3 hours after the le 1on had been produced and
challenged  The few Iymphocytes and microphages present at 6 hour among
the numerous neutrophils already showcd good storage of the vital dye By
12 hours lymphacytes hypertraphied lymphocytes and a few monocytes were
added 1n appreciable numbers to the neutrophils  Two shghtly hypertrophied
lymphocytes from ths Jesion arc depicted 1n FIGLRE 2¢ The top lymphocyte
shows the customary granular concentrates of dye storage  \loderate storage
by these mononuclear ccll types with the addition of macrophages was found
at 14 hours with termination of the study at 24 hours

Siher amp In the t y lesion depicted m
FIGURES 3 and 4 the lesion was challenged by pplication of 0 0> m] diphtherra
tovoid to its surface immediately after the lesion had been produced W ithout
further interpolition covenhip samples of the exudate were obtamed at 6 9 12
14 and 2> hours Silver impregnation studies folloned by counterstaming
with Lesshman » stain as descnbed under MATERIALS anD METHODS above
were made on cach of the preparations At 6 hours the moderate amount of
exudate contained neutrophils and a few lymphocytes Even at this early
stage the lymphocytes showed some silver impregnation At 9 hours more
Iymphacytes and hypertrophied fymphocytes together with a few monocytes
had jomed the numerous neutrophils  In FIGURE 3a the mall round lympho
cyte 1n the center reveals the beginmng of siver impregnation  Froure 36
depicts a stronger positvity 1n the medium sized lymphocyte (fop cell) In
the same lesion both ameboid and round small lymphocy tes show silver 1m
Ppregnation 1n the center of FIGURE 3¢ and are thus metalophils At 12 hours
the abundant exudate was composed of many lymphocytes some hypertrophied
lymphocytes a few monocytes as well us macrophages and some persisting
neutrophils  Seven of the 8 lymphocytes 1n FIGURE 3d taken at 12 hours of
mfl show stlver At 14 hours of inflammation the stll
abundant exudate contains many lymphocytes and hypertrophied lymphocytes
as well as neutrophils and macrophages and a few monocytes The metalo-
phils ate formed by each of the mononuclear cell types the lymphocytes and
hypertrophied lymphocytes depicted n FIGURE 3¢ the central monocytes and
penpheral lymphocytes of FIGURE 4a and the macrophages themselves 1n
FIGURE {6 At 25 hours the hypertrophied [ymphocy tes and resultant macro
phages were similarly silver impregnated

DiscusstoN

Downey® demonstrated that the lymphocytes of the blood of rats were ca
pable of stonng vital dyes 1f the dyes were first made available to them when
the blood vessel that contained the lymphocytes had been 1solated from the
genertl airculation or if the lymphocytes were 1n the environment of the 1n
flammatory field He concluded that both the time at which the foreign sub-
stance was 1 contact with the lymphocyte as well as the local chemical and
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phy 1cl condttion  were of importance for storage  Under such conditions
even neutrophilic leubocytes will storc the vital dyves of they are imlarly made
available, a finding that has been confirmed for the ncutrophlic leuhocy tes of
man 1 our pyrrol blue cxpeniments de enbed above  In the first portion of
our cxpertments de cribed above the lymphocy tes of man simularly were phago-
oy tic for the vital dyes pyrrol blue Iithiem carmine trypan blue and trypan
red  The phagocy te takes the vital stain only after the stam has been bound
to protan  a proce s reviewed by Jaffe? tin which vital staming 1 due to direct
stmulation of an intracellular proces  The dye first appears an the lympho-
cyte n the form of pale stained droplets (x1GURF 26 and d) thereupon the
stamning of the droplets increaces to 1 pownt 1t which the dye finally precipitates
s granular concentrates (FIGURE 1a and 8} To gain <ome mpression of the
cellular processes required to visualtze ¢ven moderate phagocyto 15 1t 1 well to
cansuder the expeniments of Ludentz™ on the phagocyto v of Indivink Tude
itz found that India ink particles were roughly 300 1 in size and that between
200 and 300 such parucles were necded to make up an aggregate viwble in the
Jight mucro cope  \lthough 1t 1 1mportint to demon. trate that the relatnnely
«mall cell body of the human lymphocyte1 wapable of storage of the vital dyes
st 15 of much greater import for the full under tanding of the concept of the
rettculocndothelial «ystem to appreaate the fact that the Iymphocyte m the
tield of inflammation 15 capable of tran forming mto a larger and larger mono-
nuclear until the fully formed macrophage <tage 1s attamed It 15 interesting
i thr connection to note that even Kiyono 1n his later work with \ahanonin
admutted that after migration a few Iymphocytes masy tran form into carmine
storing macrophages thetr uxperimental animal More recenth, Trowell®
noted in lymph nodc cultures in b vnthctic medium that asmo ¢ of the mall
1y mphocy tes hypertrophied their nuckar pattcrn becime le < condenced and
the cell ~egregated trypan blue  Ina previous report™ we listed the numerous
structural and chemical nuclear and ¢vioplasmic changes within the indwvrdual
Iymphocyte as hvpertrophy and transformation to the macrophage 1ate were
accomplished [ rom the above expenment tt1s now obviou that the Iy mpho-
tes of man (FIGURES la and & and % ¢ nd d) ther h\'putroph]ed forms
(FIGURFS 1¢ and 2¢) and ther resultant ma « hige (FICURF e} are a)l ca
pable of torage of the vital dyes
Apphcation of the hin mndon techmque t) th  tudy of expenmental 1
flammatory le 1ons 10 man by Braunstemner o ol Fitzman and Smith! ¥
Enit and Good ! Page and Cood™ ? Priest ¢/ a/ * Rebuch and Lo(,nm,,,u
Rit @ and Torre and Lethent® has now yielded far rewching confirmatory ¢y
denre that the lvmphocytes of man arc 1ndeed < 1pibic of tran form,
macrophages  Tichtdns® has obserned the tran frrmation of raqy,
tabeled lymphocytes to macrophages i pertoneal cautite
El ewhere® ne have followed the transformavon «f 1 Lividual Upras s
amed lymphocy tes from cantharides bli ters a they tran formed ingq phage
I monocytes  Recently Klem ® has reported following iy ¢
cytic suprisial hage back t> lymphocy s At
trarsformations of Iymphocy tes to mACrOphags Ymphocytes pg
hages by phase-contrast micro copy 1n MiCrocine

n~formation to microp!
:z;:?)«mph\ e now add the results of our econd group of expenmep, e
g

ing 1nto
0acty cly



Rebuck ¢f ¢!  Skin Windows and RES Actinity m Man 39

ported above namely the demonstration that the lymphocytes (FIGURE 3a
b and ¢) m the field of infl 1n man are lophil 1 the sense of
Hortega del Rio'® and of Mar hall ® and as such are capable of transformation
to hypertrophted lymphocy tes (F1curs 34 and ¢} and macrophages (F1GURE
1) that are similarly metalophilic  Marshall 3 by performing metallic 1m
pregnations upon the tissues of vitally stasned ammals has shown thatin many
sites the ympregnated cell are the same as tho e that contan the vital dye
Turthermore all cell that posses td dye storing properties qualfying them
for inclusion 1n the reticuloendothelial system were al o metatophilic although
many metalophilic cells i the pulp of the spleen and the medulla of lymph
nodes tn vitally stamed ammals 1n contrast showed little evidence of storage
of wital dyes  In this respect then the lymphocytes in the field of inflamma
tion 10 man s lymphocytes 2> they hypertrophy and finally as they trans
form 1nto macrophages both store vital dyes and are metalophilic
The more precise <y tological exammations yielded by recent studies of the
wnflammatery lesion of man through <enal samplings of the leuhocy tic exudates
has afforded further nsight into the abnormalities suffered by his leukocy tic
defenses  Page and Good™ ? m cyche neutropenta and Rus 7 1n severe neu
tropenias have both noted strking deficiencies of lymphocy tes and their result
ant h m the exp 1 Lin le 1ons of <uch pa
tients  \oting that lymphocy tic participatton returned when the neutrophil
levels in the ; blood and subseq 11 y lesions improved
Page and Good * were able to correlate fatlure of lymphocy i migration and
t ta h with exp ly induced m
rabbits  As early as 1910 Op1e™ had proposed that 1t 1s not impossible that
polynuclear leukocytes together with other products of tr sue degeneration
serve as the prinapal stumulus to the activity of the mononuclear cell
Stemberg ¥ working with experimental Eschertchua colt mnfections 1n dogs dem
onstrated that the 1 injection of locy tes d survival
tates and tumes stressing the moportance of neutrophilic leuhocy tes in the eatly
phase of mflammation  In an earlier report™ we descnbed 1n detal the pro-
gressive depletion of neutrophilic ¢y toplasm and the ingestion of shed neutro-
philic leukocytic debns by the lymphocytes as they hypertrophied and were
b Iy transf d mto hages  Recently Policard and hyy col
leagues®® have studied with the electron microscope the predegeneratn e proc
es es of the neutrophilic lethocytes n the field of aseptic mflammation and
have ob erved rapid loss of specific granulation hyperplasia and hyperactivity
of endoplasmuc reticulum and dilatation of the Golgt apparatus at the ultra
structural level
Individual asses ment of leukocytic defenses m the leukemras and allied dis
orders® 3 4 has reyealed wide vanations ranging from normal lewhocytic
cycles to almost camplete lach of leukocy tic migrations
Sinularly increased eosinophilic migrations t human skin windows™ % 4 have
been associated with increa ed or normal peripheral blood eosimnophilic level
Similarly high blood eosinophilias have been associated with increased or nor
mal eosinophilic migrations 1nto the field of inflammation  Of particular inter
est are the reports of Eitzman and Smith® ¥ of an ncrease 1 eosinophtls m
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phystcl condttions were of importance for storage  Under <uch conditions
even neutrophilic leuhocytes will store the sital dy s if thes are similarly made
availble a findiny, thie has been confirmed for the neutrophilic leuhocytes of
man 1n our pjrrol blue expeniments deseribed above  In the first portion of
our cxpeniments described above the lymphocy tes of man simularly wcre phagn
cytic for the vital dyes pyrrol blue, lithtum carmune trypan blue and trypan
red  The phagocyte tahes the vital stamn only after the <tamn has heen bound
to proteins a proce s reviened by Jaffe' in which vatal staining 1 due to direct
stimulation of an tntraccllular process  The dve first 1ppeats 1 the lympho-
cyte m the form of palc staned droplets (FiGure 26 and d) thereupon the
staining of the droplcts increases to a point at which the dyc finally precipitates
1s granular concentrates (FICURE 12 and 8)  To gun some impres 1on of the
cellular proces es required to visualize even modertte phagocy to 1s 1t 1s well to
consider the expertments of Luderitz” on the phagocy tosts of India ink Lude
nitz found that Inda mh particles were roughly 300 A 1n s1ze 1nd that between
200 and 300 such particles nere needed to make up an agyregate viaible in the
light mucroscope  Although 1t 1s 1important to demonstrate that the relatnnedy
small cell body of the human lymphocy te 15 capable of storage of the vital dyes,
1t 15 of much greater mport for the full under tanding of the concept of the
reticulocndothehial system to appreqate the fact that the Iymphocyte in the
field of mflammation 15 capable of tran forming mnto a larger and larger mono-
nuclear untl the fully formed macrophage stage s attarmned It 1s interesting
1 this connection to note that even Kiyono m hi later work with \al anomn 2
admitted that after mugration a fen Wmphocvte may tran form nto carmmne
storing, macrophages m their expenimental ammal — \for, rceently Trowell®
noted 1n lymph node cultures m his synthetre medmm that as most of the small
Iymphocytes hypertrophied, their nuclear pattern bec tme le s condensed and
the cells segregated trypan blue  Ina previous report®® we listed the numerou
structural and chemtcal nuclear and cytopla mic changes within the e duat
1y mphocy tes as hypertrophy and transformation to the macrophage state were
accomplished  From the above expertments it 1s now obviou that the Iympho
cytes of man (FicURFs 1z and b and 26 ¢ and 1 hor hvpertrophied forms
(FIGURES 1c nd 2¢) and their resultant mcroph e (FICURF 1g) qre all ca
pabte of storage of the sital dyes
Application of the kin window techmique to the tudy of cxpermental in
flammatory lesion n man by Braunstemer ¢/ @/ * Fitzmanan{ smgh! 1
funt and Good # Page and Good® *Inust el ol kebuck and Lot nppa M
s T and Torre and Leithen®” has now yielded far rea hn,, confimatory (v
dence that the lymphocy tes of man are decd capibie Hf transforming 1nco
macrophages Tichtelus™ has obscrved the tran farmution of radinac
Jabeled lymphocytes to macrophages t pritoneal cxud e
El enhere® we have followed the transformation of 1n tividun Uprasitally
stammed tymphacy tes from canthande blisters 2; they tran firmed mio phay,
cytic supravital monocytes Recently Rlem hﬁsbrqinm } followng simifur
transformations of lymphocytes 1o macrophages back 1 lymphocvics ung
tetransformation to macrophagcs by Ph“f": “’"‘”5:1""‘” P m microcn
matography The now add the results of our second group vf experiments re
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Downey H 1916-1917  Histixcytes and macrophages and their refations to the cells
of narmal 1 load 1n anumals staune 3 wath aaid coll 11al dyes intravitam ~ Anat Record

Dowsey H 1017 Reactions of blvoid and tissue cells to anid eollat al dy es under ex
nment2l conditions ~ \nat Record
Dow~ey 1 918 Further stud es on the reactions of blood an 1 tissue cells to act)
collodal dves  Anat Record 15 103
Ipwaros J L 1959 Cyt gy of inflammatory exulate  Lab Tnvest 8 1094
Frrngs DV 4K T Swmc 1057 The nouspe shic inflammatory sesponss 1n the
newborn penx J 1) seases Chil tren 94 494
troaw D VAR T Swm (1959 Toe pon peaific nflammatory cycl 1 the neo
nated infant ] Disea es Chilfren 97 326
Ficureens } U mzdb;u Bm.nmmr
HoxteGaprLRio L A F Jneevezbr dsti 1921 Sobrela hgocnosxs e lns tumores
en otros procesos patolSgcos  Arck ca di } Haemasol 2 1
Horteoa pEL Rio P & I Jiwrnsz oF Asth 1924 %lm hs cellulas del reticulo
rlenio y sus relaciones con el endotheho sinusal Tl Real Soc espan Hist Nat

hnf. R s The retiulon lothelil sistem T Fian ork of Vemtol g
973 H Downer 1d ork

Mvowo & 1008 " Due wrale raemn rlchemng Fischer Jena Germany

Knowa R & T Naxioss 1919 We jerer untesachungen Uber de ba oz tiren
Zellen . \cta scholae med Univ Imp 11 Rioto 3 S

Kirry R 1959 D pa s graphic en contraste de phase
de ta reversivle i @ tn 1iro  Compt

rend acad soc bl 383 345

Kot & &R A Goon 1990 A1 chs syndrome (thrombocytopenta_eczema and
infection 1 infants)  Studics of the d fense mechanisms ] Diseases Chil Irea 97

Lipterrr B 1957  Inteacellulare Tuschesper h rung 1o pathologisch sergr sserten
Lymph irusen  Acta Haematol 17 143

AMarsait A H F 1936 \n outline of the cytohgy and pathology of the reticular
tssue  Thomas  Sprt ghiel

Maxnsow A 1978 Cultures of blod leuhocytes  From l)mx\hxyl! and monocyte
to Lonnecmzmsue Arch expt] Zellforsch Gewebezicht 5 169

MEeTcu~nor? Lectures on the comparative_pathology of rflammatan
{1331) Tmnshled va & E Staring  Jegan Taul Trenck & Trubner London

Englan:

Mezoiinorr F 1905 Immunty insnfect ¢ dsease Taanslated 13 F G Bionie
v P ess  Cambnlge Fnglan

orp L1916 Tafammstion - Acch Tntern Med § 541

Psce AR &k A Goop 1957 Studesoncyl neutropema | Discases Chalde o

4 bl

Pace AR &R \ Goop 198 Acimealani upenmenrzl sxudy of the function of
neutrophils i the inflammato y te ponse  Am J Path 1 84

Potcarp A A Colrer & S Prfceamay 1959 Etule en nn( oscope électromique
des modif cations infrastructrales présént es par les mlynuc]ulrcs neutrophiles dans
desfovers infammato es aset quee, Rev ffematol 1¢ 9

Triest R ] J W Restck & G T Havey  \n vqualitatt edefectaf toabocyte fur
tion 1n uicerati e coliis  Gastroente ology

Reptcn J W 1958 Techn c for the study of lcu{,oc)uc functions tn man  /r Meth
ods 1 Medical Rtstmch Warren Year Booh Pull Chicago HI

REBlL‘n J W & ] H Crowrry 1955 A method of study of teuhocytic fun tions

i N Y \czd Sc1 69(5) 757

REBU:K I W &C \ LoGuiero 1 vkacyhc Tesponses to pol omyelitts va cL es in
urmart s 1 windows  Proc 3rd Inte n Symposium on Dlscascs  the Ret culo
En) thelat Systen Ronald Press  New York N \ n
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of lhe 1y mphocyte with an :Addllwnal reference to it dy function 1n Hodgkin s disease
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the inflammatory lesions 1scraging 19 per cent of the cxudate cedls m mfants
210 21 days of age 2 hours after the mitiation of the lesion which was ot ecn
1n mfants lees than 24 hours of age or in older children and was out of propor
tion to therr circulating blood tostnophit Joveds

Pricst and his associttes™ have stmitarly reported an ncreascd migration of
basophilic lcubocy tes 1nto the mflammatory Jcuens of paticnts with ulccrative
colits 1n whom blood basophit levds were not devated  This was accompamed
by & vanation 1 the puttera of ther exudatine cvtology, whech differed from
the normal by fmlure of the eatly predominance of neutrophils to yreld to an
adcquate lymphocy tic ¢xudation

1t 15 apparent that we are ntenng a penod in which mechanisms and abror
mahties of the process of lymphocy tic transformation nfo macrophages will
find further clanfication although furnishing new er problems concermng, prany
locy t¢ mononuclcar and granulacy te granutocy te interreltion hips

SuaiRy

Aschoff 1 hus exten on of Mctchnihofl s general defense svstem of cell,
ncluded only tho ¢ cells that were found to have an aflimty for vital dves
Since bie metbods were apphed to the study of such a eystem of phagory tes
laboratory ammals we modificd his method for studs of tho e cells phigocytic
for the same vital dyves (pyrrol bluc Mthim carmme trypan blue 1nd trypan
red) m shin windows w man  In such iflammatory lesions Iy mphocyte
hypertraphued ly mphocy tes macrophages and manocs tes all show ed an abuity
to store the 1bove listed vital dyes

Recently Marshall claimed demarcation m terde mflammatory esudates 1n
rabbits betwecn Iymphacytes that could not be impregntted with sibver and
metalophil system of thetr fellow histiocy tes or macrophage and monocy tes
Applymng his techmques to the progressive influx of mononudears in human
san windows lymphocytes were strongly metalophilic at 9 and 12 hours of
inflammation m man and hypertrophied Iymphocy tes were mularly metalo
philic at 14 hours of inflammation

“The smpottance of the granulocy tic intcrrelationships with proper KF S func
tions 10 these lesions was emphasized by corrd wtton of Tow ncatrophilic partia
pation with low lymphocy tie. Tespopses and incren ed basophilic luhocy tre
mmgrations with \mpatred mononuclear difen ¢
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ACTIVATION OF CAPILLARY FN\DOTHFLIUM*

Belr Cozsy and I 45216 Kéto
Instsiute of Mic buology and Hygiene Unssersity of Montreal Vloat ecl PQ Canada

Parenteral admimi tration of natural 1nd syntheuic polvmers produces sys
temic di orders 1n certamn species of laboratory ammals Basic and major
disturbances produced by polymers have been considered as consequences of
capillary damage reflicted 1 increa od bilty ! The mt 1
wjection of devtran 1 followed by edema formation i the extrermties of
albino rats?* The alteritions in the function of the capillary endothelum
as well as the su pected cxpillary damage during the dextran induced edema
were imvestigited n normal and hustamuine or 5 hydrovytryptamne (5-HT)
depleted rats  The purpo c of this commumcation 1s to report our pertinent
obsenvations

NETHODS A\D RFSULTS

Wterations i the Function of Capillary Pndothelinm

In order to obtan wformation on the behavior of the common endothe
Ium dunng the dextran induced edema in the adult Sprague Dawley rats
(115 to 150 gm 1n weight) observations have been gathered by the stmul
tancou use of four varants of the methodology

(1) Intravenou ly njected India mh accumulates at 1tes of the skin that
have been previously subjected to njury orsttmulu *  Carbon accumulation
like edema formation 15 considered a result of increa ed capillary perme
ability due to the injury? * Chnical dextran was injected intrapentoneally
10 a dose of 30 mg /100 gm body werght  Twice previously at the beginning
of the edema formation and at the time when edema was 1n decrease Gunther s
India 1k 1n sahine solution containing 2 per cent gelattn was njected into
the tail vem of rats 1 a do ¢ of 12 mg carbon/100 gm  The intensity of
carbon accumulation (graded as 0 £ + ++4 +++4 or ++-4+) at the
extremities was estimated at the time the ¢ ammals werc sacnficed

{2) The dextran induced cdema appears at the face ears and extremities
but no visible alterations occur elsewhere  To obtam mformation on the
the behavior of the capillary endothelium at sites of the shin where no edema
occurs a stimulus was applicd in the abdominal shin before and dunng the
progress and the regression of the edema in the corresponding 3 groups of
rats respectively  The amimals recerved an intradermal injection of histamine
SHT or 4880 (a polymer of } methy] h lamine nd f dehyde)
m the abdominal region the skin having been depilated the previous day
by an electric razor Immedntely thereafter India ik was njected intra
venously Carbon accumulation 1n the abdominal shin was reg tered as 0
+ + +4+ +++ and ++4+ when animals were sacnficed and readings
were made at the wnner side of the skin after 1ts removal

e work report d m this paper was supported 10 part by Fed ral P ovincial Health
Resndrch Grants from the \hm';tr) of Health of the P vince of Quebec Qu bec PQ
la

43
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(3) The clearance of India mk from the blood stream indicates the func
tion of the retrculoendothehal system (RE S) and of the common endothchum
if the cells of the latter acquire a tranaifory stonng capacity such as occurs
1n the case of an mjury or sumulus The carbon content of the blood was
measurcd 4 tumes at 10 ma ntervals 1o the 3 groups of rats that had re
cened India mnk beforc and during the progress and regression of the dex
tran nduced edema

(4) Alterations m the capillary endothelum and i the pencapillary <pace
were studied wrth a phase contrast microscope m un tancd fre hly prepared
thin layers of the subcutts immedrtely post morlem sevcral preparitions hay
ing been made from cach ammal

The cepentmental <et up was such that the above 4 vanctics of method
ology were applied stmultancously on each rat s follows

Dextran (30 mg /100 gm) was injected intriperttaneally into cach rat
India wnk was mjected mtravenou by at diffcrent time mtenvals after dextran
(a) beforc edema formatwon, (8) duning the progress of edema development,
and (¢} when the edema was fully developed

Each group of @ b ¢ rats was divided into 3 subgroups and simultaneously
with the Inda mk 5 rats recenced imradermaily 20 ug histamene brchlor
hydrate 02 pg 48/80 and 02 ug > HT m 01 ml line respectrnely mto
the abdomnal shin  After the injection of India ik carbon content of the
blood was determmned by the photometric method of Hiller ef af * 0008-ml
samples having been tahcn from the tail van at regular tme wtenal  In
tensity of edema formation wis registered s v percentage of mavimal in
tensity by the method of West at the ime ntervals shown in TABLFS { to 4
Each tat was sacrificed 4 hours ifter destran mjection and carbon accumu
1ztion 1n the skin was tabulated as described above

As shown in TABLE 1 40 min after mjection of dextran there was no edema
m some ot while n others edema developed at varving wrepsitns At
this constant time India 1wk was ijected ntrasenou ly  Cirbon partrcles
disappeared at a normal rate from the blood of nonedemitous rats at 40 mun
There was an tntense carbon accumulation 1t the extramities and alo m
the ahdormnal shin where stumuli (histamine S HT or 48 $0) were applied

I the other rats which showed edema formation 1n progress at 40 mim  yn

usually high carbon content was measured 1 the blood dunng the instial

20 min and carbon accumulation in any part of the Lin was either b eat

or of but hmited mntensity  1f India mh wa mjected befare during or after

the cdema development the same fluctuations were ob tved in the behavior

of the capillary cndothelum as shown tn TABLF 2

The results shown 1n TABIES 1 and 2 can be summar zed as follows

(1) Indha ik accumulates at the extremities where liter edema devdops
aw ¢ ell as n the shin where sttmult were used prior ta the appcarance of tdema

At this time the removal of carbon frum the blood proceeds ot a normal rare
(2) At the time when edema formation ts 1 progres there 15 no depo
stion of India nk at the sites of edema nor at any other site

@ W 1th the progres 1ve diminshing or disuppeanng, of (he edem, reac
tions of Indin 1ok accumulation reappear
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(4) Dunng the presence of edumn the carbon particles are retained in
arculation onlhy during the mmtial 20 min  the carbon clearance then pro
ceeds at a nommal rate since India ik deappears withen 60 to 80 min from
the edematous rats just as from the normal ones

TanLr |
Number of rats 1 2 3 4 3 6|7 8 9 |10
‘Edema (per cent} 55 ] 0 75 o 100) 45 L] 85 [ 100
Carbon accumulation
After stunufus o[+t ] | | =
L tremities PRI N Y RN

Carbon tn blood ug /ml

A futes after India 1ok | | ] |
10 524 162 264 (1250, 236 uon} 325) 231 12501250
20 -HD; 7 197 972/ 123 (1050 171’ 178 | 715 578
30 29‘1, of 125 625" 108 578|233 12 474‘ 354
40 IbOI 25 278I T4 276‘ 187) 68 776I 22>

Intensity of ed ma (per cent of maximum) 1 rats 40 mun aftee I P injection of dextran
At this ime 20 pg huistamine an1 02 pg 5 HT wasinjected ID and I daank IV Car
bon accumulation 13 shown 1n the shin of extremities and w here stimuli (histamine and 5 HT)
are applied  The disappearance of carbon from the blyod was measured at fegular tame 1n
tenvals after the myection of India ink  There was no accumulation of the 1ok 1n the skin
and an unusually high amount of carbon was present in the blood of animals with fullv de
\eloped edema

Taviz 2
14 mkIy E Cobon  mlat [ s )
tm ot fe It -
4w e 1
Et mts Stm1 10 20 30 40
0 +4++4 | 4 26 123 88 46
« 100 £ + 1250 > 248 281
180 53 ++ ++ 340 | 23 | 210 170
240 0 b | A4 | 260 | 180 109 77

Inten ity of edema (per cent of maximum) 30 60 180 and 240 min_after [ P_sjection
of dextran At each time histamine and 5 HT (stimult) 1 cre 1 jected I D and India ik
IV Carbon accumulation in the abdominal skin where histam ne and $ HT a ¢ snjected
and 10 the € tremit s was Y eing registered 4 hou s siter de tan  Ca bon content of the
blood was measured at regular time intervals after injection of India ink  Each marh repre
sents average readings 1n S rats

In the thin layers of the surviving subcutis the phase contrast mrcroscope
reveals the morphologte alterations 1n and around the capillaries during the
above phenomena thus completng the observations Photomcrographs of
FIGURE 1 clearly show that whencver India ink 1 mjected before the ap-
pearance of edema carbon particles adhere to the capillary wall and appear
within a short time m the pencapillary space  This acquired activity of the
common endothelium to accumulate to store and to become permeable for
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(3) The clearance of India ink from the blood stream ndicates the func
tion of the reticuloendothelial system (RFS) and of the common endothehum
if the cells of the latter acquire a transitory storing capactty such as occurs
in the case of an myury or sumulus  The carbon content of the blood vas
measured 4 times at 10 mm intenals m the 3 groups of rats that had re
cened India mk before and dunng the progress and regression of the dex
tran induced edema

(4) Alterattons 1n the capnllary endothelium and r the pencapillary space
were studied with a phase contrast microscope tn unstained freshiv prepared,
thim layers of the subcutrs immediately post mortem, scveral preparations hav
ing been made from each amimat

The expenmental sct up was such that the above 4 vancties of method
ology were apphed stmultaneously on each rat as follows

Dextran (30 mg /100 gm) was mjected mtrapertoneally imnto exch rat
India ik was 1ected mtravenousty at duffcrent ime intervals after dextran
(o) before edema formation (8) dunng the progress of edcma development,
and (¢) when the edema was fully developed

Each group of & b ¢ rats was divided into 3 subgroups and, stmultaneously
with the Indiz ik 5 rats recoved intradermally 20 pg histanune bichlor
hydrate 02 ug 48/80 and 02 ug > HT in 01 m! salme respectrvely nto
the abdormnal shin  After the mjection of India inh carbon content of the
blood was determmed by the photometric method of Heller ¢f af ¢ 0008-m!
samples having been taken from the tail van at regular ime mtenvals  In
tensity of edema formatton was registercd 1s a percentage of maximal
tensity by the method of West? at the ime micrvals shown m TABLEs 1 to 4
Each rat was sacnificed 4 hours after dextran injection and cathon accumu
lation i the skin was tabulated as described above

As shown 1 TaBLF 3 40mn after injection of dextran there was no edema

1n some rats, while i others edema doveloped at VAryIng inten tites At
this constant time India mh wa injected mtravenou vy Carbon particles
disappeared at a pormal rate from the blood of nonedemarous raty at 40 mm
There was an intense carbon accumulition at the extremuties and alwo m
the abdomunal shin where stimult (hustamme 2 HT or 48/80) were applied

In the other rats which showed edema formation w progress at 40 mm  un

wsually high carbon content was measured n the blood duning the smipal

20 min and carbon accumulation in any part of the hin was either ab ent

or of but imited tntensity 1f India snk wo mjeited before duning or afrer

the edems development the same fuctuation ire ob erved in the behas jor

of the capillary endothelium as shown 1n TABLY 2

The tesult ~ho v 1 TABLFS 1 and 2 can be ummirnzed as follows,

(1) Indw b accumulates at the extremitics where later edema develop
as well as i the shin where stimuli were ustd prior 10 the appearance of edema
At thus tune the removal of carbon from the blood proceed at a normal yaq,

(2) At the ume when edema formation 15 tn pmg}r: there 1s ng depa
sition of India nk at the lle’s of e&iema m)rdm any ot uu ;m.

(3 With the prog or diap of the edema gea,

tions of India 1ok accumulation reappear
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particulate matter has been characterized by us as  endothehal actination
since these phenoment never occur singly — High power magnification clearly
demonstrates that earbon prticles accumulate on or 1 an endothchal cell
actvated by 1 timulus rather than in the inter tices of the cells At any
moment all capillanies and 1l endothelal ccll arc not equally susceptible
to stimulation a shown al o by Alksne® i tology confirms the findings
pre ented i TABETS 1 to 4 according to which no endathelial activation ensues
if Indit ink 15 1njected duning the progress of edema  No capillary damage
15 ob erved at any instant dunng the above capillary alterations  The cap-
wlary wall and structure appeared to be normal before and dunng edema
as well 2s after the appheation of histamine 5 HT or 48/80 but the dis
mtegration of the capillary structure dots occur 1f higher amounts than 02
ug 5 HT are njected intradermally

Edema formation 1s a con equence of increased permeabiity however as
soon as the outward flow of plasma flmds Legins across the capillary wall
the endothehal cells do not accumulate particulate matter from the blood
this 15 a charactenstic feature of these cell at an earlier time before the out
ward flow begins  How far the endotheltal activation and 1ncreased perme
ability for plasma flud  are mediated by histamine or by 5 HT are the sub-
Ject of further myestigations

terations 1 the Punction of the Capillary Fndothelium
wn Histamine and 5 HT Depleted Rats

In this senes of expenments ammals were pretreated n 3 groups (1)
by depletion with re erpine? when 90 per cent of the 5 HT depots were emptied
(2) by treatment with polymyxin B'® when 90 per cent of the histamine depots
were depleted and (3) by depletion of the histamine and 5 HT depots with
48/80 pretreatment ¥

The rats thus prepared were then submitted to the experiments by the
application of the methodology described above The results presented
TABLE 3 show that

(1) In the shin of rats subjected to any form of depletion the reaction of
Indiz ink accumulation cannot be brought about by any of the stimuli

(2) In all 3 groups of depleted rats dextran elicits edema at the same in
tensity as mn the normal ones

(3) There 1> no carbon accumulation 1n the extremities or in any other
part of the shin where histamme 5 HT or 48/80 has been mjected 1if de
pleted rats recersed dextran

Microscopic examinations confirmed these observations In the depleted
rats no or very few carbon particles adhered to the capillary endothelum at

Fioure | Phases of the act vation of capillary endothelum  Photom crographs taken

th phase-cont st microscope from unstasned surviving thin layers of the subcutis  Photo.
m crographs a and b sho  adsorption of part culate matter o the capillary endothelum and
sto age of the carbo  particles by an endothelalcell  In ¢ and d m gration of carbon particles
wnt the pe icapillary space 1s shown  All of these photomucrographs are taken from capil
lanes of the foot pads of rats treated with dextran Capili ry sct vation occurs before the
appea ance of edema but not simultaneously with the edema formation increased perme

b ity being & select ve funct n exther for particulite matter or for the plasma flds © Note
that there 1 no capillary damage duning actisation

\\
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those ates of the shin where stimulators were mnjected neither could any
particles be discovered m the pencapillary space

Capillary \llerations as Influenced by Antihistamenes

Further evidence can be obtained that endothehal achivation on the one
hand and mcreased permeability for plasma flurds on the other are entirely
different features in the acute nflammatory reaction  According to a pre
viousteport M R 6847 (diaz0-9 9[dimethylamino-3 methyl propyl] 10 pheno-
thrazine HCI) inhibits the capillary effects of histamune only but not those
of 5 HT or 48/80 and 1t 15 known that R P 2786 (mepyramine maleate)
mhibits only the accumulation of the particulate matter but does not pre
vent the formation of dextran induced edema? Ammal were divided mto
3 groups

The first rccenved R T 2,86 (5 mg /100 gm ) intramuscularly 25 mun before
dextran the second recenved R P 6847 (> mg /100 gm ) intramuscularly 25
min before destran and the third received saline solution intramuscularly
25 min before dextran

Each group was divided into 3 subgroups the ammal having received
10 mmutes after dextran re pectively 20 pg histamme intradermally and
India mk intravenously 02 pg 5 HT intradermally and India ik intra
venously or 02 pg 48/80 intradermally and India ink mtravenously

‘TABLE 4 shows the results obtained  The dextran edema developed at full
mtensity  ¢ven of the capllary effects of histarmine were whibited by pre
ventive adminustration of RP 634/  Also edema was provoked by dextran
even if the endothelial activation was completely inhibited with RP 286

Remotal of Carbon Particles from the Blood Stream

Previous expettments show that dunng the development of the edema the
removal of particulate matter from the circulation 15 altered transitorily thus
carbon 1s retamed 1n the blood n unusually high concentration for about
20 min  This altered removal can be caused (1) by the retention of par
ticulate matter 1n the blood because of the absence of an effective filtration
pressure! or by vasocomstriction (2) by padequate funcuon of the RES
or (3) by hemoconcentration

The congestion of carbon 1n the blood dunng dextran edema cannot be
explained with the fall of blood pressure since this reaches its nermal level
> to 8 min after devtran has been mjected! At this tume there 15 a nor
mal rate of carbon removal from the blood therefore the carbon content
m the blood 1s not affected by the transitory fall of the blood pressure The
function of the RES dunng edema must be considered as normal smce no
difference 15 observed i the rate of carbon clearance between dextran treated
and the normal rats n both groups the carbon disappears within 60 to 80
mn It remamed to determine whether the congestion of carbon 1n the ves-
sels 1s a consequence of hemoconcentration due to the outward flow of plasma
flurds dunng the edema  To settle this question Ted blood cell counts were
made at regular time interval after dextran mjection in the rats  Altera
tions . hemoconcentration and 1n carbon removal as well as the wmtensity



spex

§ U SBUIPAL DS $IUoHaItad AT IOV | BRI JO | Bojein ounjus 13919022 SUIALY ST UD LWOYS DIB R $1ITI TS 1239 Sanoh 1)

1 20YHIOTS 3138 S|TWIUT 4} 29)J¥ ] 23151520 24T % NPILIAILXD YT UL SV [[30 5T Pash 210w 53 |06 23w Wy rnwo) WL U v
Stasmpadhal Ll 2 J6UNp | U L212 Jo 30%tad 1o 4T 22051 A L A UpUL (L [ 2139001 S 04/gE 0 11 5 (1D SUrTIE] - poiodi3 55 o
A LT S{LALNRUTIUNL UL TR (P ST GLAO] Bagw o1 Paraghip J 1 § 4 HpUT SuuTIsty Ut (WnwYLL D adyvway gy fu unuy

wlofololae A S ! I.P++T+++,, | a ¢ ) 1 usy
1 |
wiyogorug pnadiles FEE R s ST o [
0 [ i »F oo

wt joelaefoe]e 0 0 0 0 LN o) s 4 sumsg
w0 fo)olo Fhpslbr et o | s
w0 {0)0] 0 FhbH R o | oz L
i folaotaloe B R S R 1) 5 (undzosay 13y §
i jolololop i q 0 8F $
w0 {0 oD ¢ ¢ 0 8t ¥ P
w fololo]o AR S s +L_m+ u s -
oot {ololala 0 N
0D} 00 ;070 0 0 o 81 H fwid)  ounuwy igp

«n N

woalowst{IHS] B O oa gy g | ou IHS n

*t w ) gl e |oaus o

u 3 ydp 5
, wy ¥ag wp so gt | 1 aow o3y
:._..J.ﬂ R I Y fa
Rpwn oy ¥
d§ waodl/dwor v ot dI? iy

£ amav]



Gozsy & Rito Actwvation of Capillary Endothelium 51

tume plasma fluids can freely flow out into the pencapitlry space of the dam
aged arer  Identification of the st pected medutors has been approached
1 further experiments on depleted rats with the help of antthistammes

Carbon Remorel 1 Depleted Rats as Influenced by Antihustamunes
Expenments were performed on normal as well as on hwtamne and §
HT depleted rats  In all ammals the removal of carbon from the blood w1s

determuned as above  Antihistamines (dernvatives of phenothrzine) were in
Jected 23 rm before dextran
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MINUTES AFTER DEXTRAN

FIGURE 2 Intensity of edema X——3X (per cent of maximum) number of red blood
€ lis O ——G (10 /mm * n blood) and catbon content 1n bload ——s (mg /ml) of dex
t an treated ats  Ca hoicontentin bl 011 measured 10 20 and 40 min after IV inject m

{India 1 h Dols in gaph ——e represent tme when India mk has been mjected
Average readings n 10 rais

Results presented in FILURE 3 show that

1) The carbon particles are removed from the blood stream at a normal
rate if the amumals are treated preventively prior to dextran with RP 3247
(promethazine 10mg /100 gm ) R P 4560 (chlorpromazine 2 S mg /100 gm }
and RP 044 (levopromazime 750 pg /100 gm) It 15 known that these
phenothiazines nhibit edema formation and the reaction of carbon accumu
lation 4s well

(2) Carbon partwles are retained m the vessels during the pre ence of edema
when rats are pretreated with RP 2786 (2 mg /100 gm ) and RP 6847
(> mg /100 gm )

(3) The rate of carbon removal from the blood of rate depleted of his
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of the edema are shown in FiGURr 2 Carbon particles arc retained at ex
tremely high concentration mn the blood dunng the first 20 min when cdema
formatton 1» developing At thes time there 15 but slight elevation of the
RBC figures The intensity of the edema rematns Ingh for the nevt hour,
the maximal hemoconcentration being reached 30 to 40 min after the edema
hns started to develop  As soon as the hemoconcentration 1ttamns its peak
the carbon removal 1 again nearly normal

It 1s of particular interest that the congestion of the carbon particles Jasts
for but a short time and this ts exactly the persod duning which the mncreased

TABLE 4
3¢ mg /100 gm de t P Sl P
Stm | P et eatment Id ak(m ¢t fted ¢ n
Ind 13
W el w ] w]
Fdema (per cent)
RP 2786 100 [100] 5 ; 20 o 0
Rresyr | — li0/10] 0 | % | o 0
Saine Z jwojwo] 0 | s | o 0
India ik accumulation
RP2S | — | & x| — | — | — [ —
Histamne204g |RP 6847 | — | %% | — | — -
R T 2 oL = o ey Vet Piaryy
RPZS?++—++:'hJ“" v Pt
SHTO024 |RP 6 o e Dy
£51 Phal il ok A s IS PR o P e 2
|
51 N e e S Sl
5002 RP 6 FoAr g
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Intenstty of edema (per cent of matmum) as well a2 bon accumulation 1n th
where hlslaymlne SHT or 48/80 areiected 1 D Antustamine (R P 7686 or R b 659‘:;;‘)
2 ¢ ected [N 2> mun before dextran  Sumulators 1D anlInkia nk T4 are injected
2t regular time infervals afte dextran  Each mark represents 31 ¢ e readings on § ras

outward flow of plasma fluds occur and when the accumulation of par
ticulate matter 1 the capillanes throughout the «ntire body 1s inhibited by
2 mechamsm still unknown  The storing of the particulat  matter 15 by no
means concomutant with the penod of the hemoconcentriticn

1t 15 easy to assume a correlation between the alterations both n carbon
remoyal and 1 endothelial actvation since particles are retuned 1n the blood
duning the same perod 1n which there 15 no carbon accumulation in the cap
sllary wall and no particulate matter can appear in the pencapillary space
Tt seems that a mechanism 15 paralyzed that mediates the acquired apaaity
dothelum to accumulate particulate maticr and to become

llary en
gfc:.:iam\;!}:byr{’““des at the site of an mjury or stmulus when at the same
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matter at the tubular <urface of the capitlary endothelium at the very sites
at which later edema develops The particles soon penetratc and cross the
capillary walland asa sequel of the latter s incrensed permenbility for particles
appear m the pencapillary pace  We suggest the term actination of cap-
illary endothelium for this response  In normal ammals the same phenomena
can be nduced by stimuli or mjury at any part of the body , 1n dextran treated
rats however this can be done only before the appearance of edema

The reaction of endothelial activation 15 absent dunng the formation of
dextran edema not only 1n the extremities but also 1 any other part of the
shin - Dunng the penod of ¢dema formation only plasma flud penetrate
mto the pericapillary ti sue from the vessels while particulate matter 1 re
tamed by the capillary wall

Simultaneously with the edema formation particulate matter 1 retained
in the arculating blood  If India ik 1> njected before the appearance or
after the di appearance of cdema the removal of carbon from the blood pro
ceed at the same rate as in the normal rats  These alterations 1n carbon
removal duning edema are not the of hemoc 1on or of
alterations 1n hemodynamics <tnce there 15 evidence that they are not syn
chronous 1n time  The phenomenon of carbon congestion in the blood can
be related rather to the effects of hitamine and § HT  As shown above
the removal of the particles follows 1 normal course during the edema in
the depleted rats

Activation of capillary endothelum and edema formation are two entirely
different processes that are not observed concurrently  Activation can also
be separated from the edema in histamine and 5 HT depleted rats when
the endotheltal activation 1s absent whereas edema formation can be induced
at full intenaity  Turther expenmental evidences in support of this double
edged function of the capiltary endothehum are supplied by the results ob-
tained with the help of phenothiazine dernatives  With speafic inhibitors
(RP 2/86 and RP 6847) the endothelal activation 1s ab ent while the
outward flow of plasma flmd results 1n edema formation  This fact clearly
shows that the two phenomena are governed by different mediators

It 15 obvious from these experiments that as injury or stimulus occurs
the pnmary but ditinct alterations 1n the function of capillary endothelum
are the endothehial activation and edemd formation  These alierations can
not be considered as capillary damage but as a purposeful and tmmediate
defense response m case of necessity as a locahzation by the capillary endo
thelum of the damaging agents their elimination into the ground substance
of the pencapillary space and the aflux of plasma flud 1nto the damaged
area  Both the accumulation of particles and their elimination are processes of
defense and neither occurs separately logie demands the (ommon term of
endothelial activation in order to distingussh this process of defense from the
mcreased permeability for plasma fluds

How the particulate matter accumulates on the endothell surface whether
the phase of adsorption 15 due to an acquired stichiness of the cell and whether
the particles are actively engulfed by the endothelial cells temain unanswered
questions It 1s suggested by the experiments of Janeso! that when injury
orcurs the common hel 5 S d into pecal hel
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tamme 5 HT or both 15 normal although dextran «dema develops at full
ntensity

Discussion

In the extremittes of rats, sntrapentoneally administercd dextran mduced
early alterations m the function of capillary endothehal cells  These altera
trons are charactenzed by accumulation of intravenou ly njected particulate
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emoval of mtrayenously mjected India inh fr 1 th oo ! of dextray

m:‘mg:ng ml!z\\:u \mpected 60 min_ after dextzan when ¢ lema fully devel ped i ;fltaax::j
Carbon content s blood (mg /ml) 15 1 lotted against t m in minutes after

Tl ik Ry A normal rts recewe] dextran B normal rats having received anty
ol Tndin RR P 3277 RP 4560 or R 70H) snd dexttan (- reserpine treate I (3 T
d“, ted) rats haviog recerved destran D polymysin B treat d (b tamine depleted) rags
eplef eved decirar E A3/80 treated (histamine_ and SHT d tlet d cat Laym
havng Teee el O mormal rats having recenved R P 2786 (nhibits theffect { busgam ne
recrwed dextran | o 6 sormal ras having received RF 6547 (nubits only e o
foet of histamine) and 25 min later dextran
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The activated endothelum 1 reality posscsses the charactenstics of the RES
cells, namely adsorption and storage The importance of endothelal acti
vation 1s also reflected 1n the expenments of Burke and VMiles® and of Petry
et al ** showing that the first 2 hours after the mjection of microorganisms
constitute the deastve period m the outcome of mfccuons At this early
phase the only tissue defense response occurs i the capillary wall  Incom
batting the consequences of any 1njury, in elmmating damaging matter, and
i the reparatory process the capillary endothehum plays a role certanly
as mmportant as that of the RES 1tself

Stastary

Intraperitoneal mjection of dextran m rats nduced early changes in the
function of capillary endothelum as fested by the ac lation of m
travenowsly mjected carbon particles n the capillanes and, soon thereafter,
1n the pericapllary space of the face and extremities where edema develops
later This capillary activation cannot be observed at the time when edema
development 1s 1n progress and when simultaneously no India ink accumu
lation can be provoked by stmult or injury at any other part of the capillary
network  During the pro,fess of edema formation unusually high levels of
carbon content were measured mn the blood  These changes are not the con
sequences of hemodynamic altcrations ince fall of blood pres ure lasts but
10 min after dextran mjection and the duration of hemoconcentration 1
not simultaneous with the ttme when India ank was retained in the arcu
Jation Duning the formation of edema plasma flurds but no particulate
matter, appeared only 1n the pencapillary space  After histamine and § HT
depletion or after mhibiting the effects of Liberated hi tammne with R P 684+
or mhibiting the carbon accumulation with R P 2/86 edema was nduced
1n full intensity with dextran  Endothebal activation and edema formation
are therefore two different and opposite processcs  No capillary damage was
obseryed histologreally after histamine dextran or 48 80 adminstration thus
endothelial actvation 1> considered a defen e funcuion rather than the result
of capillary damage
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THE RETICULOENDOTHELIAL SYSTE
Defintions

In the introduction 1 referred to the system 1s though 1t were a perfectly
defined operational concept  In the language of semanuies the term reuculo
endothehal system 1s a very high order abstraction  Since i thts piper the
RES 15 the thing that 15 being stimulated by chemicals I must define what
the RES means here  In thes paper it refers to those (heterogenous) cells
scattered throughout living organisms n various stages of physiological growth
metabolism and decay and subjected to a vanety of localized enyironments
of which phagocytosts 15 the common measurable charactenstic

Delineation and Functions

Although m what follows phagocytos will be used as the parameter by
which to estimate stimulatory effects of chemicals there are many other known
functions of RE cells While Policard ® Halpern 7 and athers have challenged
Aschoff 5 conception of the functional unity of the RES we eek to avord this
1ssue by arbitranly studying a function {phagoecytosis) rather than a system
However no cells exist that perform only the function of phagocytosis  These
same phagocytic cells are respiring metabolizing sub trates growin, and cat
alyzing anabolic and catabolic reactions many of which appear to be of the
utmost importance to the survival of the mtal organism  Some of these func
tions Include a role 1n the f of of fib and perhaps
of antibodies® 1 detouification of large molecules and aggregates ' in
the hlling and digestion of bacteria ® ™ and 1n the breakdown of red blood cell
fragments!® It 1s quite improbable that the phagocytic index 1s an nfallible
Ley to what 1» happening to some of these other reactions that take place
simultaneously 1n the same cells  When one speaks of stimulation of the
RES one must certamly speafy carefully the biological levet (orgamsm organ
or cells) and the cellular or intracellular reaction that one 1s conwdenng since
the multiphicity of reactions m a multiphiaity of cells located n diverse physio

logical 1y ensures ek m therr to
external stimuli such as chermeat compounds
Excellent overall det of the helial system ex: ts'®

FIGURE 1 shows schematically the ramihications of the systemas a whole  Note
that the process of phagocy tosis does not appear although it 1s involved 1n each
of the reactions shown thus 1t might be considered a farrly basic reaction At
the nsk of oversmphifying FIGURE 21 included to 1ndicate a working concept of
thissystem  In the funnel portion of this diagram where partscles and solubles
lie side by side arrows should indicate the interchangeability of these 2 states of
aggregation Many examples are known of drugs that are mjected as solubles
but that finally become particles  If the role of phagocytic cells 1» reflected
at all accurately by this diagram the importance of detailed study of every
aspect of the metabolism of these cells 1s certainly obvious since they involve
decisions ay to nutnition and disease sequelae and serve as partial determinants
of normal physiological function

Admurable reviews of the role and function of the RES i relation to such
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THE RETICULOENDOTHELIAL SYSTEM I CHEMICAI
METHODS OF STIMULATION OI THE
RETICULOENDOTHELIAI SYSTEM*

J T Snell
Rads biochemistry Department 1 er Therapeutic Instute Vlayuood N J

InTRODUCTION

My assigned topic  Chemucal Methods of Stimulation of the Retsculo-
endothehal System (RES) seems rather too inclusive since chemical inter
mediaries are released by almost every type of simulus  If one were to discuss
literally the chemical methods of stemulation of the RFS one would monopolize
this entire monograph since 1n the final analysis most influences on the RES
at a cellular and phystological levcl are chemical

T shall therefore limit this paper to a di cussion of the mnflucnce of some
exogenously supplied chemical compound upon the system  In <o domng it s
not assumed that I am dealing with uncomplicated effects since {1) the admn
1stration of any chemucal or drug by a parenteral or oral route mvolves 2 var
1able amount of concomitantly administered stress to the antmal and (2) the
detailed mode of action of the chemical or drug on the RES 11 1110 therefore
mvolves 1n addition to the effects produced by the drug itself responses to
physical trauma involved 1n the procedure of admuinitration These effects
may be mimmized, but they cannot be elwminated The best that one can
hope to do 1s to make them as umiform as possible throughout the experimental
groups

The point to emphasize 15 that we are always dealing with the effects pro-
duced by a2 combmation of physiological stimuli on the RES The specific
problem 1 studying the chemical stimulation of the RES 1 <o to standardize
the procedures and the brological matenal 1s to be able to assign any changes
we absenve 1n functon to the biochemical interactions of the compounds betng
investigated rather than to bachground effects produced by the technique
such effects must be kept mmmal  Hence the multiplicity of the varables
and the complesity of the problem of e timating the chemucal strmulation of
the RES 1s immediately apparent to the mvestigator entering this field even
prior to his selection of any grien test or battery of tests for background 1n
fluences will affect drastically any assay chosen  Basically we are dealing
with a system so sensitive to external sumuli of ail types as to challenge the
very best efforts of the mvestigitor 1n devising suitable tests with suitable
controls for the analysis of 1ts normal function ,

Such diverse environmental mfluences 1s starvation? \. irraduation 2 3
y lly cond d and nenvous reflexes* and geneqicss
fect the ability of the system to react to hormones drug  nd chemica]y

en
af

f a senes of papers emanating from this dej artm nt on
s popes 1 e T oo e revcubendotheia 8 tem e effct
of
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thingsas 1 1 processes 7 5 g *7 mast cell\ ¥ swimming stress '°
and cancer ® exist  Detailed mformation of the finer processes of metaboli m
of these cell 1 laching however  Butween the chemical or drug and its me
taboli m hic the processes of phagocyto 1> and the influence of drugs and chem
1cals on phagocytosis which T now propose to consider

Teel of Organmism

A sample of the way in which phagocy tic cells are distnbuted i orgrmsms
15 shown 1n FIGURF 3 In most studus of phagocytosts the Iiver shows pre
ponderant localization although tht locilization 15 not necessanly proportional
to the total number of phagocytic cells present  Other factor  such as prox
mty to blood supply quantity of blood supply and the local nutnitional cn

ORGAN PERCENTAGE OF TOTAL _MICROSCOPIC APPEARANCE

LIVER 60
SPLEEN 5
LYMPH NODES
GLANDS

3s

CIRCULATORY SYSTEM

OTHERS

FioLRe 3 Schematic diagram of the location and af pearance of RF cells

vironment of the cell condition the relatne proportion of uptake A general
picture similar to th has been ebtaimed 1n many different ammal wath many
difierent collords and with thortum * and chromum pho phate® ?

Letel of Organ

The distribution of colloidal preparations 1n various organs has been studied
extensively for example 1 hver® spleen ® lymph nodes capillames and
endocrines  Disttibution 1n iver has been of major interest  The tendency
toward concentric localization around the central vem has bien commented
upon many times?* It has been venfied that the cells that remove collordal
particles 1n the liver are the hupfler s cells and that they remove as much as
95 per cent of the total mjected material dependmg upon its particle size
di tribution and the quantity of matersal mjected ¥ The reaction 1 extremely
rapid the matenal betng removed exponentially 1n such a fashion that 1f small

* The reveraible dynamc process of concentration and storage of metabolites o drugs
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Fievre 1 Some postulated intermeduary relationships of the RES (Duagram by E R.
Gabriel )
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BODY CHEMICALS

LIFE_PROCESSES OF BOOY

Frorre?  Schematic diagram of the functions of RE cells
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blood flow, and geometry of cells with respect to capillanes or arteroles  All
of the factors that bear on cell growth and maintenance 11 tzto must be con
sidered vartation of these factors from site to site 1 a complex organ may
produce phagocytic indices on a cellular or organ basis which vary overa large
range (w1th respect to rate}

Level of Intracellular Biochemical Function

At this level of orgamizition we are concerned with what occurs in the varnou
bol p s of the celt ‘f vessel (FIGURE 3) How
does the hage differ i ats bolic machinery and architec
ture thereof) from nonphagocytic cells? Is phagocytosis related to Q», to
proteinase activity or to phosphatase activity and what are the underlying

PARTICULATE
MATTER

SOLUBLE
MATTER

VESSEL

BACTERLM

|

Ficure 5 Schematic dugram of an RE cell sliustrating the function of its various parts

energetic reactions of phagocytosis that are affected by a chemucal or drug that
modifies the phagocytic rate? What 1s the relationship of eostmophils and
phagocytic cells to RES and antibody formation?® ¥ What reactions must
stimulate or inhubit n order to affect processes such s non pecific resistance
antibody formation allergic phenomena and other conditions that are thought
to be correlated with macrophage chemustry?

Concepts of Stimudation uith Respect to These Different Letels of
Organi atron and Heterogeneily of Cell Type
If we admt that healthy functioning phagocy tic cells are important to the
orgamism as a whole the purpose for chemotherapy of the RES should be to
produce and maintam normal healthy function of the RES as 1t eunsts in young
healthy antmals  This may involve either sumulation or depression of any of
the known functions of RES ~ One of the things that 15 done n tmmunization
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quantities of collotd are used the techmque measures rate of Iiver blood flow
For measuring the rite of phagocytosis speaifically (phagoecytic indices) 1
1z the conditions outhned by Benacerraf ef al * are conventent There
seems to be some mndecision as to the tvpe of colloid that 1s most <atssfactory
m practice carbon chrormum phosphate and iodintted denatured albumin
all having been used with sigmificant results  These matenals can be used to
estimate over all phagocy tic function in an organism an organ {by perfusion
techniques) or 1n tsolated cclls (monocytes for example) I discuss the tech
nique below under the heading Lffects of Specific Drugs

RETICULOENDOTHELIAL CELLS

PARTICLES RE CELLS T REVENT
INVOLVED MUST Og EUEEE

BACTERIA
VIRUSES

DEAD CELLS INFECTION ETC

TUMOR CELLS

CANCER ETC

BLOCD_BRAII

N [4 RENDER
BARRIER CELLS

PERMEABLE
SCHIZOPHRENIA ETC

[A"RENDER SoLUBLE
FOR FOOD

ARTERICSCLEROSIS ETC

TOXIC PRODUCTS

RADIATION INJURY RADIATION SICKNESS ETC

FictRe4 Schematic diagram of the possible implications of the fu
1n the treatment of various disease states nctions of RE cells

Lewel of Cells

One might consider RE cells as chemical factories conssting of (1) devices
for collecting appropreate raw maternials (2) fcrmentation vessely equipped wath
\nocula (enzymes) to perform many functions and (3) a product distribution
system to ditrbute end products to the circulatory system and hence 1o other
body cells (FIGURE 5)

FiourE 4 indicates the possible umphications these processes have for the
treatment of vanous duease states This paper focu es on the trapping
mechanism and the efficiency of thesecell 1 ofara w1 mfluenced by evoge
nous chemcals and drugs

In the mmediate emvironment of a cell many factors may influence phage
cytosis medum s mobility ** ¥ competitive cffects by other colloids 7 rape of
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stent and extremely varable over the course of an mfection  Hence studies
attempting cortelation must follow phagocytic function n detall a require
ment neces itating senl megsurement of the function 1n the syme antmals
that tecenne the fective challenge  If such requirements are not met the
problem of proving one to-one correspondence between elevated phagocytic
rate and elevated resistance to an actual infection becomes a complicated sta
tstical problem 1 which suitable control groups are lacking It 1> 1n such
method that the use of mbred stratns of animal 1s essential 1n order to mim
mize the otherwi € insurmountable genettc vanation 1n indvdual resistance ¢
Similar principles apply to the use of phagocytosis 1 1110 as a parameter for
estimtion of degree of sumulation produced by varous drugs or chemicals ®
Imersion of effects of chemcal stimulation as a function of dose and lest time
In previous wvestigntions of chemical stimulatron of phagocytos there 1s
another fact of importance usually investigated madequately  This s the
extension of the old and well known principle that for most porons or drugs
a cunve of a grven dependent vanable often follows a bimodal shape stimula
tion at low levels and 1nhibition at high levels 7 This observation 1s especially
apparent in enzyme hinetics where even extremely touc poisons produce
marked stimulation at very low concentritions followed by mhibition at hugh
concentrations  Semethmg similar to thes occurs with many drugs when they
are tested over a wide range of concentrations using 12 o phagocy tosis zs the
4 This ph wlt 3 1 detul below where

cort1 one 1 discussed

These general remarks on reticuloendothelial function and phagocytosts are
by way of offering introduction to and some reservations concerning the dis
cussion of specific studies that follows

Lffects of Specific Drugs

Antibtotics  No attempt 1s made here at exhaustive coverage A review of
the effects of antibiotics on phagocy tic function 1s 1n preparation™ It 1s pro~
posed here to discuss briefly some a pects of the work that has been done with
the tetracychnes as illustration of the potenttalities of interpretation 1n this
field

Early distribution studies using ultraviolet microscopic fluorescence™ indi
cated that ovytetracyclme seemed to distnbute itself preferentially 1n the
lymphoid tissue <pleen and Rupffers cells of the Iiver This observation
has been confirmed 1n detail with radioacttve tetracycline™ and with radioac
tive oxytetracychne™ That this localization might be followed by specal
effects on phagocytic properties of the cells was an interesting speculation ™
Early studies indicated no profound effect of pemcillin tetracychine oxytetra
cycline or oleandomycin on the relative phagocy tic velacity of ibred muce 2
and 24 hours following a single do e of 10mg /hg I P Although there 15 no
apparent effect under these conditions oxytetracychne has been found to have
an mnfluence on the stimulation 1n phagocytoss produced by hpopolysaccha
ndes (LPS) "

Under certain condittons oxytetracyclne reduces the relative rate of phago
€ytosis when administered concurrently with LPS  The differences are small
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imvalves the conditiomng of this system # - There are perhaps many procedures
of modern medicne that act 1 a similar manner  This possibility should
become clearer as further work 1s reported on the relation of stimulation of
phagocytic cells to pathological states

Relation of Stimulation of Phagocylosis to General Physical
Reactions of Inlerest fo Medicine

Infection has been implicated many times as a sequent to lowered RE func
tion a5 36

Important moderation of RE function 15 probable in hemorrhagic shoch ™
immunization,® physicochemical alteration 1nd homeostasis ** cholesterol im
balance ** thermal injury  multiple sclerosi> & rheumatoid arthrins,? hypo
thermua * infectiousmononucleosts ** atherosclerosis 4 dextranstorage @ cancer
and tuberculosis # these conditions have their echoes if not therr determinants
in the RES

The problem of this series of papers, of which this 15 the first 15 to try tore
view the way vanous drugs having more or less well known primary uses
medicine (vitamins antibiotics cortic ds t 1 antit
and vanous macromolecules such as hpopolysacchandes hepann, and poly
vinyl pyrrolidone) affect the function of phagocytosts when 1t 15 measured
under controlled conditions  Conversely the influence of <ome of these com
pounds on phagocy tosis may throw light upon some of the side effects or give
clues to possible unrealized broactivities of these drugs

Brief revew of techmgues  The physiology of phagocytosis of particles has
been reviewed by Benacerraf e al ¥ likewise the physiological stimulation
and mhibition of the phagocytic function of the RES have been constdered by
Heller™ and others  The following pertinent studies bearing on function have
been considered sensitrvity of phagocytic cells of liver to alterations 1n plasma
protems ® the effects of alpha radiation on function ¥ normal and pathological
s alues for radioactive gold clearance * the Mnetics of the phagocy tic process %
Aifferential eflects produced by particle size 5 dependence of process of phago-
cytosis on carbohydrate metabolism ¥ factors controlling the process®* and
artifacts n the determination of phagocytosis ** phagocytosis promotion fac
tore &0 relationship of micellophagosss and detoufication to phagocytosis ' u €
of phagocytic functions 1n m\eatlga:mg blood flow ® estimation by means of
CH and I labeled plasma pr;ﬁems effects of blockade of phagocy tasis 2 use
of prodigiosin for estimation function te ts in human patients # dyc tests
with collowdal suspenstons of speafic diameler * use of heat denatured human
serum albumin tagged with T3 o effect of size distribution on speed and diy
tribution i body 2 and function of phagocytosis n fat metabolism &

However the problem of setting up a routine screening technique amenable
to estmation of chemical stimulation and compart ons over long periods of
ume has been given relatwvely sight attention

Correlations of phagocytic rate uith reswstance The degree to which phago

15 per se has been related to resstance to nfection and other form of
C)‘g’d {)raumﬁ\ 1» shight A broad study of the correlation was rcported b,
grade! 1% Tt 1 well to remember that phagocy tic function may be lmn}

Biozz ¢l dl
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<hown to have sigmificant modenting propertics on phagocytess  However
the variztions of the ¢ effects with concentration have not heen eluctdated m
the literature

Cortisone  Cort1 one was Teported to block phagocytos: by the RES and
facts are well known that substannate the thests that corti one wall reduce the
e tance of animal to many hinds of mfection "2 18 However the contrary

Tant 1
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effects have also been observed for example cortisone under certamn condi
tions will enhance the resistance of animal "1

In an effort to help explamn such bimodal action a study of the mfluence of
cortisone and other steroids on phagocytosts was undertaken  The precise
rclationship between chromwum phosphate removal time and resistance to
1nfection i cortisone and hydrocortisone treated mbred ammals has not been
eluadated

Chromium phosphate technrigue The chromwm pho phate techmque em
ployed here has been described elsewhere ® TicuRE 6 illustrates the usual
homogeneity encountered mn a group of S animals when the test 1s performed on
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but sigmficant and reproducible In conjunction with data showing that
LPS 15 also localized by phagocy tic cells *® the possibilities of mutual mterfer
ence or mutual synergism are apprent  Further examples of this will be
discussed 1 the sectton on corticosteroids  Detailed studies of the interaction
of antibtotscs and LPS are forthcoming™  Considerable data 1n the hiterature
have been amassed regarding, the influence of antibiottcs on phagocytoss or
other parameters of the RES™% The variety of techmques used mahes
correlation of these data in tabular form difficult  Howcver the mnterest m
this field 1s en the increase for the sufficient reason that 1 general the antt

679 T TK 84 Strain ¢ 57 &t

: T% 84 T 78

No5

Rodioochivity

Time
techmque on § mice N>
ceonts when et ;fﬂl‘:mccﬁp‘o ko o sy it 1 e ey 2 PomogemeLty of
brotics have been found to have tmportant effects cithet posttive or negitive
on phagocytosts and the related processes of immumnity
T ttammns  Dffects of vitamins on phagocytosis are difficult to disentangle
from thewr general effects on nutnition However immediite sttmulatory
effects have been mdicated for ascorbie acid (1n mice) * choline ® viamin
B, and others  Again the lach of umform critera for estimating degree
of sumu'ation riakes ntercomparisons difficult  In mo t cises the stumula
tion produced seems to be transient lasung 1E>s‘:han 24 hours
Other classes of drugs The antihistanunes so;ne” Alaractic agents % %
LpS 7 and other macromolecules uch 2 bepann ‘uule,ne <ompound
foreign body partiles and other poorl}{l detined matert n‘ phagocy tin 10
m:.\ubmdm 010 promen * proper r;yl various tovin " phlorizin s
ovacaine ' polyvinyl pyrrohidone ' mucin and hpids '™ have all been
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shown to have sigmificant moderating properties on phagocytoss  However
the vanations of these effects with concentration have not been eluadated 1n
the hterature

Cortisone  Cortsone was reported to block phagocyto 1 by the RES and
facts are well known that substantiate the thests that cortisone will reduce the
rest tance of animals to many hinds of mfection "0 1% However the contrary

Tasie 1
CrPO T 15 ConTROL VALUES OVER A 2 \fovtir PERIOD
s whtm! Cs7BL mal st Strn Aml f
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Commereally supplied
1 Bred and raised 1n our own laboratory

effects have al o been observed for example cortisone under certain condi
tions will enhance the resistance of animals V16 0

In an effort to help explain such bimodal action a study of the influence of
cortisone and other sterowds on phagocytosis was undertaken The precise
relationship between chromum phosphate removal time and resistance to
mfection 1n cortisone and hydrocort: one treated mbred ammals has not been
eluadated

Chromsum phosphate teckmque The chromum phosphate techmque em
ployed here has been described el ewhere ® FiGURE 6 illustrates the usual
homogeneity encountered 1n 2 group of > ansmals when the test 1s performed on
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2 single duy weth inbred strains  The vanation encountered 1n control values
from day to day 1s reflected 1n the data of TABLE 1

Importance of wniform ammals for phagocitic lests  No study has reported
comprative data on the extent of daily vanation in average phagocy tic rates
within varnous types of animal colomes  During the past 5 years we have
studied this inherent and conditioned varability  We have compared ran
domly bred commercal wild strain with inbred (from brother sister mating)
ammals produced 1n our own laboratory (TaBLE 1) Since large vanations
were encountered mn commercial Swiss white males ¢ven when ammals of
uniform sex and age were tested 1t was determmed early to deal only with
carefully standardized hybrd and pure inbred anmaly produced withmn our
own lboratory from brother <ister matings  The groups were selected with
respect to uniform scx and weight and preconditioned, for at least 2 weeks to

Taper 2
Tue I'reret oF Variors Steroms AT Constant Dose on Reramive Rarrs
op CIROMILM PHOSPHATE REMOVAL IN STRAIN A VMALES

€ mpou d Rlat erm I tet
Su pending agent} 100
11 Deovycorticosterone 100
Corticosterone 145
I tiocholanolone 110
3 a Hydrotypregnane 70 anc o5
Reichstein s compoun =0
Hydrocortisone 190
Cortrsone 135

Intrapentoncal admimstration 05 mg /kg  chromm phosphate injected 24 hours
later  Each number represents 10 ammals
T Untreated normal controls atbitranly set at 100 Relative removal rate
T 14 control group
T 15 test group < 10
Pfizer susp nding agent 09 per cent benzsl al ohol 69 per cent NaCl 04 t
T\\xu-n 80 05 I;)" cent Na carboxy methyl ceflulo e per cenf

the testing laboratory prior to test to obviate the hnown large effects of stress
on the arculation and phagocytic mechanism  being mersured ¥ The testing
laboratory 1> an air conditioned temperature and humidity controlled ammal
room  Under such conditions standard devaation of phagocytec rates within
a group of > amimals were routinely of the order of » to 15 per cent  When
special care was needed 1n assaying small effects the method of <erml deter
mination on randomuzed groups of hitermates in which cach ammal could be
used as 1ts own control was used

Lapersmental results  In studying the actrvity of the e steroid  seyqra)
questions were of specral intere t (1) How spectfic were the stmultory or
mhibitory effects enc 1?7 W the ¢ ph) phite procedure
used subject to large numbers of false positives (pmducedd perhap by collordu]
structure or dispersion)? W ould the techmque respond to specific chemca)
structures> Also what are the cundmon: {such as dosagc range and route)
under which stimulation may be produced
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With regard to all but the last of these questions TAnLr 2 presents data
supgesting that the test has rather marhed specificity  Three compounds pro-
duced a rather prolonged stimulation of the removal rate (>24 hours) of
corticosterone hydrocortisone and cortisone A group of 33 other stcroids
tested 1n a umilar program ga\,e csscnua]ly negatine results The effects

duced by these 3 comp e considered to bu highly al
tlmugh the exact mechanism by \\.hlch they were produced 1s not clear

Taste 3
Tue Lerzcrs of Vawots Levers or Coutouap S Ao Conts one
©ON RELATRE RFMOVAL RATES t» CSTBL Mate:
Cmpo d ,ﬁ:‘/k" Rit m 1t
Su pending agent — 100 + 3
0S5 69 =64
Compound § 50 55 & 20
500 145 =13 4
[ 3 145 + 16 0
Cortisone 50 HIx97
50 0 154 £72

Indicated dose given twice at 24 hour intenals intraperitoneally to 20.gm mice n 04
ml suspending agent 24 hours following the last dose chromium phosphate half imes were
measured

Tanie 4
‘Tre Evrects oF CovsTANT DoSACF OF CORTISONE HYDROCORTISONE AND REICHSTEIN »
Conrounn S oN Curosius PriosPHATE 1 FyovaL

Cmpo d Rout Rt mor |t
Suspending agent 1P 100+ 50

1sone ir 110
Dihydrocortisone ip 170
Compound § 1P 64
Suspending agent 1y 100 £ 10 0
Cortisone 1v 210
Hydrocottisone 1 186

Measured 1 hour following admunistration of § mg /hg to 20 gm C>7BL mice

Although these effects were more difficult to demonstrate on commercially
supplied wild stratns because of the nherent variations i removal rates the
effect way first picked up n commercil Webster Swiss albino mice and has
been repcated since n stran A and in the hybnd stran LAT LABT  The
effect 15 quantitatively less but sull present m strun C>7BL  However
because of the greater umformity of stram Co7BL (Tanrr 1) the effect was
studied further in this stramn

Swnce a great deal 1s known about the relative bioactivities of Reichsten s
compound S and cort1 one free alcohol ! ! their relative activities n this test
were a point of interest (TaBLE 3)  As with strain A males the fitst effect of
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compound $ was an mhubition of removal rate, homever at very hugh con
centrations some stumulatory effect was obtamed  Simlarly, compound §
demonstrated no antsphlogistic potency until 2 large amount of 1t was pres-
ent?  Cortwone free alcohiol en the other hand, produccd stimulation at alt
fevels m these expeniments, but the stmulation did not prove to be propor
tianal to dose withim the range of 05 to 500 mg /hg

1§ activaty such as that diplaved i TaBLF 3 occurred, the compound was

Tante §

Lereets oF 4 Coxroysps 0¥ ReLATIVE Reyovir Rates v (3/BL Mice
1 Hour ForLowinG INTRAVENOUS ADMINISTRATION

Dose
Compo d mg (kg
l as sa

Suspending agent 100 % 10 100 % 10
Compound S 103 x 10 105 & 20
Hydrocattisone 13 & 20 222 % 10
Cortisone 195 & 20 167 = 20
Progesterone 8 % 50 R

Tantr 6

E¥FECT oF COMBINATIONS OF LIPOPOLASACCHARIDE AnD CORTISONE ACETATE O° Rate o7
REMOVAL OF CHROMIUM PHOSTHATE

R1t emo Irt
Compound S
E pe me t1 | E per ment 11
—————— ———
I-
Suspending agent 100 1 100
Hydrocortl one ng , 5
Cortisone. ! 85 90
Cortisane acetate i 8> 5
Cortisone a etate + LPS ) 2 120
LPS 190 13

‘Al compour ds wese adnuaustered mtrapertt neally |10 g 1he 11 polyea charade (LDS)
«was admmnistered with the cortisone acetateatales | f10mg kg Chromum phosphate
palf t mes measured 23 hours later

mvestiguted for activaty at shorter penodd ¢f time althoush such measure
ments are less speafic due to stress effects on the 1t 1ABLE 4 \ummarnzes
the data obtawed v hen chromum phosphate removal w1 measured 1 hour
follo ving m\rapemuneal and mntravenout Inction { the sturoid

TanLE + shows that the stumutanion found at 24 b ur uiturred al o as carly
a5 1 bour and could be produced by intravenous > »etl as mtraperttaneal
adrum trationt Furthermore blockade by compound S 4is6 was apparcnt at
1 hour A new feature #as the 1ncreased acinity of Lort on when given by
the mtravenaus Toute Whereas 1t had almost no actvity relative to dihvdro
cortisone at 1 hout traperstoneally 1t show ed fully comparable actuity 1
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travenously When a dose of 50 mg/kg wis admusterid intravenously
severe blochade occurred

The diffesinces 1 the spectfic actoty of cortt one and hydrocottisone when
given by the intravenous route are md:cated 1n TARLE >

Cortrsone produced a greater effect on the 1 hour half umcs at a signifi
cantly lower dosage than did hydrocortisone  Progesterone had no stimula
tory effect 1t produced 1f anything an nhibition but the standard deviations
of these groups were huge compared to those administered sterord compound
Apparently there was a great deal of 1ndividual vaniation i the response of
these ammals to progesterone under the e condittons

The decrease i effect at $ 0 mg /kg over the effect at 0 5 mg /kg showed
the pre ence of an overniding second factor which at levels higher than 50
mg /hg resulted mn whibition of relative removal rates  This effect seemed
to aclieve 2 plateau around 10 mg /kg for a single dose regimen It s inter
preted as due ta a blockade of the Kupfier s cells that are maily responsible
for the chrommum phosphate removal

LPS matenals can overcome the blocking effect of high doses of cortisone
acetate (TABLE 6) They produced sumulation of removal rates 1n the pres
ence of both the mild and marked mhibition produced by high levels of corts
sone acetate

Drscussion

A discussion of the chromwum phosphate test as used for these studies has
been published elsewhere ® and useful discussions of the factors mfluencing
phagocy tosts of colladal particles are in the lterature 3 1™

The mechanism of stimulation or inhibition of the rate of removal of chromic
phosphate from the blood by cortisone and hydrocortisone 1s not clear for the
followng five reasons

(1) A matenal that coats esther the phagocytic celt or the colloidal partice
may affect the rate of removal by altenng the charge the interfacial tension
or specific chemical affimities

(2) A matenal that stimulates the metabol: m involved i producing energy
for phagocytosss may stimulate phagocytosts one that mhibits these processes
may mhbit 1t

(3) A matenal that alters esther the rate of blood flow or the geometry and
time of contact between collotd and phagocytic cells may affect the phago
cytic rates

(4) A matenal that furnishes opsomc factors for phagocy tosts may stimu
late the process

(5) A matenal that increases the abilitv of phagacy tic cell» to digest phago
cytized matenal translocates them to a more favarable posstion or one that
stimulates the production of new phagocytic cells from precursor cells may
produce stimulatory effects

No attempt 35 made or wnferred here to relate the parameter of relative re
moval rates directly and solely to phagocytosis because of the multiphcity of
possible mechanisms suggested above  The susceptibility of the process to
arculation time was not considered to be an mp drawback in these
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studies  Circulation time and circulatton dynamics tre extremely important
factors w determining how rapdly a matenal becomes phagocy tized and prob
bly should be included i sn tero attempts to relate phagocytic rite to resist
ance Thus anymarhed effect of a compound on airculation dynamics through
the Iiver or 1n arculation times would most hikely be very pertmnent to the
raprdity wath which imvading bacteria were sequestered by the elements of the
RES

In conwdenng the speatficity of the test the fact that there are very fen
compounds that will alter the removal rate significantly and retain an effect
after 24 hours duration (see TABLF 2 and 1ts context) 1s very sigmficant  Thus
1t would appear that the frequency of compounds possessing the ability to
produce either prolonged changes in circulation dynamucs ar changes wn phago-
cytic dynamics was comparatively low in the senes of steroids tested

It may bc stated in pa sing that the number of positnve or negatine
indications from the chrorum pho phate phagocy tosis test increased as the
testing time approached closer to the injection of the test compounds This
phenomenon 15 especially true in the period from » min to 1 hour It 1s prob-
bly due to a composite of effects uch as stress due to handling and <hort
term activities on both arculatory nd phagocy tic <ystems that do not per
sist  The 24 hour test employed however does give a rapid and practical
method of indicating antagonisms or synergt ms between drugs (for example
LPS and cortisone) and of evaluating roughly the biological ntenstty of the
total effect

It has been shown by others' that high doses of cortisone gnen to Swiss
albmo mice produced marked whibitron of phagocy tic veloaty  The effect
was very shght at 2> mg /hg, but very marked 1t 250 mg /by, In Ca7BL
mice the latter dose produced marked mhibition immediately and 1 hour
follow1ng, admunstration but the rate had rcturned <ubstantially to normal
at 24 hours  Hence 1n studies attemptin,, to correlte phigocy tic mhibitron
with increased susceptibility to 1nfection it 1s of the utmo t importance that
one follow phagocy tie rates continuou Iy prior to ind follow g adminstration
of the nfecting dose ¢specially when deahng with high doses of cortisone
where the mmtal effect 15 blocked but the latcr (ffect may be stmulation of
phagocy tic velocity  Tor these rcason  corrdlation of removal rates with
resistance to infection will require repeted 1 ave of removal rates  The
capacity of a compound to produce or maint un rapid phagocy tosts throughout
an wnfection 15 possibly related more clo ely to 1t effect on survival than s
ab ity to produce a transient stimulation o phagouvtic rate prior to nfction
ast d by 1 single & ronof remeval v« Thus mucin admimis
tration to muce partially blocked phagotyto 1 comadentally with ths a
decrease mn resistance to challenge by Staphnlec ceus aurens exsted  (hy 15
the famous and well known abihity of mucin to enhan ¢ virulence 13 Jf ype
phagocy ic rate 828 measured 12 hours following muan adminstration b,y
ever an increised rate was found‘ subseqquent chillenge of the ammals n
indicated an mcrea € resitance N

As previously pomted out miny compounds other ;}mn cortisone and hy
drocortisone have been proved to produce bc;h 1fn)u mtors and stimulatory
effects (not necessanly 10 that order) as a complet function ot the dose and ,f
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time of mensurement following admum tration  Wath corti one both effects
(blockade 1nd stimulation) were seen within a 24 hour penod following mtra
venous mjection of the proper {large) do ¢ both effects were produced with
11S but as much as 2 weehs wis required to trace them fully following
single do ¢ (Snell and McBnde unpubli hed datn)  To follow such changes
the chrommum pho phate test utihzing small amounts of colloxd was con
sidesed to mnterferc least with the phagocytic < tem under condiions of
repeated measurements wn the same group of 1mmals ®

From the standpoint of prophylactic or therapeutic u e of corticosterond
it may be well to guard against overstmphifying the sination  Low levels of
cortisone and hydrocortisone m1y produce beneficial stimulation immedsately
folloning admmistration It 1v well to remember howeser that mdiidual
differences as to what would constitute a low dose of cortisone make this fact
very difficult to apply 1n a practical situation  If human re ponded as um
formly to these compound as do strains of brother sister mated mice the
application might be possible

For the sume reason 1t 15 dufficult to assess what constttutes a bloching do ¢
10 an mdnideal case  Ttas possible that a Blocking dose may vary by lor 2
orders of magmitude depending upon the state of health of the individual
The fact that cortisone blocks phagocytosis at high levels immediately or
several hours after admimstration must not be interpreted m a prophylactic
situation to mean that thi effect will predominate no matter when the ammal
recenves an miectine challenge  In a therapeutic situation 1t does not mean
that the pre umably unfavorable effects of a temporary blochade will neces
sanly pred over the bly b | effects of the sub
sumulation It would seem that everything may depend upon a complex
function of the relatine virulence of the infection and the time required for
stimulation to succeed the blochade  Of greatest importance perhaps s the
period of time over which stimulation may be maimntained

These speculations of course have excluded consideration of the sarious
other functions of the RES such as the general health of the macrophages
with re pect to their ability to hill the phagocy tized matenal and the degree
of phagocy tic translocation of virulent orgamsms that may result 1n other foct
of infection  In himiting the scope of the € speculations to the possible rela
tionship betneen removal rates and tnfection we merely recognize the fact
pamnted out by others® that the parameters imolved 1n the phagocy tic rate
are at the present time easier to study t# trze than are those of phagocytic
metabolism and translocation

Stmnary

The necessity has been stressed of defimng the RFS carefully n terms of
biological level (animal organ cell or intracellular processes) and function
(such as phagocytosts and metabolism) tn order to discuss stmulation of the
RES n an organized fashion

‘The possible implications of stimulation 1 terms of 1ts relationship to de
sirable chnical ends have been described

Studies of stimulatory effects on phagocytosts produced by low concentra
tions of certam corticosteraids led to the five following conclusions
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(1) Cortisone and bydrocortisone at levels below > mg/kg produce a
marhed stimulation in clerrance rate of chromtum pho phate from the blood
of C57BL, stram A and T AT LABT mice  The cffect peransted longer than
24 hours

{2) The effect seemed to be relatively specific since compound S proges
terone deoxy corticosteronc ettocholanolone, 3-w hy droxypreg 20-one and
33 other sterotds screcned showed no such effect  Corticosterone produced
the effect to a smaller extent Compound S produced some stimulation at
very high levels (rinLE 2)

(3) Al of these compounds at igher dose> (250 mg /hg } produced blach
ade

{4) Speculations were made concerning the implications of stimulation and
depression of relative removal rates mn mfectious processes 1t 1> suggested that
the bhimodal action of cortisone and hy drocorttsone on phagocy tosis as a func
tion of dose level may help to explan conflicting observations as to the delete
nious ot benefictal action of cortisone tn disease processes

(3) Ttas still too carly to discern a unifying prnciple or corelation between
the rate of phagocytosts and the varous activitics of large groups of drugs
however some apparent relationships can be postulated mn the case of certam
ndividual drugs such as cortisone
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HORMONAL INFLUENCI ON LY VMPHOCYTE
DIFFERENTIATION IROM RFS CELLS*

Thomas I' Dougherty Aartha L Berhner, David L Berliner
Department of Anatoms Uni ersity of Ulah College of Medicine Salt Lake Csty Ulah

Introduction

One function of the reticuloendothehial cell 1s to act as the progenitor of a
vaniety of more highly diffcrentiated cells  This function of the reticulo-
endothelial system (RES) has recenved Jess analy ticil attention than ats phago
cyticactivitics  Lattle1s hnown about the factors that influence differentiation
and maturation of the lymphocy tic elements ansing from RES  For some
time we have been interested in the roles of hormones as they fluence prolifera
tion maturation and de tructon of Iymphocytes! Analy es of larse
amounts of data pomnting to the ways in whech certain corticosterods exert
thar nfluence on lymphocytopotesss have provided us with some concepts
that cn be subjected to test

In order that our interpretation of the experiments reported here may be
understood a bricd review of present hnowledge of the action of cortrsol on
lymphatic tissue 1 presentcd  The details are given el ewhere 1n papers and
reviens! ¥ Analy es of our own data and tho e presented by others as well
ndicate that the steroid hormone cortisol inhtbits mutosist * and by removing
cytoplasm brings about morphologi. maturation of the lymphocytes® If
these effects progress far enough Iymphocy tokaryorrhexs 1s produced * ¢
The e effects arc do e-dependent 7 which indicates that there 1s a threshold
amount of hormane 1n order that these lymphocy tic responses can occur?

In turn 1t s al o evident that lymphocytes of differcnt degrees of maturnity
respond differently  Thus medium sized 1nd <mall lymphocytes are more
susceptible to cortisol effect than immature or reticular fymphocytes*  There
fore, the extent of hormonc effect 1 detcrmined by two factors the amount
of hormone avulable and the state of matunty of individual cells acted upon
For example 1f a constant amount of corti ol 1> adnun: tered the organs con
taining the largest population of small mature lymphocy tes undergo greater
ymolution than tho e contaning more mmatare 1nd reticuloendothelial
cells 2748

Lymphocytic dissolution ? 15 a direct effccet of cortisol and 15 not dependent
upon extralymphatic metabolism ot the hormone  Thus direct time lapse
cmematographuc phasc microscopic studics demonstrate that when the do e
of hormone and the number of cells acted upon ts held constant there are
graded effects on different cells of the rop tudied ® Small Iy mphocy tes are
destroyed nd completely denuded of «viopla m mcdum sized celly hed
cytoplasm and demonstrate nuclear shrinkage but not death Reticular lym
phocytes show Little 1f any morphologic Tespon ¢ to cven lrge doses of hor
mone

The onk et 1 s o SR L s o The A
?Y::f;:mogen:su No 34 6216) Publc Health Service Bethesla A1
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Tymphocytic Metabolism of Cortisol

It w1s established m our laboratory <ome time ago that lymphocytes are
able to mctabolize cortisol to cortisonc 1 It also appears that cortisol 15 the
hormerc that di plays the moderating influence on lymphocy topoiesis and
that corts one 1 such 1n not simdarly effectine It cn be transformed back
to cortrol which then exerts lymphocytoporetic mhibition  The fact that
Iymphocy tes have the capacity to reverse the enzymanc transformation and
product. corti ol from cort1 one 15 presented below

Thus therc 15 a reversible enzyme system (1180H dehydrogenase) 1 the
same cell that can produce or mnactivate the molecular structure necessary to
bring about the cell s own maturation and death  In a sense then the cell
can control to & degree 1ts own stepw) e maturation

Data presented elsewhere'® show that immature lymphocytes can transform
cortisol {active) to corti one (nactive) to a much greater extent than mature
cells It 1s 1 reasonable assumption therefore that this 1s 2 major rea on
why they are able to resnst the effects of cortisol ~ The estent of this resistance
probably 1> demanstrated best 1n animals gen lethal doses of cortisol i which
reticulat lymphocy tes and RES cells alone persist 1n the lymph nodes ®  The e
persistent cells then serve to repopulate the lymphatic organ by heteroplistic
differentiation ® Thus a progemtive seed bed 15 kept 1n order to mamtain
adequate lymphocyte population  More mature lymphocytes have less capac
1ty to transform cortisol to cortisone This may be due in part also to the
fact that they are de troyed rapidly by cortisol

Cortrsol then 1s the hormone which regulates the rate of mitosis and rate
of maturation and death of lymphocytes  These effects are linear 1nd progres
sive 1n the sense that the population of cells turns over because corttsol can
elimimate the more mature elements provide maturation of intermediate cells
and undoubtedly bring about subtle changes 1n reticular lymphocy tes

Methods

Preparation of lymphotic tissues  As corti ol most actively destroys the
most mature lymphocytes mice were treated with large amounts of this hor
mone for a long peried of ume (9 days) after which the lymphatic organs were
temoved and studied as descrnibed below  Also 1t 1s hnown that thyroxin
produces reticular hyperplasia of lymphatic organs' therefore the enzymatic
ability (1180H dehydrogenase) of thymic cells that are present after the treat
ment with cortisol or L truodothyronine was studied i the following manner
the thym of muce to be stirdied were minced and placed 1 incubation flasks
contaning phosphate buffer pH 74 and cortisol 4C* or cortisone 4CY% and
mcubated for a perod of 3 hours at 37 C

Ench tissue sample was divided in two one part was mcubated with cortisol
4C* and the other with cortisone-4C* for the purpose of ascertainng the
ability of the cells to interconvert these two sterodds  Thym: of saline treated
mice of the <ame strain were incubated 1n the ame manner as the controls

The extraction procedures' and the chemical determination and 1dentifica
tion of the steroids 1solated from the mcubations were cartied out as previously
described 2 B
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Results and Discussion

Trom TanLE 11t may be seen that trentment with cortiol ncreased by about
246 per cent the ovidation of corusol to cortsone, honever this <ame tis ue
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did not sigmficantly change the contersion of coresane o torusol (redy yny
same period
m’}}}‘fe o poite effect was found to occur when mice Were treated yyy, g 5,
M tmogothyromne for four days that 1s a marhed merease sn the cony gy 1o
ﬁ{ cortisone to £ortiso} Was ohserved with no sighmtieant Chan,L in the cony pe
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1on of cortsol to cortisone It 1 well known that the reversibikity of 11801
dehvdropense sy tem activity 15 influenced by addition or depletion of reduced
and oxihzed coenzymes (I N\ andror TI N DPNH and/or TINH}® Tt 1
sug,ested that thyroid hormone can mihe vaitable reduced coenzyme to the
enzvme system and thus favor mantenance of cottisol in the active state and
0 addibon tend to incrcase conver won for corticone (inactnne) to cortiol
(acine) By these two mechannms there 1 a greater concenitrtion of active
maturing hormone avallable  The oppo ite would be the case for prolonged
oversupply of corti~al (particularly) 1f the action of this hormone 15 not coun
tered by the thvrowd hormone  That thisis the case for growth and involution
when evaluated by weight and nitrogen content of lymphatic organs has long
been hnown "

Tt has been hown previously that LT 3 can increase the conjugation of
corticosterone m the hver by marasing the reduction of ning A (Berhiner
and Dougherty in this monograph) 1t has alo been demonstrated that corty
<one can be reduced to dihvdrocorti-one faster inanimal treated with thyroun
probably through an increase 1n the fevel of TPNH -+ H® Thus we can
say that LT 3 can influence two completely dfferent enzymic reactions in two
different tieues by increasing the capacity of the tissue to reduce the sterod
incubated that 15 n the thymus from corticone to cortisol (reduction 1n post
tion 11) and 1 the Iner from cortisone to dihydrocortisone (reduction
positions § 5)

The oppo ite effect occurs i thymus when the anmals are treated with
large amounts of corlsol 1 the cells left after the treatment cannactnate the
cort1 of faster probably through an increased avarlability 1n this celt of oidized
COENZYME NECESSAMy 1o Convert cortnol to cortisone

It 1 therefore postufated as shown m FIGURE 1 that the lymphocyte con
tamns a redox svstem (1180H-dehydrogenase) that depending upon the con
centration ot avadability of oudized and/or reduced cocnzymes determines

the state of diff and rates of prolify and of lym
phocytes  Cortrol 1s the molecular form prol and enhanc
mg 1 Y is d by cellular ond of corti~ol
The greater avalabiuty of reduced coenzyme enhances the cortisol matunng
effects by the oxd of this d
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Trom TABLT 1 1t oy be scen that treatment with cortisol snercased by about
246 per cent the oxdation of corinof to cortisone however, thes same tissue

Tabre 1
INTERCONVERSION OF CORTISOL AND CorfisonE BY Tiswts
0 d ot
Tr stme ¢ w10 e s ¢ AT b o
Saline 009> 0 100
Cortiso) Q329 0 128
£ tewodothy rontne T 100 ¢ 248
Conyersion of corbisol ~ costisone
+ Conversion of cortisone ~ cortisol
Incuhation of 1 5§ muhl/100 mg of tissue
Maturation -

?Hzoﬂ ":HZOH
¢o €=0
Ho oK {Corhiso)) 0 <, OH
Oxid Coenzyme
B
v
Red Coenzyme
CORTISOL {1-3) CORTISONE

ticvre 1 Reversit le enzyme system (11801 Jchy Ir gena ¢) in thymu,

did not sigmficantly change the conversion of Lortivone to cortisol (reduy ton)
n the same per
! The uppogw effect was found to gccur when mice were treated with 0 2y

1 truadothyromne for four days that 15 a marked increase i the canver 1on
’;( cartisone 10 tortisol was abserved, with no gnuficant <hange in the cany er



THT RETICULOFADOTHELIAL SYSTEM CORTISOND
AND THYKOID TUNCTION THIIK RLIATION TO
NATIVE RESISTANCE O INCTCTION®

Max B Lune
Henry Plipps Inshitte Unersity of Pennssleama PLilsdelpha Po

While the uitimate natuse of sesistance to the chrome diretse tubereulo s
stitl remuns efu e there 1s hittle doubt that one of the mo t deasive factors
1 the progress of this dr ease 1 the fate of the baailh within the mononuclear
phagocytes the reticwtoendothebalcell  In the final wnaly sis it 1s the respon ¢
of these cells to the iy sted mucroorgamsm, with or without the syncrgt m of
body fiwds and the problematicat humorat ot clivlar antibodies that deter
mines whether the result 18 an mappannt fecing micchion o a fe'minating
and fatal tuberculo 15 or a fong-drawn-out chrome di ¢1se with us alternating
penods of remt sion and exacerbatian It 1 the purpa e of this communs a
tion to mtegrate the host parasite mteractions of these celt and the spread of
the aailh from the portal of entry to the druning ly mph nodes in untreated
Inghly mbred natmely tesistant and suscepuible rabbits and the effects on
thee host preasite rdationships of corti ane and thyrotdectomy on the one
fund and hyperthyroxlism on the ather 1n wmbred rabbits of urform resist
ance

AMarFrRis ann Mrtnons

The model of quanutative awborne inhalation nfuction of human type
tubercle ba sl H37Ry wa used s rabbits of known different genetic re sstance
to tubercuiows?  The fate of the baaith 1 the ndindunl leson 1 the ungs
1 the drawning lymph nodes and 10 the <pleen was studied together with the
correfated 1> ue recpon e at different intervals from 1 day to 4 wechs afier
inhatation  In ad hion it untreated matnvely resi tant and usceptible rab-
tits the ¢ host parasite relationships were mvestigated 2 month<? and 1 ye.r
after miection® It mu t be empha 1zed that tven 10 the most susceptible
rabbus the dica e thus produced regres ed and was not accompanid by
sy temic toxic mandestations  Swmudar pro cdute were used w the studies
on the effects of cortisone admmstranon® ® and alter tion of thyrowd functions ?
on theee host parasite relationships  Needle s to say 1 each of these latter
expuiments the host parasite refation fps i untreated sibbng of a given
race and of a glven genenic re )stance were tompared with those of cortsone
triydothyvronme  and thyroune treated or thyrodectomized rabbits of the
swme race simultaneou Iy Lxpoted 1o the quanbitanve ihalation of the sume
aerosol of human tubercle baull

Th wolkrport 1 nths pape was supporte} 1n part Ly Crast E313(C6) from the
Nateon !r\ ttute of Alle gy an Tln(tﬂmu 0O Fcasws [u‘y;u‘ l(c);\\h Ser 1ce Belh):sda Md
and 1 pa t by grants t om th Com muttee on M dic | Research of the Amencan Trudeay
Soc ety Medieaf Section of th N'mom;\ Tu erculous Assortation Nev Yok N} and
The Comn niealth Fund N w N
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FicuRE 2 (a) A pertion of an early tuterculous forus 1n the lung of susceptible rabbut
Cl4 5 two neehs after the quantitative inhalati 1 of an estimated 35 400 tubercle baall
Numerous tut ercle bacili many of them 1n the form of very dense sheins swarm in the intra
alveolar ph gocytes 1envascular accymulation [ m nonuclears with some | acill 15 seen
in the upre  1ght corner X465 () An early tul erculous focus wm the lung of resistant,
rabhit ITII 4s70 two weeks after the quantitative inhalation of 35 700 microorganisms  Mod
erate numbe s of tubercle bauill are seen in the intra alveotar phagotytes Only one small
sher indicat d by the arrow can be seen in the upper alveolar pace which is infiltrated by

umerous poly morphonuclear feuhocytes X465 (c) P imitive les on 1n untreated rabbit
Ca5 10t o weeks after quantitats ¢ tnhalation of tubercle baclh  The a rows indicate the
me ger numbers of muc corganssms thun the phagocytes X360  (d) Primuty ¢ lesion 1n
thelung of C 59 a cort sone treated Litermate of Ca5 10 shown 1n ¢ fwo weehs after inha
laton  Numerous mtracellular bacilh are found wathin the phagocytes X360

85
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Host Parasite Relalwonships 1n Unireated \ atuely Reswstant and
Susceplible Rabbils

Fioure 1 ustrates the fate of human type tubercle baailt in the hungs of
the natively susceptible race C and of the natnvely resistant race U1 at differ
ent mtervals after quantitative mhalation of human type tubercdle bactlli On
the ordtnate are plotted logarithmeally the ratio between the number of bacilli
recovered from and the number sceded m the Jungs ar differcnt miervals
following mfectton It s evident that early in the course of the infectton and
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LOGARITHNIC SCALE

RESISTANT RACE Ml o
SUSCEPTIBLE RAGE C =~
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RATIO BETWEEN NUMBER SEEDED AND NUMBER RECOVERED

T3 7 1 2 » DAYS AFTER INFECT(ON i

Fioure | Population changes of human type tulercl 173l (H3/Rv) w th lungs of
a1y resstant and susceptible fabbits at dferent ant coats atie o) un th lungs of
infection (treated culture)

long before speciic acquired resistance become  mamfe t mbred natrvely
restant rabbits hubit the accumudation of whated human tvpe tubercle
baalll 1n the lungs 20 to 30 times more effcctivedy thm susceptible rabbuts
FiuRE 2z and b demonstrate that at the hught of biliary multipheation
1 the lungs of both races 2 wecks afier mft o the reticuloendothelnl cells
(mononuclear phagocy tes) of the resstant umls wntam vory muny fewer
orgamsms 10 therr cytoplism thin the ¢« m the susceptible 1mimals
Speafic acquired immumty develops at the 1me ime n both sace g ats
tevel 15 supenmposed on and quanttitively delurmaned by the gl nune
re wtance Thus even 1 year after infcction when the di cise bad regre ed
m both Taces the residual viable bacilli are still twentviold more numerous
n the usceptible than n the re tant antmal - The degree of heating in the
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to a vanety of infections there 1s no agreement on the mode of action of thi
hormone 1n this relation  The most widely held hypothests clims that the
ant1 inflummntory effect of the steroid enhances the dinease and 1ts spread ¥
In the infection of rabbuts by the quantitatne inhalation of human type byall
however 1t wis demonstrated that far from enhancing the pread of the baaillt
from the portal of entry to the draming lymph nodes cortisone markedly
retard therr disscminasion ® Thus 1 illustrated i FIGURE 4 The fowered
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Ficure 4 The percentage of human type bacill from the lungs that we e recovered from
thedra ing Iy mph nodes of cortisone treated and control susceptible race C4 rabbits ? weeks
after infection by inhalation

resistance of the sterond treated animals s apparently associated with a depriva
tion of the reticulos ndothelial cells (mononuclear phagocvte ) of worh of thew
mnate capacity to inhibit the growth of tubercle bacilli within therr eytopla m

This 1s dlustrated ;n Ficurc 2c and ¢ Turthermore cortisone retards the
maturation of tubercle bacilli nfested mononuclears tnto epith lioid cells
which again testifies to the reduced capauty of these reticuloendothchial cefl,
to inhibit the growth of the bacilli n their wytoplasm  Sumilar observations
by Thomas “ Rass e al **and Cremer and Watson'! suggest that steroids impair
the function of the reticuloendothelial system (RES) 1n eliminating or detonfy

ingbacteria certain of their products and other phagocytized matenial  That
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2 races at ths time 15 of a corresponding order? It 1s noteworthy that the
maturatton of mononuclear phagocytes into epitheliord cells, a transformation
that 1s umformly as ociated with the diminution of the mgested baailh, s
much more rapid 1n the natively resistant rabbit 2 indicating that the acquired
mmmunity 15 conditioned by the native resistance and 15 more effective n
genetically resistant animals

Sigmficantly the spread of the bacilli from the portal of entry (the lung) to
the draining lymph nodes 19 contrary to expectation, enhanced 1n the resistant
rabbit  FIGURE 3 illustrates this difference  Thus while 20 per cent of the
baciih present 1n the lung were recovered irom the lymph nodes of the resistant

w
]
=
z
&
m
©
o )
z
FEEIR
a3 e
< 12
w® ES
s8¢ |[E 206
)
=i
I3
) -t
-3
w <
ca
w
2u
e
g
2u
@
z>2
cF
3
2
2 -
@

7 T 2 =
[Oracem W racec DAYS AFTER INFECTION

Froure 3 The percentage of buman tvpe bacll from the lungs that were recovered from
the draining lymph nodes 1n resistant ra ¢ 111 and susceptible rac’ C ral 13

ammal 2 weeks after infection onlv 1 per cent of the baull present 1n the
lungs of the sisceptible ammal were recovered trom its dramuing nodes  Tour
weeks after infection however the bacilli in the nede of reststant ribbits had
been reduced to one twenty sreth of the numbcr pre ent 1n the e nodes on the
third week after infection whereas the bacilli in the ¢ nodes m the u <eptible
amrmal were reduced by only one half in the imc ntcrval  Trs ¢y wlent that

while the baclli i the resistant animal arc dv - cminted from the pe rtal of
entry to a greater degrec than m the su cepiihle their growth 1s much more
effectively nMibited m the metastattc fces of the frrmer

Host Parasite Relationships 11 Cortis me Treuted Rabbuts

White 1t 15 generally accepted that the admin tration of certan amounts
of cortisone and 1ts vanants marhedly reduces the resistance of many spe ies
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<hght  Frcore § demonstzates that the ncrased resstance afforded by
1mmedothy ronine 18 due to by, macked suppression of the aciumulation of
tubcscle baail in the hang of the hormone treated wmals  Frcore 6 hows
that the tran port of bacth from the portat of entry to the dramng lymph
nodes 15 enhanced ta the by peethyrord rabbies

Sunilar obwervations wer. made on <ome of thest races treated with L
thyronne  The reductin of baalary accumulation m the lung produced by

TUBERCLE BACILLUS IN } GM OF LUNG
88 5 _ 8 8

3

:
=5 o2

7 4 30
DAYS AFTER INFECTION
. TIT D CONTROL

Fiotus s The percentage of bupian type tabercle baolls from the hags that wese e
covered from the draining lymph nodes of T4 treated an ] cantrot race AD rabtits of wier
med ate resistance

BACCILI N 100 MG OF LYMPH NODE AS PER CENT OF

thyrouine 1 #Hustrated 1 Frure 7 and the mhibition of bacilary growth
vithin the retienloend sthehal cells of the Jung is depicted m FIGURE $a and b

Thus by erthyroidi m ncreases the 1es: tance of a guven race m the same
manner as natively sest tant ammals restnct the disease more thun the natnely
susreptible ansmals  In both mstances the increa €@ reswstance 15 brought
about by an augmentation of the inhibitory capacity of reticuloendothehat cells
agunst the awcumulation of the bacdh withsn their cytopla m and  conse
quently a more ripid maturation of epstheliord cefl  Assomated with this
ncrement an resistance 1n the hypesthyrord sabbit 1w an eub of the
spread of the bacillt from the site of inva won 2 relationship simlar to that i
nativelv resistant eabbits
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a correspondence ewists between the direct action of adrenocortical hormones
on cultured cells and their action mn the organism has been demonstrated by
Grossfeld !

The difference 1n host parasite relationships between a cortisone treated
rabbit and an untreated sibling of the same genetic resistance 1 of a umlar
general nature as that betwcen an untreated natively susceptible and untreated
natively resstant ammal  In both mstances reduced resistance 1s associated
with a reduced abthty of RES to inhibnt the intracellular growth of the baalh
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{TREATED CULTURE)

RATIO BETWEEN NUMBER RECOVERED AND NUMBER SEEOED

i 7 14 21 Y

30
The effect of TIT \ N DAYS AFTER INFECTION
Fioure 5 The effect o on population changes of human tvpe bacill: (H37Rv) 1
the lungs of AD rabhits at different mtervals after quantitative alrl’o;’lrc m{eclmxs )

a retardation mn the maturation of epithelioid cclls and a diminution 1n the
spread of the baall from the site of mvasion

Host Parasile Relationships wn Truodothyrontne and Thyroxine Treated
and 11 Thyrowdectom ed Rabbuts

Simce hyperthyroidism increases the bolic cellular activity an investiga
fion mto the effect of thyrord function on native rest tance was undertaken
It was found that hyperthyrodism induced by 1 trnodothyromne (TIT) or
+ thyrowine markedly mncreased the native resistance to the mception and
progress of the discase n 4 different mobmd races of rabbits chiefly of inter
mediate genetic resistance tothediea e ® The mcrement i resistance afiorded
by TIT to the most susceptible race in our colony (C) was discernible although



FIovRE 8 (o) T imitsve tuberculous focus in contro) rabt it {1 TIICH1] tno weeks after
thesnhalat p fOPDDFacill  Neote the aume ous tubercle tacill within ah eolar phagocy tes
anlth sing) shew | mucr organssms near the lowe edge of the aleolar space  The baall
n histung ha I mult {hed ¢ oih usandf Jd over thosescede] X747 (3) [nmytive tuber
culous focus 1n the thy oxme t eated rat bie I LHCH 10 a sitingof IIULEICA 1 shoymin
o 2 weeks after the inhalaton [ 18000 Lacdl A rare b cillus within an aheolsr phago-
cyte1s ind cated by the a row  The tacills sn this ling had multiphed 6% umes o e those
secded X 4/ () Primutive tuber ulous focus m the tung of tact ral bit 135+ two
weehsafte nhalaty nof 8800 ba b Anoceas nal alveolar phagocyze contains some bacill
The Faeih 1n thus fung had muluph d amery s Yot over the number seeded  There 13 ex
en ve interst tal m nonuclea Jnhiiration to the left of the alve lar pace X747 (d)
Prumit ve tubercul us focu 1 the lung n:? o ect muzed rat it TIIAS3 a5 bling of A5

s n ¢ 150 weeksafter the inhalation of 7900 bac Th  There are numerous bacdh wsthn
thealveola phagocyt s 1 ey lense shein of tuhercle bacill within one such phagocyte 13
nd cated by the arfow  The bacaill i this lung bad mult phed five hundred ,,.J‘ sixty -eight
fold over the numt rs eded There s very si ght thuckenung of the septum surroundin  this

Iveolat space X 74

0y



90 Annals New York Academy of Sciences

‘The converse of the above 1s produced by suppressing thyroid function aith
propylthtouracil or thyroxlectomy? Trcure 9 shows that the accumulation
of tubercle bacilli in the Jungs of the thyrordectormzed ITIA rabbuts 15 10 times
greater than in thetr int1ct siblings exposed simuliancously to the quantitatve
1nhalition of the same acrosol of human baailll - T1curr 8¢ and d shows that
thyroidectomy deprives the reticulocndothclial eells of much of their innate
crpacity tonhbit the gronth of the baetll within their cytoplasm  Associated
with this reduction of mhibrtton of antracellular multiplication 1s a retardation

,.% CONTROL

“1 EXPERIMENTAL

LOGARITHMIC  SCALE

DIRECT CULTURE

- T
H 7 23 2

RATIO BETWEEN NUMBER RECOVERED AND NUMBER SEEDED
~

28
OAYS AFTER INFECTION

Twure 7 Theeflectof L thyvr xin on opulation changes f human tvpe | acilh (370
R M sond Julation changts {buman tvpe | sl A1S7P5)

1n the matur ton of epithehoid tell and  marked dimmution of the transport
of the bacilli from the port il of entry to the druning lymph node us conteasted
with their bebavior m ntact sibhngs of the same genetie resistance as illus
trated 1n FIGURE 10

Thus, thyroidectomy mduces host par 1t sdationships similar to those
obtang i untreated natively susceptible rabbit and 0 Coru one treated
ammals  In all these mstances lowered re s tin <1 1 ocrated with 1 reduced
capacity of the reticulocndothelial «lll to upprc  the grawth of the baalis
\n their cytoplasm a slower maturaiton of cptthehod cells and a ret yrdation
1n the spread of the bacith from the portal of entry
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While there 15> no stnct parallel between the degree of native resntance and
the capacity for antibody formation there 1s a tendency m this direction
Thus the very susceptible race TC rabbut produces very low antibody titers
as compared with the more resistant races AD or ITI7 Thus the increased
mhibison of bacllary accumulation within the reticuloendothelial cells 1

TUBERCLE BACILLI IN 1 GM OF LUNG
3

BACILLI IN 100 MG OF LYMPH NODE AS PER CENT OF

22 33
M = | |
ke
o ¥

7 14 2
DAYS AFTER INFECTION
D CONTROL THYROIDECTOMIZED
Fiovre 10 The percentage of human type bacill from the Iu gs that were recovere

d
from the dra rang lymph nodes of thyroudectomized and control race L4 rabbits of mter
mediate tes stan €

generally associated with an increased capaaity for antibody formation agamst
antigens n general  If antibody formation 1s considered a function of reticulo-
endothelial cells then these data would lend add:tional support to the concept
that increased resistance whether afforded by the nattve constitution or an

duced by hyperthyroidism 1s an expression of the mcreased activity of these
cells and ly reduced whether d d by genetic factors
or following the admumistration of cortisone or the induction of hypathy roich m

sa of the reduced reticuloendothelial cell activity




92 Annals New York Academy of Sciences

Phagocytic Actuily and Antibody Production of Reticuloendothelsal Cells
1n Rabbuts of Dufferent Degrees of A atrre Resistance, 1n Corlisone
Treated and tn Hyperthyrord and Hypothyrord Rabbuls

Contrary to expectation, natively highly resistant race IIT rabbits cleared
therr blood stream of collodal carbon much more slowly than did susceptible
ribbits of the C or FC strams  This clearance was measured by the method
of Benacerraf® with untform carbon particles kindly furmished us bl H
Heller of the New England Insttute for Medical Research, Ridgefield Conn
and B Benacerraf of New York Unuwersity New York, N Y, and admims

w

1Y

_ -4 EXPERIMENTAL

CONTROL

N w
LOGARITHMIC SCALE

(DIRECT CULTURE)
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RATIO BETWEEN NUMBER RECOVERED AND NUMBER SEEDED

n
DAYS AFTER INFECTION
Froure 9 The effect of thyroudectomy on population chan
ges of human type 1aall
(!¥J7Rv) 1n the lungs of race ITIA rat bits at different intervals after quznulallv)epglﬂ orne
nfection

tered travenously 1n doses of 5 mg /100 gm body weight  Cortisone unt
formly retarded the blood clearance shile hyperthyrodism induced by TIT
and hypothyroidism induced by thyroidectomy appeared to have no effect
Thus there was no constant relationship betw een the phagocytic avidity of the
RES for the e particles and the fate of tubercle bacilh ingested by retrculo
endothelal cells

However there seems to be a fairly constnt correlntion between resistance
1o infection and the capacity to form antibodies  Hyperthyroidim induced
by TIT tends to increase antibody formation 1s indicated by the amount of
antibody mitrogen formed early after primary or secondary immunization with
bovine serum atbumin On the other hand  thyroidectomy definutely and
significantly retarded and depressed antibody formation to this antigen It
1:\\e1\ Lnown that cortisone suppresses antibody productton by the RES
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¢t ol first observed that thyroune reduces the half life of v globulin in rabluts
from 46 to 32 dvys It 1s undirstandable therefore that the rate of decline
of antibody mitrogen 1n the serum after st reaches its peakl 1s morte rapid in the
hyperthyrord thin in the euthyroid ammal  Conversely, our observations
on the reduction 1 antibody formition by thyroidectomy have also been
confirmed by Trapam and his co workers who also found that the half life of
p1s nely admimstered antibody s twice as long m thyroidectomized as i
cuthyroid rabbits®*  Corre pondingly the decay of antibody in the serum
after reachmng 1ts height 1s slower 1n the thyroxdectomized than 1n the mtact
rabbit 7 That corts one duminishes antibody formation 1s generally accepted
It 15 thus cen that there 15 4 close correlation between reststance and the
antibody forming capacity of reticuloendothelinl cells

Contrary to expectation the spread of the baalh from the pulmonary portal
of entry to the draimng nodes 1> greater 1n the natnely resstant than in the
natnely ble rabnt  Co dingly the spread of the bacilli from
the site of mvasion to these nodes 1s enhanced by hyperthyroidism and reduced
by cortisone treatment or thyrowdectomy — These observations are in line with
the toncept of Miles and Miles®® that one mechany m by which resistance 15
mereased 15 the diminution of the local effects of noxious agents by dispersing
them among humoral or cellultr protective entittes beyond the site of entry
I ponted out many years ago” that the allergic mflammation 1n 1mmunized
rabbits accelerates the spread of the haall: from the site of remnfection

Obviously the spread of bacilli from the portal of entry to the draining
lymph nodes whether free or within phagocytes 1 controlled by the lymph
flon which 1n tumn 1s influenced by the degree of inflammation  The more
ntense the nonnecrotizing mflammation the greater the lymph flow and con
sequently the greater the bacillary transport While there 1s some relation
between the non peafic mflammatory irntability and resistance 1t 1s not
constant  Thus cortisone and thyroidectomy both reduce mflimmation  The
mflammatory respon e to turpentine 1s greater in the resistant rabbit race 111
than in the susccptible race C Houever no evidence s at hand to indicate
that the mflammatory umntability in hyperthyroid rabbits 1s greater than in
euthyroid animals but the spread of the bacillt from the portal of entry to the
draimng nodes 15 greater m the former Tt 15 postulated that the increased
mhibition of baallary ac 100 within the loendothelat cells charac
terstic of increased resistance may be assoctated with the release of inflam
matory 1rntants possibly derved from the surface of the bacterra™ which
ncrease lymph flow and thus enhance the dissemination of the infectious
agent andits dilution 1n the sense of Ailes and Miles ®

At first glance the increased resistance aflorded rabbits quantitatrvely in
fected by nhalation of human tubercle bacilli appears to be at vanance with
a number of obsersations on hyperthyroid mice 1n which the mortality from
a varety of acute infictions including tuberculosss was increased by TIT or
thyrovine #*#  Howeser as pomted out by Smith and Dubos? this mereased
mortality was not due to an enhancement of bactenal proliferation but rather
to a possible increased susceptibility of the hyperthyrord mice to touns and
other bactenial products In fact it has since been demonstrated by Metby
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Discussiov

1t scems clear from the foregomny, that there are certam host parasite relation
shups that characterize resistance and certain others that charactenze susceptt
bility  Increased resistance, whether due to constrtutronal factors or to added
thyrod treatment, 15 assourted with an enhanced capaaty of the reticulo
endothehal cells to inhibit the multiplication of the bacilli in their cytoplasm
2 to 2 more rapid maturation of reticuloendothehiat cells 1nto cpithehord
cells, a generally increased capacity for antibody formatton, and a greater
dissemination of the bacilh from the portal of entry 1 the lung to the dramng
lymph nodes On the other hand susccpubility, whether due to inberent
genetic factors or induced by thyroid y or the ad ration of cortisone,
1s assocrated with a reduced capacity of the reticuloendotheltal cells to mhibit
the grow th of the bacilli in their cytoplasm a retardation in the maturation of
epitheliord cells a reduced capactty for antibody formation, and a dimmshed
spread of the bactll from the site of invasion to the dramning nodes

Most of the differences in the host parastte relationships between ressstant
and susceptible states appear to stem from differences in the degree of activity
of the reticuloendothelial cells the greater the resistance, the greater the
phystological activity It 15 noteworthy therefore that the mcreased restst
ance to reinfection was assoctated as early as 1939 ¥ with a nonspecific incre
ment of the phystological activty of the rettculoendothchal cells as evidenced
by thewr wncreased i ulro phagocytic actinity for nonspecfic particles and
their 1ncreased propensity jor division 1n response to stimuls applied 1 it
That phagocytes derived from immunized ammals without the ard of humoral
anibodies have a greater capauty to inhibit intracellular growth of tubercle
bacill than those denved from normal rabbits has been demonstrated by us
with the 1z 110 eye chamber technique and confirmed m tissue culture studies
with 1solated cells by a number of observers for tubercle braillt and Brucella
infectron 1> although not by all  No studies have yet been reported ot
whether reticuloendothelil cclls derived from nitively resistant ammals m
hibnt the growth of tubercle bacdl 12 12270 to a greater degree than such cells
derved from susceptible tumals nor 1s there authentic evidence that macro
phages denved from cortisont treated anmals suffer from a reduced capacity
to tnhubut the growth of bacteri n their cytoplasm 1 1tro  However Hsu
and Rapral® seem to have found that mononuclear ph.gocyte denved from
gunea pigs treated with TIT suppre s the growth of virulent human type
tubercle baclll 2 tatre to A much greater degree than thase dert ed from un
treated animals

That the maturation of mononuclcir phigocytes nto epithehctd cells 1
assocsated with the dimmatton of the nge ted bacteria his been fong ¢ tablished
by us and no evidence against this view ha been presented

That genetic resistance 1s assocated with mncrey «d capactty for intibody
{ormation has ben reported by numMCrou 1nve tigators as well a by our
selves® Long and Shewell * have reported that thyrotune marhedy n
creased the production of diphtherrn antitoxin m guiner gy Hyperthy
rordsm mduced by TIT mcreases antibody formation aganst bovine wram
albumin 7 This observation has been confirmed by Trapant e al%  Tj¢on
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hoid cells of mononucler phagocytes that had mgested tubercle biallh Re
duced resistance whether natine or induced by cortisone or thyroidectomy 1s
associated with 1 retardation i the maturation of mononuclear phagocytes
mto epithehoid cells  Antibody production tends to be ncreased in natnvely
rtesistant s compared with matively susceptible ammals  Hyperthyrodism
has a simular effecct while corti one and thyrowdectomy defimtely retard and
dupres antibody formtion

In contrast to stmilar expenments done m scveral other laboratortes the
mfection u ed 1 the ¢ studies m the rbbit leads to regressive lestons without
generalized lethal towc phenomena  Under these condittons hyperthyroidi m
increases re 1 tance  The reduction in survinal of hyperthyrod mice with
acute infections s discu ed and 1 interpreted s the expression of the increased
lethal effects of endotowins n thr state

It 15 concluded that resistance to tuberculosts 15 to 1 gret extent 1 function
of the physiologienl activity of the reticuloendothelial cells that the degrees
of native reststance are determimed by the level of activaty of these cells that
hyperthyrordism increnses resistance by increasing the activity of these cells
and that thyrodectomy or the administration of corti one lowers reststance
by depresing the function of these cells
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and Spink® and Bradley and Spink® that hyperthyrordism enhances the lethal
action of endotowins 1n muce, hence the greater mortality of hyperthyroid mice
from acute mnfection  The model infection under scrutiny in the present study
does not involve the death of the ammal but the ntimate host parasite rela
tions of the individual lesions that tend to regress and are not associated with
lethal toxic phenomena

Of great mterest 1n this relation are the obsenations of Halpern and s co-
workers™ on mice Suters studies m gumea pigs*® and particularly tho e of
Howard ef a! mmice All of the e mvestigators have shown that n 2nimals
vacanated with BCG or treated with zymosan®® the lethal toncity of endotoun
1s increased one hundredfold At the same time however there 1s evidence
of activation of the RES, not only from the standpomnt of its capacity to
clear the arculation of carbon particles but even more significantly, from the
standpomt of 1ts affording increased resistance aganst the multiphication of
bactena within its reticuloendothelial cells Thus a parallel 1s established
betw een hyperthyroidism and BCG vaccination, both increase the lethal effects
of endotowins yet both increase the bacteriostatic activity of the RES cells
On the other hand cort: one, which suppresses the bactenostatic effects of the
reticuloendothehal cells can protect mice from the lethal effects of endo-
toun ® % It 1s well known that hyperthyroidism potentiates the physiological
effects of epinephnne It 1 also generally held that the lethal effects of
endotowin are partly due to 1ts profound effects on the vascular system pre
sumably by changing the reaction of smooth muscle to epmephnne and nor
epmephrine# Whether the action of these or other vasoactive drugs can
explain how BCG vacanation or the induction of granuloma by zymosan
ncreases towcty to endotoxin or conversely why cortisone 1s protective
agamnst endotoun and how the function of the RES mediates these effects
are problems that remam to be determimed

Suvaniary

Early i the course of mfection and long before specific acquired reststance
develops inbred natively resistant rabbits inhibit the accumulation of inhaled
human type tubercle bacilh within the pulmonary reticuloendothelial cells
{mononuclear phagocytes) 20 to 30 times more effectively than susceptible
animals  Significantly the pread of the bacilli from this portal of entry to
the draming lymph nodes 15 enhanced contrary to expectation 1n the resistant
rabbit  Cortisone deprives these phagocytes of much of therr mnate capacity
to mhibnt the multiplication of the bactlli i their cytoplasm and thus markedly
lowers resistance  Cortisone treatment also 1s associated with a retardaton
in the transport of the bacilli from the site of masion  The ¢ host parasite
relatronships ate charactenstic of untreated susceptible rabbits  Hyperthy
roudism mduced by thyroune or TIT markedly suppresses the accumulation of
the bacilli mithin the alveolar phagocytes increases resistance and enhances
the lymphatic spread of the bacilli as in untreated natively resstant rabbits
Thyrodectomy Jike cortisone enhances the accumulation of the bacilly within
the mononuclear phagocytes lowers resistance and retards the dissemnation
of baall from the portat of entry Increased resistance whether native or
induced by hyperthyrmdn:m 1> assoctated with a rapid maturation nto epithe
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The peculiar state of hughtened non pecific ressstance that charactenzes
the endotoun tolerint ammal has been mvestigated intensively 1n recent
year  The effects of bicternl cndotouns and the development of tolerance
upon continued daly admmstration have been admurably reviewed recently
b) Thomas' and by Bcnnetl and Cluff? “More reccmly the induction by

of hagic® ® and 3 shock and to expert

mental infection®* has been described

‘The evidence to date strongly supports the hypothesis that enhanced activity
of the reticuloendothehal s)slem (RES) 15 the basis of endototun tolerance
Beeson® d d by d residual i pytogen that the
tolerant rabbit clears intravenously admmistered endotoun faster than does
the normal rabbit  Using Cr*! labeled endotoun Braude e? al '° also showed
this enhanced clearance of toun from the circulation mn tolerant animals
Intrasenous mjiction of one of a variety of collods hnown 1o block the RES
abolishes a previously mduced tolerance to endotoun or to shock # 1% Fur
thermore pretreatment with colloidal suspensions renders normal ammals
exquisitely sensitive to a first dose of endotoxin®® 131 or to shoch ™ bloching
RFS uptake of the toun

Biozzni ef ol ** and Benacerraf and Scbestyen ® have traced the time course
of change in RES activity subsequent to a single intravenous injection of
endotoun showing that duning the first few hours there 15 2 depression of
carbon clearance followed later by an exalted RES activity  These changes
roughly parallel the time course of 1ncreased susceptibility and the then height
ened resistance that occurs after such treatment with endotoun &2 2

Some of the effects of bactenal endotoun can be obtaed with mdifferent
colloids ®**  Benacerraf and Scbestyen ¢ have noted the possible relationship
betneen the enhanced RFS actmity they found after zymosan treatment and
the mcreased resistance to infection™ after such treatment  Work from the
laboratories of Zwetfach ef al® and of Fine ef al ¥ has demonstrated that al
though susceptibihity to shock or to endotown s greatly mncreased for a few
hours after adrmm tration of an ndifferent colloid (in the same way that
susceptibility to a second dose of endotoxin 15 increased shartly after the first)
suntable pretreatment with a colloid can enhance resistance to shock or to
endotoun (just as an endotoTin tolerant animal 1s resistant)  The important
differcnce betwecn the bactenal endotovins and the other colloidal substances
1s the speaifiaity of the former what is done by endoton in a do e of a few
micrograms requires many milligrams of the other collods  This 15 not at
tributable to particle size for the carbon suspension for example has a mean
particle s1ze-% 2 of 19 to 2> mp and Westphal s ¢ very highly punfied hpopoly
sacchanide endotoun a particle size of 10 mu  This small difference 1n size
would result in only about a twentyfold difference in number of particles per
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The pecular state of heightened non peafic resistance that charactenzes
the endotovin tolerant ammal hay been investigated intensively in recent
years The effects of bactenal endotouns and the development of tolerance
upon continued duly adminstration have been admirably reviewed recently
by Thomas! and by Bennetl and Clufi? ore reccml) the induction by

f 78 and ¢ shock and to expen

o toh
mental ifection® ® has been desenbed

The evidence to date strongly supports the hvpothesis that enhanced activity
of the reticuloendothelial system (RES) 1s the basts of endotoxin tolerance
Beeson® demonstrated by determining restdual arculating pytogen that the
tolerant rabbit clears imtravenously admumstered endotown faster than does
the normal rabbit  Ustng Cr* labeled endotoun Braude ¢f /" al o showed
this enhanced clearance of toun from the arculation m tolerant ammals
Intravcnous injection of one of a variety of colloids known to block the RES
abalishes a previously mduced tolerance to endotown or to shock * % Fur
thermore pretreatment with collodal su pen ions renders normal ammals
exqui ttely sen ttive to a first dose of endotoan™ '3 or to shoch ™ bloching
RES uptake of the toun ™

Biozzt ef al*® and Benacerraf and Sebestyen ® have traced the tume cour e
of change in RES activity subsequent to a single intravenous injection of
endotoun showing that dunng the first few hours there 1s a depression of
warbon clearance followed later by an exalted RES activity  These changes
rou,hly parallel the time course of increased susceptibility and the then height
ened resistance that occurs after such treatment with endototn ¥ 12

Some of the effects of bactenal endotoun can be obtamed with mdifferent
collonds B 14 Benacerraf and Sebestyen® have noted the possible relationship
between the enhanced RES activaty they found after zymosan treatment and
the mncreased resistance to infection® after such treatment Vork from the
laboratonies of Zweifach e al and of Fine ¢f a! " has demonstrated that al
though susceptibility to shock or to endotown 1s greatly mcreased for a few
hours after admimistration of an indifferent collord (in the same way that
susceptsbility to a second dose of endotown 1> increased shortly after the first)
suitable pretreatment with a collord can enhance ressstance to shock or to
endotoun {yust as an endotowun tolerant ammal 1s resistant)  The important
difference between the bactenal endotouns and the other colloidal substances
1 the speaficity of the former what 15 done by endotowin m a dose of a fesww
micrograms requires many milligrams of the other colloids  This 15 not at
tnbutable to pamcle stz for the carbon suspenston for example has a mean
particle size * ® of 19 to 7> my and Westphal s * very highly punfied lipopoly
sacchanide endotovin a partide size of 10 mg  This small difference 1n si1ze
would result 1 anly about & twentyfold difference 1n number of particles per
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umt weight {on the reasonable assumption of a twofold difference 1 den 1ty)
which hardly compares with the many thousandfold difference n effectivene s
as regards the RES  \lost endotoxin preparations, less highly punfied than
Westphal s almost assuredly have a larger particle size

One particularly discordant fact remains the increased susceptibihity to a
second dose of endotoxin shown origmally 1n Tine s laboratory ! and confirmed
bv others mcluding my associates and myself, lasts only about four hours after
the first dose  Vith similar doses of endotoxin the RES depres 1on following
a first dose ° as measured by carbon clearance, lasts much longer It ap-
pears that reststance to endotown 1s not depressed at the ime of maumal RES
depression and that heightened resistance to the second dose of endotoxin
occurs before demonstrable enhancement of RES function The matter is
under mvestigation in our laboratory

Qur recent findings that tolerance to the lethality of homologous and heter
ologous endotoxin 1n the mouse” and to the pyrogenic effect of endotoxn
the rabbit™ can be achieved by passive transfer of plasma or serum of endo
towin tolerant donors, suggested studies on RES function in reciprent amimals
made tolerant by passne transfer If indeed there 1s a causal relationship
betsween enhanced RES function and endotoun tolerance 1t would be expected
to mamfest 1tself in the passively tolerant amimal as well  Such studies would
avoid measuning what might be no more than concomitant changes caused by
admmstration of endotoun It must be emphasized that for demanstration
of passive transfer the manner 1n which the donors are rendered tolerant by
admimistration of endotoun 15 crucial this 1 discussed el enhere™ The
present report describes the results of such studies on the RES of recipent
antmals tolerant to the effects of endotowun by passne transfer  The hypoth
esis that tolerance derves from an altered state of the RES 15 strongly sup
ported by these findmgs

Vethods

Donor rabbals  Ammals of both <exes and mixed breed weighing 2 to 2§
Lg, were obtamed from a local brecdcr AWl rabbits were acchmatized to the
stocks i which they were kept duning the expeniments by prior tramung
Tolerance was induced with the lpopolysacchande of Salmonella fyphosa
0 901 (Drico) by 6 daily doses of 25 25 5 5 10 and 10 #g IV and blood
was taken for serum or plasma on the seventh day 20 to 24 hours after the last
dose of endotoxin  Scrum or plasma from normal rabbits of the same stock
was used for control  For serum  the blood wa allowed to clot at room tem
perature and then refuigerated overnight and the erum wa collected the
following day  Tor plasma 1 vol of 3§ per cent sodwm ertrate was used for
5ol of whole blood and the pla ma wa cullected by centrifugation the same
day Plasma or serum was waled n single do ¢ volumes and frozen until used

RES blocked donor rabbits  The e ammal were rendered tolernt by the
endotoun treatment outhned above but 20 hour ter the last do e of endo
toun they were gnen IV 10 ml of a carbon su pension (Gunther Wagner
C 11/1431a) contamng 4> mg/mi m 2 per «nt gelatm When the blood
was clear of carbon about 4 hours later the los of tolerance produced by the
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RI S blochade was confirmed tn 1 amimal of each group so treated by measuting
the febrile response to 2 5 pg of endoton  These control were exquisitely
sensitrve to endotoxn their fevers exceeding both that recorded the preceding
dny following 1 dose of 10 ug of endotown and that found on the first day of
treatment with the 2 5 g test dose At the <ame time the other rabbits were
bled for serum or pla ma

Test rabbils  N\ormal or tolerant donor crum or plasma was admmnstered
IV 1n 10-ml vol 30 mun before a te t do ¢ of 25 ug of endotouin  Three
hours later the time of maumal fever i the control groups carbon clearance
rates were determined by using a carbon dose of > mg /100 gm body weight

Test mice Ammals weighing approumately 18 gm were obtamed from a
local breeder  Surum or plasma was gnen I 1 ml vol  Tor experiments
on protection agamst lethality of endotoun by pas. ive transfer an LDy dose
(06 mg IP)of the § Iyphosa O 901 endotoun was given 3 hours lter  For
carbon clearance studie  the muce treated as descnibed were tested with a
carbon do=e of 12 mg /100 gm body weight { hour after the endotoun ad
mm tration  In other experiments without endototin a carbon do e of 15
mg /100 gm was given to test for clearance 3 hours after giving <erum or
plasma that »> at the tme the end hall would ord have
been given

tpparatus  In order to avord pyrogen contamimation all glassware needles
and syringes were heated at 17510 190 C for 2 to 3 hours before use  Samples
of serum and plasma were proved nonpyrogenic 1n normal rabbits

Carbon clearance The Cunther Wagner C 11/1431a carbon suspension
was prepared for intras enous admmstration by the method of Biozzi ef ol
the precautions concerming dosage bang observed  The hepanmzed blood
samples were diluted with <aline and centrifuged and the supernatant carbon
concentrations were measured by absorption at 1100 mp  The rate of phago-
cytosts (phagocytic index) was determned for each ammal 1n the manner
onginally described by Biozz ¢f ¢l \lean rate of clearance and standard
error of the mean were computed for each group and sigmficance of difference
wa assumed for p < 001 The curves were constructed by passing a line
of the computed mean stope through the mean log concentration at the first
measurcd point  The mean values were multiphed by 10° to eliminate deaimal
points and zeroes

Results

In FIGURE 1 ate given the rates of carbon clearance 1n rabbits 3 hours after
25 ug of endotouin  The mean rate for 11 normal control rabbits was /9 £ §
which fell to 27 = 4 after endotoxin 1 a group of + ammal  Groups of 7
rabbits cach given 10 ml of normal or tolerant donor plasma 30 min before
the endotoxn yielded rates of 39 &= 4 and 9> + 14 respectively  Thus pre
treatment with normal plasma which does not modify the fcbrle response to
the pyrogenic cffect of the endotoxin did not prevent the depression of carbon
clearance  In contrast the group pretreated with tolerant donor plasma
cleared carbon normally after endotoxin under conditions wherein they also
exhibit a tolerant febrile response to the pyrogen @
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When carbon clearance in mice was determined 1 hour after an IP LD
of endotoxan stmular results were obtamed with an important exception
(ricure 2)  For this route of admunistration of endotoun and at this time
no significant change 1 clearince rate over that of untreated controls was
found nor did the mice given normal donor plasma or serum I P 3 hours before
the endotoxin differ from the controls The muce pretreated with tolerant
donor <erum or plasma however and for whom the endotoun lethality wa

LOG [Cl, MG /100 ML

—
MINUTES 1o

Fioure 1 Effect of pretreatment +ith normal or tolerant d nor plasma on endstoun
\nduce 1 depression of catbon clearance rate 1n abbits  Carton d se' 3 mg /100 gm bod
weight

substantially reduced 7 displayed 1 carbon clearance significantly greater than
the other groups wcluding the untreated controls  In thi regard the mece
passively tolerant to the lethality of the endotoun resemble endotosin tolerant
animals

If a cawal relattonship betseen enhanced RES activity ind endotown
tolerance €% ts 1t would be examined be t m our pasanely tolerint anumal
before endotowin 15 given  This was the plin of the experrments ummarized
n FiGuRe 3 Here the rate of carbon diearance i groups of 18 1o 20 mice
follow ng pretreatment with normal or lolerant donor serum or plisma gnen
IP 3 hours earlier was determined  As mv be e at the time the endo-
towin challenge would ordmarily have been given the muce protected by prior
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admimstration of tolerant donor blood cleared carbon at a sigmficantly greater
rate than did the control mice  Thus the plasma or serum of tolerant donors
stimulates the RES of the normal recipient and this effect 15 present before
the endotoxin challenge dose 15 given

TaBLE 1 gives data from expeniments on protection agamst lethality of
endotown 1n the mouse  Rabbits whose previously induced endotoun toler
ance was abolished by a blocking do e of carbon served as donors of plasmt
Such plasma from donors no longer tolerant to endotovin themselves still
conferred protection upon normal recipients Tolerance to the pvrogenc
effect of endotovin 1 the rabbit by passtve transfer from these RES blocked
donors has also been demonstrated ¢

Also shown 1 this table 15 the failure of serum from tolerant donors to
protect when muved extemporaneously with the endotoun challenge and
admimstered i a single TP mnjection, this serum when given separately and
prior to the challenge affords substantial protection against endotoxin lethal
ity 7

TABLE |
PROTECTION AGAINST LETHALITY OF LDys Dost or Enporoxmy 1¥ Mics 8Y Passive
‘TRANSFER YROM NO LoNGER TOLERANT RES BLOCRED DONORS AND FAILURE OF
‘TOLERANT DOVOR SERUM T0 PROTECT WHEN GIVEN SIMULTANEOUSLY MIXED
WITH THE Exporoxiy

[ N oot D d/total D4
Controls 4 27/40 68
Tolerant RES blocked plasma 2 z;zo 10
Mixture tolerant serum-endotoxin 2 18/20 90

7 < 001

Discussion

The serum or plasma of endotowin tolerant donors has been shown to prevent
the acute RES depression that follows ntravenous endotoun m rabbits and
to produce an absolute increase in rate of clearance of carbon from the blood
by the RES in mice  These effects were obtained under conditions wherein
the passive transfer from toletant donors protects against the py rogemic and
Jethal 7 effects of the endotoxn challenge i normal recipients  In therr en
hanced RES activity such passively tolerant animals resemble ammals made
tolerant to endotoun by daily doses of the bactenal lipopolysaichande The
finding> strongly support the hypothesss that the state of the RES 15 camsally
related to endotoun tolerance

There are several unplications of the results of the experiments with the
1o longer tolerant RES blocked donors It would appear extremely difficult
to explain endotoun tolerance and transfer of tolerance on the basis of antibody,
whether arculating or fived Quite apart from earlier work n thi field !
which dissociated tolerance from spcaific antibody the susceptibility to endo
tomn of the RES blocked donors and the meffectiveness of the serum when
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meved with the end Just before ad: tration argue strongly against

arculating antibody as the responaible agent, and an It of fixed anu
body Icaves unanswered the passive transfer of tolerince  These arguments
apply equally agamnst the hypothews of humoral inactivators of endotown ?
as the mechanwm of tolerance

‘There rematns the possibility that the RFS-blocked donor ha a protective
arculating anttbody but the block in some way interferes with the di position
of the hypothetical antibody-endotoxin complex however the fulure to pro-
tect with the tolerant serum-endototin mixture would require an additsonal
postulate  Carey ef al* and Ribble ¢/ al ® after having made studie with
labeled endotoun have suggested that an antibody endotoun precipitate
forms 1nstantly i the airculation of the tolerant amimal  The time course of
events however mnduccd them to postulate that the preciptate 1s not laken
up by the RES but rather 1s trapped i the pulmonary caprlfaries from which
it later washed back into the arculation  Furthermore Braude of of # have
demonstrated in experiments with ammal 1n which tolerance has lipsed but
antibody titer 15 still high and with X wrradiited tolerant anmals lacking
preapitins that circulating antibody 15 not essential to endotovin tolerance
‘The suggestton of Braude ef ol ** that antibody allows for a temporary removal
of endotoxin from the airculation that does not provide protection from the
endotoxin probably 15 the best estimate of the 1tuation

As to the nature of the active substance m tolerant donor blood we have
eliminated certain obvious pos ibilities  In studics to be reported eparately
the effects are shown to be not referable to adrenal cortical hormone properdin
or the phagocyto 15 promoting factor of serum  On the other hand we have
obtained from the blood of tolerant but not norm! donors a fraction that
confers protection agamst endotoun this also sumulates the RES in normal
reaiptents  Studies made thus far demonstrate that the active substance 1s a
Iipid  The ussue source of this humoral agent which sumulates the RES of
the normal ammal 1> not known  Turther studies n these directions ate
progress

Summary

It has been shown that pas e transfer of tolerance to bacteral endotoun
may be achieved and that endotowun tolerant donor blood stimulates the RES
of normal recipient ammals as determined by carbon clearance tn the recipients
This enhanced RES function 15 demonstrible before an endotown challenge
1 gwen  The plasma of no longer tolerant RES blocked donors retains the
abiity to confer tolerance passively upon normal ammals This and the
farlure to obtain protection when tolerant plasma 1 mixed with endotowun
and given as a single mjection argue agawst the upposition that tolerance
or 1ts transfer 1s mediated by antibody to or humoral inactivator of endotoan
The expeniments offer further evidence that tolerance to endototn 15 ba ed
upon an altered state 1 the tissues and they strongly support the hypothe 1s
that RES function 15 causally related to the heightened nonspecific resi tance
that charactenzes the endotoxin tolerant anmmal
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EFFECT O CORTICOSTEROIDS AND OI HORMOMES OF
PREGNANCY ON THE LETHAL ACTION OF
BACTERIAL ENDOTONINY

Ldward H hass
The Malt ry Institute of Pathology the The ndshe Memorsal Laboratory (/¢ Second and Fourth
{Harcard) Meduad Serveces Boston Cily Hosp tal ond U ¢ Depariment of Bactersology
and Immi nlagy Honard Vedical Schoo? Bost n Mast

In enly two sttuations have adrenocorttcal hormones been shown to be
protective to the host the replacement of hormone mn hypoadrenalism and
the protective action agunst the lethal towaty of bactertal ipopaly sacchandes
In the first instance the do ¢ of admunustered bormone ss catical  Forexample,
wiget muce were gnen sufficent antiserum to protect them against about
50000 preumococct adrenalectomized mice given the <ame dose of antiserum
were killed by as few as 1000 poeumococct (rmmn: 1) The admnistration
of cortisone restored the of the d mice to p
fevely but not tolevel of resistance greater than sere seenin wmtact ammals
When the dose of cartisone nas tcreased beyond the level that restored optimat
reaistance to infection the reststance of the ammals decreased ence agamn *

The second protectrve actwn of cortrcosteroids 1s that manifested aganst
the action of bactenal hipopolysacchandes  In 1946 Lewis and Page? demon
strated that corticosteroids overcame the lethal action of typhowd vaccine in
adrenalcctomized anmals  In 1930 Bech and Yoloshmn® obnerved that the
tumer aecrotizing effects of a bactenal hpopolvsacchande were attenuated of
the tumor beanng animals had previously recerved cortisone or adrenal corucal
extract  Alsown 190 1t was observed in our laborators and by Recant e al¢®
that pretreatment with corticotropin or with cortisone dumnished the febrie
Tesponse to pyragens 1 man and i rabbus  Shortly thereafter Chedid e al ®
ob enved thar cortsone protected the mtact anmnal agamst the lethal action
of bactenal endotouns and the finding, has been amply confirmed

Sub equent studies have shown that cortisone protects mice rats rabbie
and chiek embryos agunst the simultaneous or subsequent injection of lethal
do vs of bactersal hpopolysacchande 17895 Guinea migs ave not protected
agamst the lethal action of endototins by pretreatment with cortisone and
probably fogs are lihens ¢ not protected ¥ 2 The protective offect of costico-
sterords 1s apparently dependent upon the presence of tncreased blood levels
of corticosteroids a1 the ume endotoon 1 admim tered A remathable i
Huence of age of the host on the response to bacterzal hpopolysecchandes was
observed by Thomas and Smuth ¥ Large rubbits wetghing 2 to 4 kg were
protected agamnst the lethal action of endotevin by the prior admumstration
of corticosterod Howevey when smaller rabbits (<15 kg ) were protected
with corticosterords and then given endotoxin brlareral renal cortrcal necrosis
often resulted  Th ttial dose of cortisone 1 the small rabbus supplanred
the preparatory dose of endotoxin n ehatmg the generabized Shwartzman
phenomenan

The mork described 1n this papcr nas suppe ried m rant by grant No £ 2502 from the
Institute of Allergy ani fafe tous D's ases [ubli Health Service Bethesda, Md
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In contrast to the effect of corticosteroids on resistance to infection the
protective effect of these hormones against the lethal action of endotoun 1s not
biphasic, that 15 large doses of cortisone do not mcrease susceptibility to the
touc lipopolysaccharides  On the other hand adrenalectomy increases suscep-
tibility to the lethal action of endototins by appro fy one th f
and replacement of the hormone affords protection as demonstrated above

The protective action of corticosteroids on adrenalectormzed animals provides
a satisfactory assay for measuring antiendotoxic action*®  Thus 1f an 1Dn
dose of endotowin 15 given Intracardially to adrenalectomized rats weighng
100 to 150 gm , as hittle as 10 gz of cortrsol provides measurable protection H

EFFECT OF CORTISONE ON PNEUMOGCOGCAL INFECTION

IN_MICE GIVEN THE SAME DOSE OF SPECIFIC_ANTISERUM

— E£773 ADRENALECTOMIZED 3 iNTacT
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Do e sufficient to pratect SO per cent of mtact mice aganst 50 000 virulent
preurococct  Adrenalectomy markedly enhanced susceptibility fo peuntococeal safection
as shown by the mach Jower LDso  Cortisone (5 or S ug /day) partially restored resistance
of adr nal ctomized mice whereas dose of 100 ug merea ed ID  essentially to that of con
trol rmce  Larger doses of cortisone are necessary to produce fatal infection

Swlar assays dependent tpon protection agaimst other aspects of the toxic
response to endotoxin have been developed ¢ 15 18

The hormone may be mixed with endoton and the mixtute grven mntra
cardially ~ The methods using such a muixture are sensitive and the end points
are defintine  Vathin 3 tenfold range of sterowd concentration the response
1o the corticosteroid 15 lnear  In addition the mtracardiac injection allows
measurement of biological activity of the corticosteroids 1n a system m which
turnover from a tis ue site of deposition 15 not a eniteal feature of the assay

The factor of turnover from tissue sites of deposition hns recerved msufficient
attention It can be shown readily for example that cortisol and corticos
terone are equally protective agawst bactenat endotoin when these are grven
\ntravenously (TABLE 1) The differences n the action of these hormones after



Rass Corticosteroids and Hormones of Pregnancy 100

mtram sscular or subcutaneous mjection are due to differcnces in the rates of
absatption of the hormones from the tissue sites of depo 1mon *

Since vrtually alt of the comparatis e biologeat observations smilar to those
presented 1n ths symposium have been made with cortico terords mjected into
local tissue sites, the question may be 1 od whether biologically active mate
rialy bave been overlooked stmply because they happen ta be mobihized more
rapidly than standard reference stecods  Tnaddrtion the usual studies which
wvolve subcutancous of mtmmuscular admmntration of sterpsd  may not
have given us aa arcurate view of the relatton hip of steroid structure to b
logical function  Indeed 1n most studres in which corticostermd have Leen
admins tered subcutaneously or intramuscutarhy cortol has been shonn to
have actions strkngly different from cortuo terone ¥ Xt may furly be

Tasie 1
ROUYE oF ADMINISTRATION AND PROTRCTION BY CORTISOL AnD CORTICUSTERD {2 AGAINST
LETaL AcTioN or TNpoTorGN I¥ INTACT RATS

Raute and dose Y pernn P i Cotuettr 1 | € Yeout 2
q tomn {h wrs)

2 578 018 ys

Subeutancous 10 mg H HA e e
3 6/8 5/8 18

3 2/8 g 175

Intrapenitoncal 10 my 035 83 [ %3 1/3
-1 w1 s 18

38 18 3,8
Intes actac 05 rg 1 5/16 271 /16
1 /6 1216 e

N amber sarviving per tota) numbes mpected | M od feom Levitmat 6t

asked nhether thy ohservation 1 not 1 part at least an arhifact of the method
of admmstrativn of the hormone

By talwng advantag: of the assay systems that remove the factor of turnover
from local sttes of depasitton new relationships between structure and function
may be uncovered  Tor example the d actnaty of cor
stems to be sufficiently different from the anti nflammatory actnvity to Offer
the possibtlity th.t the e two actiities may be structurally eparable  The
ant inflammatary actton of corticosteroids ts apparently related largely to an
effect on vascular permeabihity whereas the antrendotovic actmity m some
way mvolves the reucvloendornend sysiern Tr 3 moteworthy ol o thay
substances such a  chlorpromazine serotomin and dibenatune al o protect
experimental anunals agamst the action of endotoins » ® presumably through
mechantsms of action that are not antr mBammatory

When the relative annendotoxic activitres of cortico terod are diterminey
using the intracardiac route cortwsol proses to be slightly more. actnve than 1y
cortisone which n turn 15 about as active as corticosterone (TABLE 2)

Deoxy
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corticosterone 17 OH proge terone, and progesterone are quite inactive
Interestngly 6-methyl prednsolone 1s about 30 times as active as cortrol
this 1ssay but 15 only about » times as active as cotfisol as a glucocorticod
Glucocorticord activity of course, has generally corrclated well with anu
nflammatory activity

Specifically antrendototic substances would be valuable not only as tools
the study of endatovin and the reticuloendothehal system but al o becawse
there nught be therapeutsc value to the use of such substances m Gram nega
tive rod mfections, many of which are assocrated with a disconcertingly hih
mortalty rate !

The mechamsms by which corticosterowds interfere with the lethal action of
endotouns 15 unhnown  Ina search for po sible approaches to the mechanism
of action of corticosterords the evidence that there were specific combiming
sttes for endotovin m different tissues and perhaps at the level of cell mem
branes was reviened  The studses of Westphal and his assooates™ @ have
demonstrated the occusrence 1n bactenal ipopolysacchande of unusual hevoses

TasLe 2
RELATIVE ANTI INFLAMMATORY (GLUCOCORTILOID) AND
ANTIEADOTOXIC EFFECTS OF STEROIDS

st od Ant afl mm try Ate dot
Cortisol 14¢ 10
Corticosterone os 07
I rednisone 35 07
Prednisolone 40 13
6-a Methyl predmsone 50 300
11 Deoxycorticosterone <01 0t
11 « QH prog steron <01 003

deoxygenated at tno dificrent carbons on the chamn At present no evidence
of the accurrence of such hexo es m mammalian tissues has been obtained
Furthermore no direct evidence of a combmny, site for endotoxin has been
adduced v any of the expanment so far reviewed  However mferential
evidence of a chemical sumilanty betwecn bactenal hipopoly sacchandes and
substances 1 mammatan 1 vt may be dernved from the demonstrations that
the blood fram normal animul aiters bictenal bpopoly 4 harndes

The evidence for such activity 1 bised upon the finding that icubatson of
bacteral lxpopol_vsacchnndu with crum (1) dtcr the antigeme behavior
iro of Itpopolysacchandes * * (21 ciuse ridowctne pho phite to be spht
from punfied hipopolysacchinde mts » hih the pho j horus hd been incor
porated #* (3) attenuate the pvrogenic winity of bpopoly 1 chartdes™ *
although w <ome INstances augmntation f the pyrogeme re pon ¢ may be
observed for a bref ime followiny, uch ancubition *3 % angd (4) arsenuates
the lethal and tumor neurotizmg, ¢fvct «f fainal endotown  ® The
hypothess that all ot most of the « attenuating activitie are duc to the ame
substatice 1 seTum seems to be a rea onable on The crum substar ¢ may
possibly be 2 phosphatase but s dfferent from the scrum kaline phosphatase
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Tt occurs 1n Cohn Fraction 11 + IIT but not 1n the gamma globulin fraction
It migrates with the beta globulins It 15 inhibited by exposure to mercunc
or ar<mcal <alty and 1 therefore perhap a sulfhydryl-dependent enzyme
Tts re ponse to heat suggests an enzymc cffect (FIcLRE 2)  Tts acuvaty s
uch that as hitle a5 002> m} of Fraction I + 11T that had been reconstituted
ta the concentration found mm the ongal pla ma reduced the lethal touiaity
of endoton sigmficantly ™
The process of extracting the lipopoly=acchande that 15 the sub trate for th

enzyme 1 criucal to an adequate demon tration of its activity  The lethal
tonaty of lipopolysaccharides prepared by tnchloroacctic aad extraction was
not affected by the <erum cnzyme whereas lipopoly~acchandes prepared from

100+
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Ficrre 2 Effect of temperature and duration of incubation on attenuation of lethal ac
tion of endotonin

chloroform hilled  phenol Lilled or heat hilled bactenal suspensions were
detovified by the serum factor  From the studies of Westphal and his asso-
ciates 1t 15 clear that the hipid B fraction of bactenal lipopolysacchande 15
readily hydrolyzed yet its loss does not alter the lethal touaity or pyrogemcity
of endotoun Tt may be suggested therefore that the hpid B portion 1 one
of the specific sites of action of the serum factor on endotouin as a possible
way of harmomaing the finding that tnchloroacetic acid extraction does not
alter lethal toxicity  but does alter the capaaty of endotoun to be affected by
the serum encyme  The actwity of the serum factor s sepatable from anti
body properdin and complement ¥

The findine of this activity 1n <erum from rats rabbits and man and the
finding of apparent substrates 1 mou e tumors erythrocytes and a plant
suggest that the substrate for the enzyme or chemically simular substrates have
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wide biological distrtbution  Further study of therr distnbution may give
some msight 1nto the action of ltpopolysacchandes>  Perhaps mdurectly further
nformation concerning the mode of ction of corticosteroids will also be ob
tamed  Certamnly, the need for continued search for substances simlar to
bactenal lipopolysacchandes 1n mammalian tissues and the need for confirmin,
the obseryations of Shear and Landy % on the biological distnibution of endotown
Iike substances s great

1t 15 obvious that the foregoing discussion 15 largely speculative and of linted
value beyond providing a matnix for further investigation  Many discrepanaes
are nlready apparent such as differences i observed heat stability of the serum
factor in different study systems and differences in the apparent requirements
for divalent cattons in different systems  The eluadation of the nature of the
serum factor and of 1ts mimmalian substrate 1s a problem of some brological
mterest and 1ts implications are brond

Recent observations in our laboratory along somewhat different lines have
also uncovered an aspect of the problem that has broad biologrcal implications
We have been mterested in our laboratory n the study of certain chromic
mfections that occur 1n an asymptomatic form in man  Pyelonephnits 1 an
evample of this type of infection  Qur mitial approach was to determine the
methods for the detection of asymptomatic forms of infection of the urmary
tract By quantitative study of the bactenal flora of freshly voided unne it
has been possible to detect a large reservorr of asymptomatic infecttons of the
urnary tract % The finding of more than 100 000 bactena (usually Cram
negatuve rods) per milliliter of voided urine suggests with reasonable assurance
that the individual from whom the specimen was obtamed has asymptomatic
by perssstent bacteniunia and a substantial but as yet incompletely plotted,
likehihood of having pyclonephritis 7 3

Recently the unnes of more than 4000 women maling thewr first prenatnl
visits to the outpatient department of the Boston City Hospital were studied
The incidence of bacteriunt was found to be 6 to 7 per cent 1n this group, and
 order to document the predictive value of bacterruna a simple controlled
therapeutic study was undertaken Patients who were less than 8 months
pregnant with bacterina documented on at least 2 separate occasions Tere
divided by alternation into 2 groups  Members of one group were treated to
eliminate the bacteruna and those 1n the other group were given a placebo
Extended climcal study of these pattents shoned that about 40 per cent of
pregnant women with bacteruna were destined to develop py elonephritis dur
1ng pregnancy of during the immediate post partum period  \o woman whose
bacteriunia was chminated throughout pregnancy developed pyelonephnitis of
pregnancy Thus pyelonephntts of pregnaney 1s apparently more or less
completely pre\enmble, and bactenuna has predictive value 1n pregnancy ®

VW hen the fates of the mfants that were born to the bacteriuric mothers were
studred an unusually high ncidence of prematunty and of infant mortality 1n
untreated bactermnc mothers sas found {TABLE 3) The inaidence of pre
matunity 1n untreated bacteriunc mothers 1s about 25 per cent  The incidence
of perinatal death in the bactermunc women > 14 per cent

Patients who were kept free of bacteriuna up to the time of delivery had an
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medence of prematunty of 9 per cent and there were no neonatal deaths in
ths small group  The naidence of prematurity in 1000 consecutive nonbac
tenunc mothers was 9 per centin th clinic  1f the impheation of these data
are borne out i further studies that r¢ now 10 progeess 1t may be possible
to avoid 10 to 20 per cent of prematures and approvimately 25 to 30 per cent
of peninatal deaths by detecting and treating bacteriuna duning pregnancy
How do these findings relate to endotowun and its activity®>  Autopsy studies
of the dead babies and clinieal obsery 1tions of the mothers and babes offered
no tndicatron that actine infection had <pread from the urnary tract to pre
aipitate labor and produce sepss It has been hnown for many years how
ever that the pregnant rabbit reacts to a single dose of endotouin with the
production of a gencralized Shwartzman reaction and that endotouin often
produces placental necro 1> and abortion % ¢ Studies by Samuir \ Hayp Laun
D Thrupp Lono Vevaldt and Domld I Zangwill 1n our laboratory have
shown that when pregnant rabbits are given endotoun sustamed and severe
uternne contractions occur within less than 1 min - The, nonpregnant uterus

TanLe 3
EPFECT OF BACTERILRIA DURING PREGN ANCY ON OCCTRRENCE OF PYELONERIIRITIS
REMATURITY AND PERINATAL DEATI

F t
I SN I L 5L
Untreated bactenunc 48 20 24 11
Treated bactenuric 43 0 10 1]
Nonbactenuric 1000 0 9 2

reacts very little to injections of endotoxn nor does other smooth muscle from
the pregnant anmal  In some manner then the hormonal changes of preg
nancy appear to sensitize the uterus to rapid re pon e toendotoun  Sostrk
ng 1s this sensitization that 1t 15 occasionally possible to demonstrate 1 1fro
n 2 water bath that strips of uterus taken from the pregnant rabbit near term
will re pond to the addition of endotowin to the bath *

Several aspects of this respon e of the pregnant uterus to endototun are
noteworthy  First there 1s a very brief lig penod in contrast to the usual
pattern of response to the administration of endotoxin  The utenne contrac
tions occur within one or two minutes after endotoxin has been admimstered
Second all tad: ar¢ that the b of n ome way senst
tize the utetus to the action of endotoun  Third the patients m the series
show findings consistent with the latter obsemation Those pauents who
became 1ll and were freed of bacterunia by treatment did not have an increased
nadence of perinatal death and of bacteriuna  This would suggest then that
the persistence of bacteriunia late 1n pregnancy 1s the critical feature 1n the
develop of y and that the ofb P

Recently Thiersch has observed that bactenal 1 popolysaccharides 1n small doses m
duce fetal death and stuntng tn ats and that the eflect of the hpopolysacchandes was
most severe after mid term
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to the production of clinical illnes  was the hey feature in the loner mnadence
of prematurity 1n those patients who became 11l The situation pre ented by
the occurrence of bacteriuna in pregnancy would appear to be a clincal re
flection of an infleence of endotouin and the mechanism by which this occurs
obviously requires further studies

At present a umifying hypothe 1> may be suggested  If at be assumed that
endotowun 1> attracted by speafic comt sttes at cell b Jevel> and
that the rate of entry of endotoxin mto these cells determines its lethal action
1t could be suggested that adrenal steroids slow the rate of entry of endotoun
mto critical cells by their action on cell membranes and converselv hormones
of pregnancy accelerate the rate of entry thus accounting for the absence of 2
lag period  Endotowin therefore might be expected to permut the entry of
many substances by influencing permeability mechamsms It may be sug
gested for example that 1t would allow oxytocin to act more readily, and pre
himinary expeniments by Hay) tn our laboratory suggest that the uterus that
has been stimulated by endotowin 15 much more responsive to otytocin than
otherwise

It1s apparent that new dimensions to the problem of the physiological action
of endotoun are appeanng and that these are beginning to take a form that
suggests that certamn problems of disease 1n man will be understood better by
further study of the action of endotoun
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NONTOXIC RES STIMULATORY LIPIDS*

John H Heller
New England Institute for Medscal Research Ridgefield Conn

Over the course of the last six years several members of our laboratory have
been mvolved 1 the study of various microbial fractions that might have a
stimulatory effect upon the RES  As early as 1953 m)y associates and I sus
pected that such fractions ewsted and that they were essentially lipord m
nature as opposed to a lipoprotein or lipopolysacchande  Imtially we began
to work with pathogenic microorganisms as did many others n laboratones
here and abroad It was quite feasible to extract lipopolysacchandes from
these pathogens which were stimulatory but toxic as well as some polysac
chande free kipids which were also toxic

The results we achieved were very similar to those obtzined n other labora
tortes Because of the constant problem of toxicity and because we were
mterested 1 nontoxic microbial moleties we shifted our attention from patho
genic MICIoorgantsms to nonpathogens

One of the earliest substances used i this study was zymosan  As I men
tioned in an earlier monograph published by The New York Academy of Sa
ences 1n 19381 we chose zymosan for the reason that much of the data ad
duced by mvestigators working with the properdin mechansm was necessanly
mangled rather badly in the attempt to make 1t fit a presumptive critical role
of properdin 1n pecific resistance  If one did not torture the data the
numbers obtamed gave such classic RES curves that as ociation of zymosan
and RES stimulation was mevitable

Any preparation of zymosan 1s a potpourn of pids polysacchandes pro
temns and ash of vaniable concentration  Furthermorc there are many dif
ferent vaneties of zymosan that obtamn as a function of the preparative
procedures used Although our laboratory mmtially used the term zymosan
we have deaded not to utilize 1t any longer  If all ye st cell wall Ppreparations
were called zymosan 1t would be quite confusing as mny such products which
are active m the properdin reaction have no ostenuible effect upon the RES
Other fractions or zymosans do have a stimulatory effect  For want of an
other term we shall use for convemence the term restim to indicate a micro
bually derived nonpyreuc nontoxic cellular molety Restim 15 obviously a
contraction of RES stimulant

Whereas mtially we began our investigation with Saccharomyces cerevsiae
and a standard preparation of yeast cell walls derved from this organism we
have explored thus far 38 cell wall fractions '}[an) of them are completely
Inert ot provide a simple mechameal blockade of I(tlhebRES followed by a mild
and expected compensatory sumulation that would obtain from any refaty ely

mert colloid
All of these dat
nous to be dealt wit

The work described in this paper »
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that since mo t of the RES active hipd 1 apparently lodged between tno poly
«accharde layers of the ccll wall and «unce thr lipid 15 relatnely fragle m a
chemtcal sen ¢ 1t requires a protracted and somewhat tedious procedure be
gning with the whole cell and ending with the final hpid matenal

Regrettably we cannot charactenze the ipid pecifically at the pre ent time
much le« tdentify st chermeally  The ipid product that we are ustng currently
1 stll a muxture although it 15 free of all polysacchande and protem  Thus
far we have gone through just more than 100 fractions obtained by vanous
physical and organic procedures  We believe that we are approaching that
phase of the work where we can hope <oon te charactenze and then speafically
1dentsfy the bpid matenal

1 Z Pastemak of our laboratory has been carrying out ths fractionation
procedure  The activity of the all extracts 1 determmed first by the effect
of the pud on phagocyto s and <ccond oo other host defense mecham ms
nduding antibody formttion

] L Cutl t of qur laberatory has dane exten te nork on the role of restun
1 the prodt of antibodies using the prod of hemol asan index?
wh'e D A Boroff has studied antibodies to soluble antigens  These data
along, with those of M Kopma of our laboratory which are also presented
thi mono,raph have persuaded iy that the lip d 1 escentially the actine com
ponent of the cell wall fraction {(F1cure 1)  Therefore we have not attempted
to reproduce the antibody studies with more than 100 dufferent lipid fractions
but have concentrated only on the most actnne indeed for the final definitive
studies of the effect of hpid on the entire Post defense meckansm we shall
wait until we have a chemucally 1solated entity

The many peafic chenucal fractionation pracedures undertalen and the
measures that must be taken to protect the Iimd are again too voluminous for
ncluston here and will be presented eleev here

Along with the chemical data for later pre entation 1s the methodology needed
ta put these vanous hpids mta an adequate emmulsion for 1etray enous injectian
It should be menttoned here howesver that one of the dangers and fallacies
n some of the eatlir work with zymosan and other particulates relates to
particle size  The mjection of any intravenous particulates that have a single
dimensian greater than 4 g presents 2 vertous pos ibility of providing multiple
mucroesboli in the lungs  Restim must be speually ground under conditions
where excessive heating does not obtarn and oxygenand mo: ture are excluded
1o order to produce particulates whose greatest diameter 1sless thand z These
particles then must be made mto a good <u pension marmtameng its colloidal
drspersion not only mn water saline or glucose but actually mn plasma  If
tny particulates aggregate because of the physicochemical changes that occur
on their surfaces 1n the blood all the careful preparative work has been done
myain  The <ame thing 1s true of course of lipid emul 10ns mtended to be
mjected intray enously

In the experiments to be reported here all matenials were injected mtra
venously exther in the tatl vem of the mouse or the saphenous vem of the rat
Most of the results were obtained by study on CF\ white rats of varymng ages
and stes althouh tn each group the sizes were mantained constant 10 the
etpentmentals and controls  Only male rats were used
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Over the course of the last six years several members of our laboratory have
been mvohved 1n the study of various microbal fractions that might have 2
stimulatory effect upon the RES  As early as 1953 my associates and I sus
pected that such fractions eusted and that they were essentally hpod m
nature as opposed to a lipoprotein or lipopolysaccharide  Imtially we began
to work with pathogemec microorgamsms as did many others n laboratornes
here and abroad It was quite feasible to extract lipopolysacchandes from
these pathogens which were stimulatory but towe as well as some polysac
chande free ipids which were also tonic

The results we achieved were very similar to those obtained 1n other labora
tories Because of the constant problem of towmiaity and because we were
interested tn nontotc microbial moreties we shifted our attention from patho-
genic microorganisms to nonpathogens

One of the earliest substances used mn this study was zymosan  As I men
tioned 1n an earlier monograph published by The New York Academy of Sa
ences 1n 1958 we chose zymosan for the reason that much of the data ad
duced by nvestigators working with the properdin mechanism was necessanly
mangled rather badly i the attempt to make 1t fit a presumptive cnitical role
of properdin in nonspecific resistance If one did not torture the data the
numbers obtamed gave such classic RES curves that ascociation of zymosan
and RES stumulation was nevitable

Any preparation of zymosan 15 a potpourn of ipids polysacchardes pro
tems and ash of vaniable concentration Furthermore there are many dif
ferent vamettes of zymosan that obtan as a function of the preparatne
procedures used  Although our laboratory imitially used the term zymosan
we have decrded not to utilize 1t any tonger  If all yeast cell wall preparations
were called zymosan tt would be quite confusing as many such products which
are active m the properdm reaction have no ostensible effect upon the RES
Other fractions or zymosans do have a stmulatory effect For want of an
other term we shall use for convenence the term restim to indicate a micro
bally derrved monpyrexic nontoxic celluler motety  Restim 1s obviously a
contraction of RES stimulant

Whereas mittally we began our investigation with Saccharomsces cere 1s1ae
and a standard preparation of yeast cell walls derned from the organism we
have explored thus far 38 cell wall fractions  \lsny of them are completcly
mert or provide & simple mechamecal blockade of 1the RES Dillowed by 2 mild
and expected compensatory stmulation that would obtan from any relatively
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trol wsuaily vaned from a five fold ncrease to an increment of three orders of
magartude dependimg upon the sy tem v ed

Thus 1 the studies done in our hibotatory using prrticulate antigens, it
could b demonstrated that antibody stimulition occurs whether restm has
been mjected pror to the antigen or at the same time as the antigen or up
to tao days after the antigen as seen i TanLr 1

These data differ 1 two notable charactent tics from information adduced
by othurs who bave ~tudid endotouns or hpopolysicchandes  Two of the
most constant findings nath endotoxins have been (1) that they are toxc and
can produce pyteas * and (2) that they cannot stumulate 1ntibody production
1t they are given prior to the anuigen ® The ¢ two findings have §cd previous
authors to the conclu 1on that 3t wis 1he innate towaty and/or pyrexia pro-
duced properties of the hipopolysacchandes that were responsble for shmulat
ng host ress tance  They further ventured to guess that unless a stre s
Tescion was produced one could not hope to obtan an increa e m non peafic
Te tance

Taste 1
Resrist Inteeten IntRavenotsty v CFN MALe Rats

S edyhmiy Lt e
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We have made rectal thermt tor temperature measurements 1n ammals at
Variows periods after the intravenous admimstravion of actne hyd fractions
and measurements taken from 10 min 1o 72 hours later showed no pyrexia
We have een no gro s mamiestations of tovcily or mability to telerate rela
tnely massive doses of resurm (30 mg kg 1V) or the active stunulutory hp ds
detived therettom Tt w centamly true that some of the ipids that can be
obtamed from mmcrobiaf ¢l wills are toue  Howenver those we are utilizing
do not appear to have this touaty

In addition to particulate antigens we have alho explared some sotuble ones
We do not a~ yet have as many data on <aluble antigens as se do on particat ste
antigens  One of the soluble antigens that has been studied 1s bowuhnum toxod
Normally the fir ¢ mpection of botulinum toxoud 1n mice 1 tolioned by a ec
ond one given 20 days Iater A thallenge of botubnum tovin 13 given at 40
days and the poor urvival rate indicite that the toxoid 15 a relatne'y poor
antigen I the imtat do e of toxod was accompanted with either restim or
the tipid materal the mcrement m immunity at the tme of challenge rose
from 10 to 100 tmes greter than that cen in the controls which had been
given only toxoid (TARLF 7)

Again with the soluble antigens 1t can br demonstrated tha there 1 an
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Restim produces a marked stmulation of phagocytoss, as well as a sigmfi
cant mncrement 1n antibody production It must be emphasized that phago
cytosts can be a discrete function and can be stimulated without a concomtant

PHAGOCYTIC VELOCITY

10

INTRAVASCULAR COLLOID
o

5§ 10 15 20 25 30
TIME IN MIN

Ficure 1 The increment of phagocytos due to estim (cell wall fracti n No 23) and
(e B (o 66) demved from this  action arc sh wn acontr 41 ey 1ratues ) ©

stumulation 1n the rate or quantity of antibody production Thus we have
been able to increase phagocytosts significantly with yntheti estrogens but
no protective effect against microbial mfection was obtuned as a function of
ths mncrement 4 However 1 the case of restim phagocy to 15 and ncreased
antibody production g0 together  The increase in antibody titers over con
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restim and the stimulatory hiput are in all probability on 4 later phase m ant
body production

Useful sprevlation on th subjeet must meclude con duration of the wter
« ting morphologic changes that are mvolved s a result of this 1ype of RES
stmulttion  These datt wall be found m Mz hopma s presentation e
where 1 these page

In conclusion tt may be stated that speoially prepared celt walls from micro
ofpansms can stimulate the RIS s esidunced Ly phage cytoss and antibody
production  The preparation of cell walls must be carefully carned out or
actinity 18 fost  The active component appears 1o be a hpud or 2 msture of
hpd  obtuned from the cell walls  Chemucal fractionation has chminated
many lipds normally oecurning i these cudl wall that are mert of touc
The polysacchande protem ash re dues at¢ not active
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increment 1n antibody titer whether the restim 1s gven prior to at the same
time as, or after the antigen

It 15 mtriguing to speculate on mechanisms mvelved 1n the stimulation of
RES activity Ve can demonstrate histologically that restim and the lipids
are tahen up from the circulation by reticuloendothelial cells  We can demon
strate also that major stimulation 1s accompanied by probferation of reticulo-
endothelial elements A convenient assumption 1 terms of familiar mecha
misms would mclude phagocytosis irntation  and proliferation  Thu there
would simply be more retiuloendothehal cells and hence the RES would be

stmulated” However such a sumplified explanation does not stand up
under close scrutiny  First there 15 considerable functional stimulation 24
hours after restim administration at a time when morphologic evidence of pro
Iiferation 1» mmimal  Next although the RES stimulus from a single injec
tion of restim lasts for some time—antibody response 1= mny times normal
for six weehs—the RES response returns to normal after this period even
though hyperplisia induced by the resim remains far longer Hyperphago-
cytosts as a result of an increased number of cells 15 2 simple concept

TABLE 2
4t od[R &
cra | Rt p gy [FrmtdORSTS [Nt
e o [ tred
LD, as
mi  of
toxin 2X 105 105t 05X 1075 104 to 10791 102 107%

Repeated 20 days later Town challen e gven at fortieth d:
§ Ten mice for eschpont P = <001 8o at forneth day

1t 1s far more complex to try to postulite a mechamsm for increased rate of
phagocytosts 1n a smgle cell since we do not understand the biophysteal ba 15
underlying phagocytosts in the first place  The basic postulate that a retsculo
endothelial cell could identify an electronegative surface charge on a particle
has recently been challenged by data that indicate that a net electropositrie
charge works equally welt It 15 completely speculative as to how the pre
limmary simultaneous or Jater phagocytoss of restim or the hpid stimulates
replicatton or mobilization of reticuloendothelial cells or hyperactivity of ex
tant cells It 15 a vital speculation however parucularly in view of the ob
served effect on antibody synthests A first approumation regarding thts
Jatter phenomenon mught be predicated on the basis that more antigen was
phagocytosed m reticuloendothelial sumulated animals than the controls
However certain radioactively tagged particulate antigens that normally disap-
pear from the csrculation 1n 2 very few minutes can be shown by microradio
autography to be totally phagocy tosed by the RFS

Tt 15 difficult to believe that there could be any differcnces i ultmate antt
body formation a>2 function of phagocytosis of the =ntigen with a mean yascu
Jar half Iife of 4 minutes as opposed to 2 minutes Therefore the action of
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The notable exceptions are the <heletal system sinch must grow and re
modet 1t ol by merex e om celf number 1ad the dervatne of the RT'S the
myelad and lymphad @1 <ues

According to Heller (1928) there 1 pot unnersal agreement that these
2 wes 3 oonited wuh the RES are 1n fact part of it but he bhioves that
to ron wder them as such v both rewenable and customary X we wccept
this viewpomnt  there 1> 2 clo ¢ natomcal and functional rudationship be
tneen the syster that collects the worn-out debn from the mtesnal tis
suey {in 3 phy wlomeal state th 1 provided chiefly by the cxpendable cells
corpu cle  and particles of the penpheral blood and hymph) and the system
that produces these same cells corpusdes and parucle  Thas relationstup
mubit be con werid 1> an ceonomic siuttion comparable to that of an »
Iind whire the mhalatants che out 1 precanion exstence by taking m each
athers w1 hung  Alternitnely ot could be clas ed as an ndmurable example
of & good circum cnbed biologeal cycle as now commonly recogmzed
bologieal chemistry although not yet fashionable i the philosophy of physt
ologi ts  Nevarthedess T do not quste undesstand why 1n the phywiclogical
wate the myelmd and lymphoid hssues must be as active 1 the produc
tion of cells as 1n fact they can be shown to be

Red Cell Crile

In man the average hie pan of the red corpuscles i3 about 100 te 120 days
and virtually all of these bodies are m acine arcelation  From the average
hfe pan the blood solume and the concentration of red celis i the bload
production can be calculated to be 10° cells> per howr (Patt 197}  In the
balanced state the loss of corpu cles must be the same and this seems to be
due to some process of senescence that reaches a entical fevel after they hase
arculated for this pertod of about 100 days  The corpuscles sre not snatched
at random from the airculating population by for matance marauding macro-
phages for the Yo s of marked erythrocyte from the arculation 1s nearly
nat exponentiilly related to time as would be the case wuh random loss
{Callendcr ¢ of 1045) Presumabhy thi aging 1s due to chermeal change
1t can be mhubited and brought almost to & stop 16 rafre by storage of blood
at temperatures that nullify bocherseal change for example ~79 ( the
temperature of solid CO-cthanol mixture {Chaplin et af 1938} {n ritro
at the conventional temperatures of starage (4 ) the shelf Lie can be pro
longed by providing addiional ub trates for vanous enzymes such as glu
coe (Rous and Turney 1036} or punne nucleowdes (Pranherd 1926} and
bv adju tung the pH (Loutit ¢ of 1933 However in uro the cells are
aged and removed after 100 days It 1 worth notmg that a biochermcal
¢ycle then operates  The tron contaimag molety of the hemoglobin 1 pref
erentially feutshzed 1n further hemoglobm synthe ¢ (Finch of of 1949)
Zithough the globw fraction 3 thoroughly broken down (Jope 1916} Per
haps tht proces of contmuous turnover of red corpuscles 1s & safety mecha
wm that facihtate ramd tecovery fram blood los whether physiologicat
28 in menstruation or pathological as following wjury
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‘The reticulocndothehial sy stem (RES) 15 difficult to define with any degree of
accuracy, and I shall not attempt to do so ‘There appears, howeser, to be
a general consensus that the netwerh of reticulum cells m certawn thsws
such as spleen bone marrow, and lymphord tissues, together with the Iittoral
cells of the winuses m those same tissues and m the liver, constitute & large
part of 1t These cells are dernved from the primitive mesenchyme, with
the possible exception of those mn that pecular lymphoid mass the thymu
the epithelial elements of which represent an outgrowth of prmitive endo-
derm also some of its retreular cells are credited with a similar ongm  In
addstion descendent cells of the pnmitne mesenchyme, particulatly m the
netghborhaod of blood vessels can be included i the RES Thus Tesults
m the anatormcal representation of the RES virtually all over the body

Functionally the system 1s best identified by 1ts capacity for scavengmg
debres hience its alternative name of the macrophage system (Maumov and
Bloom 1952) It 1 thus mtimately concerncd with the phy«iological mecha
nisms of the body for the removal of effete cells

It 1s an nteresting thought that the free Ining wmdividual telywng on his
own resources has a certain amount of tissue as capital equipment built up
m embryonic bfe from nutrents supphed by a maternal host and an addi
tional quota of cells that are expendable and renewable

Atmost all of these consumable stores are epithelia that 5s hning surfaces
that are shed externally  The shin s an obvious example The detnitus
of the mucosae of the respiratory tract 1s pas ed up from the bronchi or donn
from the nasopharynx by abary acuon to be swallowed It then joins the
celly shed from the almentary tract  Some of this debris from the ahmentary
tract (which must be considerable sf the time for complete turnover 1> about
2 days according to Leblond ind Walker 194) 1 presumably available for
digestion with reabsorption of the breakdown products some 15 merely dis
charged 1n the fecal waste  Fputhuliy shed from the gemtounnary tract are
stmularly lost 10 the outstde world  Even the produ t of the germunal ept
thelium finally leave the body proper Tha i th valuable matenal 1
pot avatlable for re use or if 1t only after dige ion to 1te simplest con
stituents

The cells a> capstal equpment fu they of ectcderml ongn such as the
nervous system of endodermal onigin uch 1 hver [ arenc hyma or of me o
blastic ongm are tuched anay m mtend site Then there 15 either no
further turnover of cells as alleged for ninvou 1w e ecplication only
following abnormal loss of edls gs in the hepatic paren hymy following ne
cro 1s (in fact repair of most lesion 1 «ffected by hbroblastic proliferation)

)y used term forana  iatic m an
2 ::R:;x:?: E?E%"Xr’mm {bs) and Greeh | or iu"ﬁﬁﬁc,?f:?.‘"’,i' ::nl:,:) Eeh:ﬁd
for a cycle pertaining to life (Bt
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The fate of the granulocyte has not recewved recently at any tate any
thing I:he the attention mven to the study of the red celf Ambrus and Ambrus
{1959) have followed some lnbeled granulocytes through the pulmonary al
aofar wall to the bronchial secretin Do such huhocytes contrbute to
the nutnton of eptheln?  In granulacytoss it 1 epithidis that suffer  In
the past one has buen ympres ed with the apparent lach of defin ¢ mem
theha agunst bactenat imaders bt are aft of the fzcts known?

Whatever the vahduty of the e suppositions may be tt s unlthely that the
great mass of leuhocytes 1 Jost 10 the body s economy  If one takes the
aforementioned figure of about 10 cell praduced per hour and as umes that
each cell 15 a sphere of 10 p dumeter the total volume produced and lot
per dsy would be about 100 cc Whether these cells die predominantly w
travascularly or estrava.cularly most of thew substance must find 1ts way
back to the RES to complete the cycle I a arcle has 2 beginning the start
ing point 1 marrow may be thowe cells that Cronkite of o (1959) aall the

prautive profiferating pool  Thear cells welude these calied hemobitiar
blasts hemocy toblasts stroma cell  stem cells primitine mesenchvmal cells
reticutum cells and histiocytes swhieh 1 spite of the maltpphaaty of names
repre ent but 1 or 2 per cent of the total cells of bone marrow  Further
more there appents to hive been o simsfar early and considerable uptale
mio certamn celhs 1h ¢onnechive bisue throughout the body presumably ac
tie cell of the RFS A normal tumover of 100 cc /day impres od me a
quite 8 feat for a dady performance that stifl allows for bursts of peed over
and abos ¢ the ordmary routine

Eymphord Cell Cycle

The hymphaid system of the mammal 15 notoriously still & mystery m pite
of the volumes that have been sntten about st It 1 accepted by the In
ternational Commansion on Radiwlogical Protection (193) to have a mass
of 700 gm 10 the standard man neighing «0hg  that i about one half the
mas, of the red bone marrow which atself 15 one half the total bone marrow
The lymph nodes and the collections of hymphate s ye 1 the gut and el ¢
where recenve by afferent lymphatics flud from the penpheral 1 sue and
dehver by efferent lymphaties shich ultimately unite to form magor trunks
{for example the thoracic duct) dischargmg into the great tems It is gen
erally accepted that the lymphocytes are produced m the <o-catied lymph
foflicles of the lymphatic tissue which has 2 teticulocndothelial neinork as
background Here the most pnmitave vecogmzable lymphocyte—~the large
lymphocyte—is considered to gve nse to medum sized lymphoeytes whuh
in turn produce small lymphocytes A cellular output of the tissue accom
panies the effuent flnd and conssts chuefly of mall lymphocy tes with fewer
medsum and sull fewer large lyrephocytes  The rtate of mput of lympho
cytes mto the arculating blood can be estimated by sampling the largest
duct the thosaaic duct  However not only w there the error of owus ion
o measure the wput of other lymphatic trunks bur there also may be a
direct entry of iymphocytes mio the blood through the blood flowing through
lymph tissue  Yoffey of ol (1939) believe thus to be cansiderable  The eathier
endence depended on diffesences i numbers all calculated on rather uncer
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Granulocyle Cycle

The granular leukocytes are the next largest product of the myelod tis
sue and are mamly the neutrophtl leuhocytes  Whereas I am satisfied that
mjy phystologist colt d d the p pal function of the red blood
corpuscle which 15 to act as a common carrier of oxygen and CO; 1n the cvcle
between lung and tissue I suspect that they have not yet identsfied the chief
rarson d clre of the neutrophil granulocyte To pathologists such as myself
the granular leukocytes are preponderantly living mobile defenders agan t
bactenal mvaders, but such a function need be called upon only when i
vasion 1n fact occurs  The granular leukocytes circulate at birth and m germ
frce ammals  Peshaps natural selection has favored the provision of a natural
defense mechamsm of the body, & regular army always ready and not needing
time for mobilization as do the reserves which defend by acquired speorfic
immunity, but thrs seems an inadequate reason and the granular leukocytes
could have routine functions The pathologtst agan 15 impressed with the
stickiness and the liquefactive properties of leukocytes even in aseptic m
flammations and the collaborative activities of granulocytes and wandenng
macrophages of the RES are classically recogmzed ~ Granulocy tes are a rich
source of many enzymes other than the digestive, and I put forward the
rather amorphous suggestion that the leukocy te 1s a common carrer of some
thing  The reasoning ts dernved as follows

The life span and distribution of these cells are known with much les
certainty than are those of the red corpuscles The life span 1n the penph
eral blood has been estimated according to various expertmental data as any
thing from a few hours to several weeks Hamilton (1928) has noted, fol
lowing Patt (1957) that the production of granulocytes by the marrow should
by calculation be roughly the same a- for red cells (nearly 10 cells per hour)
Howvever if one assumes as Hamilton did a mean hie of the cells i the pe
nipheral blood of from > to 6 days one arnves at the concluston that there
must be about >0 times more granulocytes 1n the body than are circulating
i the blood but histologists do not find evidence of such substantial con
centration  On the other hand 3f one accepts the hypothesis that the mean
life 1n the blood 15 not 5 days but rather i the region of 5 hours which 15
the rate of loss of granulocytes from the blood after ncar lethal whole body
wrradiation when the marrow reserves are exhausted afier a few days, the
conclusion 1> that there 1s little rcserve outside the marrow (Patt 1959),
although there may be leukocytes scquestered along the walls of blood ves
sels Turthermore according to Fatt s (1959) data on P labeled cells not
only 15 the Iife span 1n the penpheral blood short but the cells are lost 10
an exponential fashion What can be the reason for in ¢normous produc
tion and a random loss? The e well  unlike you and m¢ and the red cor
pu cles are not domg a datly job untll worn out when they are replaced
by other workers It seems that they function by thar death rather than
by their life they must be providing a2 ervice to some ussuc that cannot
be done with s own matenab  Thi dissuc mught be the viscular endo
thelum with which many leuhocytes are in contact or since the leuhocyte
1» ameboid 1t could be an extravascular 1 ue  One could speculate with
more confidence +f one had more data on the fate of these lcukacytes
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be reutilized without undue degradation by successive generations of the e
cell  On ths by s Mediwar (1957} b1s built o further hypothess of the
pos ible function of the lymphocyte as o reeyehing carser of DNVA from pe
npheral e to mphatic 11 wue and back sgam bug fittle further evidence
scems to have come to hyht sn fuvor of either concept

Whatever the whole truth about the postulated and long penpatetsc hfe of
the lymphocyte may be uts fxte 1 probbly once agun quietly to die inter
nally It s true that some hymphocytes wsuilly can be ccen histologically
wn the intestinal mucosa where accordmg to Trowell (1952) they may have
augered <some thfferent propertees wuch s wereated ves tance to N wnada
tion and whery \mbrus and Ambrus (1959) confirm that they may be lo ¢
to the Jumen but pyknotic and pre umably dying lymphacytes frequently
can be <eent 1n 1 ves (Trowell 19 %) and e peenally n lymph nodes  This
s cireum tintinl evidenee of recychng within the lymphane system

If we may return to armchaw <peculation and calculanon Harmiton (1908)
& ume that one half the 00 gm of lymphaid 1 sue 15 compo ed of small
fymphocytes and denses a figure for the whole body of 13 X 10" such cells
as compared with 11 X 107 sn the arculation and a daiy output of the tho
mae duct of 16% X 1° e fusther assumes an aversge hfe cycle of 21
days and concludes that the dlatly production 15 65 X 10 celis a day  In
 balanced state the mesns that a smular numsber & destroyed 1§ the small
Iymphocyte 1 = <phere with a duameter of 8 g the cell destroyed amount
to about 15 cc /dav  Thes normal destructian 1 to be contrasted with the
abnormal rate following extulntion of ¢ytototc agents physical {\ rays for
example} or chemcal {the ntrogen mustards) when virtually all lympho-
ayte die within 1 matter of hours  This de truction must imodve hundreds
of grams of Iymphocytes and the RFS must deal alio with simultaneous
destruction of bone marros  In pite of the insult the RES digests with
avidity  In such cases the con umption of what may amount to 2 kg of
tixsue does not te ult n significant fo s of nutrogen from the body shich
speaks well for the con enatine powers of the RES m the total econamy

Interaction Betaeen Cycles

The bone marrow and the fymphatic tasue have the common propenty of
4t charging thew celtutar end products te the penpheral blood  These struc
tures are related embryologicaily n thewr ongins from the pnmytne me en
chyme It wa< once o fashionable exeruse to deduce from morphologic ey
dence whether 1n the mature amimal all of the products came from 3 single
type of stem cell (the monaphyleuc hypothe 1} or whether each hine of cellr—
erythrocyte granulocyte monocyte and lymphocyte—had separate precur
sive blat ol {the polyphvivon hypothe 153 Certamly the hines are ac
ctepted & i tsngus hable at an casly dehmitise stage for example the pro
normoblast wnd the promsclocyte the controvemy concemncd the earlier blast
cellstage It now am  at any rite n pathalogical tates such as leuhema
that myeloblasuc ymphoble uc and monobla tic types exst  These types
have differences detectable oy tochermeally (Hayhoe 1959) funcuonally (Pul
vertaft and Humble 1959) and by thesapeutic 5o pon e (see Bethell 195)
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tan and unconfirmable bases  The supporting data came from measurements
of desoxyribonucleic acid (DNA) turnover with P! Suffice it to say that
this additional direct entry has not been measured with precision

Furthermore, we have that other mysterious tissue the thymus, which 1s
lymphoid 1a structure but has different ongins and certainly some different
functions from the rest of the lymphoid system It 15 an active tisue m
the young and atrophic n the mature Its epithelial remnants may be re
sponsible for a  lymphacytosis strmulating factor ? (Metcalf 1959) and for
the important role of the thymus 1 the development of lymphatic leuhemsa,
particularly m the mouse However, 1ts lymphoid tissue produces morpho
logically typical smalt lymphocy tes in the cortex whence, according to Samnte
Mare s (1929) mterpretation of the histology, they migrate to the medulla
and then enter the blood vessels by diapedesis

The measurable daily nput of lymphocytes mto the crculation gives 2
daily replacement factor of between 1 for man and 11 for the rat these
must necessanly be mimmum values The problem 15 when the lympho
cytes leave the arculation do they do so permanently or do they return and
recirculate, perhaps after some form of reconditionng® Gowans (1959) 1
particular, argues the case for rearculation The evidence 1s based largely
on his own experience following Mann and Higginy (1950) that blood lym
phocytes progressively decline 1 number following continuous drainage of
fluid from the thoracic duct but that remnfusion of the flud restores the level
Recycling a celliree fiwid or fluid in which the cells have been kalled by ul
traviolet hight does not prevent the fall On the other hand infusion of
lymphocy tes mto the blood increases the concentration of these cells m the
outflow of the thoracic duct and 1f the infused cells are labeled with P
radioactive lymphacy tes soon appear m thoracic duct Iymph

This hypothests of recirculation indicates merely that the Iy mphocytes have
m fact a substantially long hife while arithmetical considerations alone (for
example, calculations of daily replacement factors) suggest they have a hfe
of only a fen hours The now much quoted work of Ottesen (191 and
Hamlton (1956) on labeling the cells 12 1120 with P* and CM respectively
stmilarly indicated a long Life 1n some instances a very long life for Ivm
phocytes  What the cells do when they are not arculating 1n the blood
stream 1> unknown but sparsely scattered Iymphocytes are a common finding
in the normal histological picture of many tissues At present one must
presume merely that with therr small size and actnve movement they are
recy clmg between blood and tissue thereby carrying on some unknown bio
chemical reversible process My interpretation of hgures provided by Hamil
ton (1959) and by Schooley et al (1939) 15 that destruction or Joss of lym
phocytes 1 also 2 random process which agun may indiate that therr
function 15 associated with their death I some circumstances they may be
associated with division of tumor or ti sue cells as seen anematographically
by Humble et ol (1926)

Hamilton s (1956) alternative hypothisis to account for hys experimental
findings suggested that the lymphocytic cell might not Live as long as ht
data imdicated 1nstead the DNA into whith bt (M adenine was built might
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they may bocome granutocytes crythroblicts macrophage and saon They
may be looked upan as 1 ca iy mavable mesencymal re erse Yoffy o
ol {199%) he. taken the concept further  While not wdhering, to the idas of
securculatton of ymphocytes 7 such Yaffey has been impre e bath by the
large numbets and the di tnbution of B mphacy tes i the mter i adsl paren
chymn of the bone matron Tt generally weepted thit in mammal there
1 no orgamzation for the production of lymphocy tes 1 marrow as therct
hmph trsue Con equently the cddl 1 Yoffey damn  probubly enter the
marrow by dapede 1 from thewnu e Yofley mterprats the e tologieat and
expurimental findings of lis group as mdicabing that the  mall lymphotvte
pa es through trinsitsonal stipes of dudiffercnnation (o a blast celi of the mar
ros  Thi propowd cyele provides good revons for the pre ente of uch 2
ik concentration of ymphocytes in the marrow a compued with other t~-
ues

Howeser unlos the sltimate blast cell produced s a temporanly n wdunt
Iymphablast rathcr than a mudtspotent homocytoblyst one has difficlty sn
explairig the afore 1 tran fu ton exp sy lethally wradiated
ammal  In the e there was 5 one way traffic of chxclopmg cell from marrow
to lymph L sue but none n the rover ¢ ditectian Bt 1 mare tompting to e
flect with Medonar (192/) that althotph the lymphocytes in marrow have not
been <een 1o expite there (not wan the manler of normabla 1) they are tar ta
gveup f pot their intact DN\A and nudear antigen 1o newly forming marraw
cells at ha t <ome of the en ential comststuents  The rueent ob (nation of
Schooley ef ol (1959) that 13 marked mall Iy mphooy tes ~etectssely accumu
fate 1 bone marrow m iy mdscate that thy 1 ther la t resting, place esther be
{ore di solubsan or before tran formanion 3n the n o that Yoffey of of (DN
smply

While recent dogma certmnly fead one 1o regard the malt hmphotyte 2 &
cell at the end of 1 cham rather than part of a yele therer the direct ob v
tion of my colleague Trowell (19585) that ymph node n culiare in iz may
show phagocytsc retscntum )l contamng debrs of Iymphocyte and devdlop-
mg mto Jarge Jymphocyte  Trowed therefose propound  Jymphocyte may
rophage cyches onc mnsolying this reutshization the other {alvo ugge ted from
s eabture ) of fymphocyte tranvformation through manacytes to tetiulum
celt

Cacles in the Mechasism of Immunty

While we wannot be certamn with what the lymphatie vy tem normaily oc
cuptes tself there s a long aceepted ba 1 for 1t bung concerned wish the de
fen e mecham m agan t foregn ivader  Fir ¢ the lymph collection wan
2t as mechanacal flter  but of cqual 08 grester wnpotiance 1 thawt rale o
uhl immunny o entigens  Sweh prahe mmuny may molve the produc
tion of humoral ubstanues (anubodie § detectable by one or other of the now
clastc mean for thew sdentification  ych o preapitation agglutnation and
tomplement bxation  Alternatively 1t may be mamife ¢ only by the production
of sunmitiznd cells

Thre now wem (o be wide pread egreument with Fagraeus {19485 that the
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Nevertheless, common stem cells may still exist not necessanly being actne
normally but capable of being called 1nto operation at need  For instance
following destruction of both myeloid and lymphatic tissues of mice by the
LDy of X rays a recolomzation of the depleted tissues can be effected by
ijecting mtravascularly suspenstons of hemopoietic tissue such as the bone
marrow of the adult or the Irver of the fetus  Ne lymphopoiests 1 recogmzed
as taking place m these tissues nevertheless the suspenstons recolomze both
mycloid and lymphoid tissues (Ford ef af 1956) Adult marrow and fetal
hiver must therefore contam stem cells for both the mycloid and lymphoid
serses or they contan m addition to myelord precursors lymphoid cells that
cn dedifferentiate to large lymphocytes  Suspensions of lymph nodes have
not been effective 1n our experience or n scanty reports n the hterature n
preventing the death of lethally irradiated mice  There 15 indirect evidence
that they recolomze lymph tisue ‘Thus host type lymphocytes given with
homologous bone martrow cells preclude the survival of such ammals as
would be expected from the admnistration of the bone marrow (van Bekbum
and Vos 1957) Presumably the lymphord cells adoptiely restore the
hosts lost immunological reactivity against the homologous marrow cells My
colleagues (Eord ef o/ unpublished data) have direct evidence of an m
tial recolonization of this type For example irradiated CBA muce given
1ologous bone marrow from other CBA ammals and lymphocytes from the
T3 cross CBA X T6 (T6 being a lne ¢ ach 1 location
that acts as a visible marker i mutotic figures) have the T6 marker 1n mitotic
cell> of lymph nodes 1 the early stages of recovery

Turther evidence of monophyletic potential comes from other cytological
studies \[ice rradiated with rather less than the LDy (about LD} when
resuscitated with foreign bone marrow  are imtially recolomzed by it but after
a few months may undergo reversion of their myeloid and lymphoid trssues to
host type cells  These cells in mitosts not mnfrequently show radiation mduced
chromosome translocations each indnidual tranclocation bemg specfically
identifiable  Thus clones of cells are recogmizable as stemming from a single
mother cell with 1ts charactenstic lesion  The members of a clone are found m
both myelord and Iymphord tissues which indicates that under these nonphy sio
logical conditions monophy letrc development can occur (Barnes ef af  1959)

These findings indicate that under appropnatc conditions there 1s o metas
tass of active eclls presumably by the blood strcum  In the past metastasts
was considered a phenomenon confined chiefly to malignant cells Bond and
Tus group (1958) wath therr techmque involving thy midine uptake have 1den
tificd that some 00> per cent of arculating leuhocytes will take up the labeled
thyrmdine 15 talro These cclls usually have the morphologic appearance of
monocytes It 15 tempting to postulite that af this upt the really identifies
DNA synthest> m the nucleus rather than clearance by the cytoplasm  these
cells are the putative cyching agent

The {rce movement and arcutation of such multipotent ¢l however was
propounded by Maumoy followed by Maximov and Bloom (1952) who con
aidered such cells to be lymphocytes  Undcr normal condition they Keep the
appearance of lymphocytes but 1n re pon e to certan pathological timul
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tantamount to somitic mutstion of the genetic materal 1 108 vanants are
required {eestamly & po sble number according to Burnes 39594} and if the
miamum mutation fate 1 10 ¢ 10% coll genesanions would be the mmmum
required It 1 po <ible that the number of gencration of primutine me n
chymal cells » 2ccomph hed by birth 1m the moy ¢ {approvmate waght 1 gm}
and by a rebitinely early stage of umbryomc development o man Hownever
what 13 tmportant in the present context are the mechan m n the free Inmng
animal e1po ed to foresgn antigen Burnet haviag noted the evidence of lon
gevily and recieculatian of 3 mphocytey considens that the mo t Kkely proce s
1s that foreign antigen makes contict with Jymphocytes of the appropriae
clone with the ultsmate result that tht done s prafically sumolated Al of
the posable ¢y cles through which lymphocy te may operite are thus according
to thw theoty potentsal means for en uring 20 wmeeunt re ponse nd for por
petuating unmunclogieal memory

Thrs hypothe 15 certasmly sccompliches the abject of explaming smmuno
fogcst tol of slf {and di ta e—Bs 19295} wnd  mem
ory  but it places an extreme weight on <omatic mutation that may b diff
cul of acceptance to many It kaves much 1o specatation but tike all good
hypothe £ 21 open many avinurs for mycstigational exploration

Summary

One cannot summnze a drcumdocitory revien suih 1w this one can how
ever wentify 51X points and the questions that they sugge t

{1) The consumable storts of tiody cclt are mamly epithelia <shed to the
outer world  The excepuion 1 blood  th s produced by the RES which
alsa collects sts debiny

{2} Red corpuscles have a fived i pan m the ponpherat blood  What
detesiines this hife pan®

{3} Neutrophil granulocytes are productd sn about the ame guanuty (as
mass per day) as red corpuscles They feave the urculating blosd m random
fashion within a few hours  Why?

{4} Lymphocytes ate concernicd with the defen ¢ mechansms of the body
How? They reairculte and finafly lease the avoutation randomely — Are they
transformed ar ave their products reuhzed?®

{3} Undex certain condimons tem wll can be hown to praduce both mye
lord and lymphod progeny (monophylopenest 5 Is thys the narmat phy 10
logseal condition or does one systum beget the other?

{6) Lymphaid tissue and primt e mesenchyme ase conccrmied with mmmuno
logical defense  What are the steps snvolved m both humorsl and cellular
Tespanses”
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elxboration of the humoral antibody depends en the char of development
from RE cell through plasma blast to plasma cel! and that antibody production
1 mavimal when the chain 15 at the tranwtional stage before the final stage of
plasma cell (of whose fate I am ignorant)  Production of plasma cells 1s not
confined to lymph tissue

On the other hand  the sensitized cells that appear to be responsible for de
layed superscnmitivity {for example reaction to tuberculin) and for transplan
fation immunity are not identified with certainty but there are grounds for
belief that their otigins are confined to lymphatic tissue and that they are the
common fymphocytes  Perhaps these sensitized cclls contamn some endoantt
body that can be liberated only on lysis of the cell as distingished from the
humoral exoantibody of the transitional plasma cell  Berran and Brent (1958)
have describcd some cell bound anttbodies 1n transplantation immumty

The machinery of mmumty still requires elucidation and 1s a subject for
speculation  Burnet (1959¢) notes that there are two sets of observable phe
nomena which are crucial to the understanding of antibody production ()
The non antigeniaity of the body components and the phenomena of prenatally
induced tolerance (1) The perastence of immunclogical memory over
many yecars

Hamlton (1958) has offered an explanation of this long memory from his
own Trowells and similar data Cycling by reutilization of the DNA of the
Iymphocy tes could provide he suggests a template that survives beyond the
Life of the individual cell in which antigen first stimulated production of antt
body  Thisa variant of the Haurowitz Pauling direct template theory but
it eems to me to imply that antigen ongnally modified the DNA of the re
actant cell causing what 1 virtually 2 directed mutation Burnet and Fenner
(1949) also once propounded an ndircet template theory 1 an attempt to ex
plam immunological sclf tolerance since this was not covered by the direct
templatc theory It was necessary to postulate self markers 1n fetal cells
thit were brohen down when effete by the immature RES 1 which hypothet
tcal recognition units were thereby nduced  The umen of self markers and
recogntton units developed and fixed biochemical cytoplasmuc proces es for
the most profitable disposal of the residues and these processes became lihe
plasmagenes transmissible to daughter cells  In the later free living state the
ammal s RES would thus be <eif tolerant but foreign antigens would excite
other processes thus leading to production of antibodies and immunity

Burnct (1959a) has now accepted the fact that this mdirect template theory
had ome clumsy features Instead he has put forward a  clonal selection
theory which demands that for cach antigemc conhguration there 1s ongmally
a pnmtive cell of the RES that wan develop by division into a clone of cells
that produce the corresponding antibody  Antigemc configurations already
repre ented by heredity in the developing fetus re ult in the suppression {and
probably the death) of the corresponding clone mother cclls  This theory ex
pluns ymmunological tolerance of elf as wdequately as the former ndirect
template theory and m addition the experimental obsenvations of one cell-
one antibody (Nossal and Lederberg 1958) but st implies that ay some early
stage of futal development there 1> an cxtreme diversification of cells of the RES
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Part I The Relations of the Reticuloendothelal System to Infection
and Immune Reactions

THE RETICULOENDOTHELIAL 5YSTE\
IN ANTIBODY FORMATION

Robert W Wissler Frank W Fitch

United Stales Atamic Energs Commigst n. Argonne Cancer Research Hospatal and
epa tment of Pathology Uns erssty of Chicago Uhscago 1

Manano F La Va*
Department of Anatomy Unisersitv of Chicago

Introduction

The important role played by me enchy mal cells in combating mfection and
forming antibody 1 now generally accepted  There can be httle debate about
the three following basic observatrons

(1) Macrophages (fixed and free) avidly ingest and frequently kil and digest
hving microorganisms

(2) Antibody formung cells anse from more or less primttive cells (retic
ular cells} and under some conditrons at least they develap 1ato plasma cells
that contamn antibody

(3) Small or medum sized Jymphocytes have an smportant function 1
the immune process and i delayed hypersensitivaty

Beyond thew generally accepted concepts many questions femain For
example if one accepts the cocxstence of 2 hinds of pumerdial reticuloen
dotheliat cel  one of which 1s phagocy tre (fived macrophage) and the other of
which s not (pnmitive reticular cell) what 1s the 1nterrelationship of these
cell and hos dots each partiapate in Tessting infection and formng antibody*
How 1» a me enchymal ce)l stimulated to form antibody >  Are muto e» com
monly or only rircly newssary f antibody formation s to take place® What
1s the usuat fute of the antibody forming cell?

Some 1dea of the state of flux that ha charactenzed the relatron of cells o
antibody formation may be ganed by 1 bricf <on idesration of the rapid shafts
of centific opiuion duriny, the past quarter century (TaB1g 1) Evidence has
becn advanced to support the tormation of antibody by macrophages (histio
cytes) by Iymphocytes and by pla mu ¢y or thar precurvors but mo t of
this evidence has been indirct  There has been a lack of agreement on the
nomenclature and the po 1ble nterrd tnon hips among th vatious mesenchy
mal cell  This dfficulty rimam but 1t 1 probably le  of 2 deterrent to
progres than it was two decade 1go

Burnet s recent Jucd lecturcs on The Clmal Sele tion Theory of teguired
Tmmumty outhne 1n broad bild troke the problem faced in relating cell
10 antibody formation  Burnet pant out that any theory of how cell fabr
(ate anubody must tahc 1nto account the important chronalogi al and quantita

Present address Department of Path logy Unice sity of Col ado Vled cal Center
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tive differences between the primary and  ccondary  immune responses
as welt 15 other phenomina of the re pone  Turth the
theary <hould explain the presence of local tiswue immumity adjuvnt action
and immunatogiend toletance The ¢ Teetures offer o <plendid foundation far
any consideration af the role of cells in immune retctions

The princpal purpose of this paper 1 to tevaluate the problem of how cells
form anbbody  Recent observations are corvelated wath the clonal selection
theory  No attempt 1> made to provide final mswen ot 10 review the subject
comprebensnely smce excellent reeunt seviews atready exst ¢ An earnest
effoct s wmade to correlite <ome of numerous obserxatwons that have been
seposted from vanous laboratane nd to clanfy mierrelationships amang the
cells iniolved but most sigmificantly an attempt > made to project these

Taus)
Srnury of Tviprves IROLICTivG Variots Crets iv \nmsomy Foraminy

) Macrophages
{a) CeYXs g:at tngest antigen mught be expected logically to form anthady
{5} Blockade of KI system lecreases anbbody response
{c) Chioplasmic shedd ng of macraphages correlates with antibods formatsn
(@) Tisue depols winth farge properts ns of macrop hages sho  high concentration of

antibody

1) Ly mphocs tes

@y \m&hdocv\n nerease in tissue luang wfection

@) \nubedy uter increases acutely »hen ty mphocy tes break up (NCTH  corusone)

Y \nt body can be extracted f om hmphosarcoma

€1} Ant body concentration 8 h gher \m) b node than m sersm

¢} Annhody forming capassty can be Gransleceed by bymp h node cefls

Tlasta ceila

{2} Tlaama cells merease w ch oot anfect on

4§ Hyperglol ulinemia co relstes \ 1th nambe of plasma cells 1n Gssue

fe) Hypenmmumzation of rat b ts inc eases nurtt ez f plasma ctlls in 1 ssue

1) T'roliferation of immatu ¢ jlasma cells 1a {1 n and hmph node of abl it oecurs
dunng antbady formate &

(e} \o plasma cell ase § resent in agammagiol uhnemia

1% Antiboties hare Leen demonstratad inside ylasma cells vsing fluorescein labeled
an en

]

obsenanions mio a meaningful picture that pos iy could mmprove under
standing and help to gude future myestigatian

Interrelatioushaps of Cells

It s umpossible 1o Tea on m this held wathout some concept of the mterela
ton hips ex tng among the me enchymal cells tmvolved i antibedy formation
Some tell transformations arc igreed upon while others are stil m daubt
There appears 10 be considerable general agreement  The schemate arcange
ment presented :n FICURk 1 has many pomts 1a common with that rccenth
propo ed by Marshall  but at must be emphasized that 1 miny ez Nt
presumpuive ratker than defimine  Fusthormore no special bnef » heklE £
he terminology employed  As in the scheme publi bed by \IJnhuI*l:"
diagram prescnts the fibroblast ostepblast eny shrers to A”"“"’:j FE
and pla ma clt av end stoge cells incapably of e 79 3 TP
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Unuted States Alomic Energy Commissson Argonne Cancer Research Hospital and
Depariment of Pathology Uns ersuty of Clscago (lucago 1
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Introduction

‘The wmportant role played by mesenchymal cells in combating infection and
forming, antibody 15 now gencrally accepted  There can be httle debate about
the thrce follawing baste observations

(1) Macrophages (fived and free) avidly ingest and frequently kall and digest
living nncroorganisms

(2) Anttbody forming cells amse from more of less primitive cells {retic
ular cells) and under some condtions at least they dexelop mnto plasma cell
that contain antibods

(3) Small or medium s1zed lymphocvies have an smportant fanction (0
the 1mmune process and in  delayed hypersensitivity

Beyond these generally accepted concepts many questions remain For
example 1f onc accepts the coewstence of 2 kands of primordial reticuloen
dothehal cell  onc of which 1 phagocy tre (ixed macrophage) and the other of
which 1s not (primitive reticular cell) what 15 the interrelationship of these
celbs and how does each participate in resisting wnfection and forming anttbedy”
How 1s a mesenchymal cell stimalated to form antibody?  Are mito e com
monly or only rarely necessary f anubody formation 1s to take place® What
15 the usudl fate of the intibody formng cell~

Some 1dea of the state of fluy that has charactenzed the relation of cells to
antibody formation may be gatned by a brief con idcration of the rapid shifts
of screntific opimion duning the pa t quarter wentury (tagie ) Evidence has
been adsanced to support the formation of antibody by macrophages {h tios
ytes) by lymphocytes and by pla ma «ell or thur precursors but most of
ths evidence ha Dbeen mdirect  There hu bren 1 vk of agreement on the
nomenclatare and the possible mterredstion hips among the various mesenchy
mal cells Th difficulty remam  but it 1 probably le  of a dererrent 0
progress than it was two decade ag,o

Burnet » recent luud lecture on The Clenal Selection Theory of teguired
Immumiyt outhne 1 browd bold troke the priblims faced i+ rilating cells
to antibody formation  Burnet poinis out that ny theory of how ccll fabst
cate antibody mu t take mio account the important chronological and quanttta
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‘secondary retction ot with other types of antigens 13 from small or medium
Iymphocyte to microphage to plasma cell (A to B to C)

Factors Influencing the Cellular Patterns in intibxdy Formation

A number of factors have an important influence on the type of cellular
reaction that follows intigensc stimulation  Some of these <uch 1 total body
wradiation ® ¥ chronic protein deprination *® acute mterference with protemn
svathesis ' and cortivone admmstration ' * have been studicd  Other factors
studied les  completely my alter greatly the pattern of cellular response after
adminstration of antigen  The e include the phy 1cal state and chemical
nature of the antigen whether the spleen (1ntrasenous m)jection) or ly mph node
(subcutaneous 1njection) 15 the site of antibody formation bemng studied
whether the cellular reaction 15 studied after the first njection or after several

ofagnen b (ot substances) and the species being
utibzed In gencral there hive been very fow studies in which these pa
rameters have been evaluated adequately under othersise constant conditions
In the parigraphs to follow we attempt to compare some of the results that
we have obtaned using, one set of expensmental conditions with the results
obtuned by others who have often uscd quite different experimental designs
At present some of the vanations in cellular reactions absery ed under differing
conditions appear to defy analysis but in other instances as outhined later 1n
thts paper 1t <eems posstble to construct a rational explanation of the differ
ences 1 cell re ponse deseribed

Obsertations 1n the Rat Spleen Folloang a Single
Intravenous Ingection of a Particulate Antigen

The cellular reaction of the rat pleen to a single antigenic stimulation has
been studied extensively 1n this laboratory ** " The rat spleen was chosen
for five reasons namely (1) with the dose of particulate antigen used 1t ap-
Peared to produce most 1f not all of the humoral antibody following a single
ntrasenous mjection ' ¥ (2) the antigen localized 11 the spleen very quickly
thus providing a brief accurately timed stimulus®™ (3) the imtial tissue
localization of the particulate antigen was definite and could be traced easily # 1
(4) the cellular reaction could be interpreted with httle difficulty by means of
losely <paced histologrcal observattons of the spleen ™ and (5) the weight and
chemical compesition of the organ were easy to obtam ¥

During the past & years only one important vanation i the cell pattern of
Tesponse has been noted 1n this liboratory n studies of the spleen following
njection of one or another of several different particufate antigens This
consists of the pre ence or absence of very acute reactions in the splemc follicle!?
and 1> Wlustrated 1n F1GURF 2 Here 1t 15 evident that when a suspension of an
endotown contaiming orgamsm such as killed Salmonells typhose 1 mnjected
intravenously there 1s considerable reaction of the malpighian corpuscle
within the first 24 hours  This reaction 1 absent when a bland antigen such as
washed sheep erythrocytes1 used  In both mstances however peak humoral
antibody uter (agglutinins to H antigen and hemolysin to sheep cells) the
Unung and shape of the antibody curve and the other cellular reactions are
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another cell type  This scheme differs from VMarshall s diagram in that the
lymphocy tes are regarded as multipotential cclls erpable of developing mto
macrophages and/or plasma cell> and possibly nto  hemocy toblast  Thi
ifference 1n concept 15 important since observations in this laboratory sugge t
that the small or medwm sized lymphocy te 15 the ‘messenger ” cell that curnes

[¢Y) @)
Py Activated Small or medsum
reticular reticular lymphocyte
Fat Plasma (Poly blast)¥
cell cell (7.’,ocyu)*
Fived Amebord

macrophage ————————> 2 macrophage

Fibroblast
and/or
osteoblast

Frythro Granular  Mega
te leukocyte karyocyt®

blast

* Transitional cells

I1ouRe 1 among mescnch Les & .
(o oune 1 ntestinsh soong ey mal ol armus ndiste tt3
P nurt ers designate the cell pr g ession fr m 110 3 th L ha lien ol served mn the 1at
2 feen Tollowmg 4 single intravenous mjecti 0 of a paruculate wtigen  The letters ate
e Saggested cell transto mations frcm \ to C oc urring £ 1 ing 1 second (ar rej cate )
Injection <f antigen

snformation throughout the body regurding proviou cxpernicnce with antigens
1 ater in this paper it will be cvident thit such 1 el s a nece ey hink 1n the
proccss and that the plt macellt unbikdly toplay th role  In the rat spleen
following a single imtrisenous mjcction of particulate intigen the principal
step of the celiular progre sion duompinying antibody formatien that we
e ob endd r(penudl) are from reticahir el to wetinated reticul ir cell to
Gm(.\“ or muhum alll‘d I)mphOCy‘e ‘1 tr2to 3 see Fu URE 1) In contri t
the pattern of edll derelopment desenibed by cveral other observers duning the



Wissler e¢ al  The Formation of Antibody 137

‘secondary reaction or with other types of antsgens 15 from small or medium
Ilymphocy te to macrophage to plasma cell {A to B to C}

Tactors Inflnencing the Cellular Patterns sn 1ntbody Formatson

A numbcr of factors have an mportant influence on the type of cellular
reaction that follows wntigemic smulation  Some of these such as total body
wradeition ® * chronic protein deprivation ¥ acute interference with protemn
synthesis ™ and cortwone admumstration ! have becnstudied  Other factors
studred less completely may alter greatly the pattern of cellular response after
admmn tration of antigen  These nclude the physical state and chemical
nature of the antigen whether the spleen (intravenous injection) or lymph node
(subcutancous injection) 15 the site of antibody formation bemng studied
whether the cellular reaction 15 studhed after the first injection or after several
mjections of a g1ven antigenic substance (or substances) and the species being
utilized In general there have becn very few studies in which these pa
rameters have been evaluated adequately under otherni e constant conditions
In the paragraphs 1o follow we attempt to compare some of the results that
we have obtained using one set of exprrimental conditions with the results
obtamed by others who have often used quite different experimental designs
At present <ome of the vanations in cellular reactions observed under differing
conditions appear to defy analysis but in other instances as outhned later m
this paper 1t scems possible to construct a rational explanation of the differ
ences 1 cell response descnbed

Observations tn the Rat Spleen Following a Single
Intravenous Ingection of a Particulate 1ntigen

The cellular reaction of the rat splecn to 2 single antigemc stimulation has
been studied extenwively m this laboratory 8™ % The rat spleen was chosen
for five reasons namely (1) with the dose of particulate antigen used 1t ap-
peared to produce most if not all of the humoral anttbody following a single
Intravenous injection * 16 (2) the antigen localized in the pleen very quickly
thus providing a bnef accurately timed stumulus $1° (3) the mtial tissue
localization of the particutate antigen was definite and could be traced easily * 10
{4) the cellular reaction could be mterpreted with Lttle difficulty by means of
closely spaced histological observations of the spleen ™ and (5) the weight and
chemical composition of the organ were easy to obtamn

During the past 8 years only one important vanation 1n the cell pattern of
Tesponse has been noted m this laboratory m studies of the spleen followmg
mjection of one ot anather of several diffetent particulate antigens  This
consists of the presence or absence of very acute reactions in the splemc follicle'
andssillustrated in FIGURE 2 Here 1t 15 evadent that when a suspension of an
endotowin contaming orgamsm such as hilled Salmonella typhose 15 mjected
mtravenously there 1 considerable reaction of the malpighian corpuscle
within the first 24 hours  This reaction 15 absent when a bland antigen such as
washed sheep erythrocytes 15 u ed  In both instances however peak humoral
antibody titer {agglutmns to H antigen and hemolysin to sheep cells) the
timing and shape of the antibody curve and the other cellular reactions are
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This scheme differs from V[arshall s diagram m that the
Iymphocy tes are regarded as multtpotential cells capable of developing
mcrophages and/or plsma cell and, possibly

o
into hemocy toblasts ' This

dsfference 1n concept 15 important <ince observattons in this lahotatory suggest
that the sml] or mcdium sized Iy mphacy te 1s the  messenger’ cell that carnes

o)l @ [ORE
Primut Activated Small or medum
reticular teticwlar Jymphocyte
cell cell

) \ /

at Plasma (Poly blast) ¥
cell cell (73«, tey®
Freed ) Amebaid
h, e,
Fibroblast
and/or
ostéoblast
‘/ﬂerﬂoc\ toblast
En thro- Granluhr Mega
ate teukocyte  haryocyte

#* Transtional cell

Fuure 1 Interrelationshiy a
formations for vhuch there 1s ge1 1l ay em nt fr
“The numbers lesignate the cell | gr 1
aleen follo ing & single tea en Uy U
the suggested cell transformaticn 1r Vi
wection of antigen

fa

nformatton throughout the body resardimg, pross
Later tn this paper 1t will be evadent thet uch 1y
process and that the pla mucddln uniihedy 1o play thy rol

® M enckymai ¢ Ns

trom 1 10 3 that ha

Schd arrows indicate trans
ugrested transformations
I'ten observed wn the rat

partic dat antigen  The letters are

<ur ng b)) w ng o econd (or repestel)

\pernce with antigens
incee ary hok i the
in the rat <plecn,

follo sing @ single intravenous iy i n of prrtculate antgen the princpal
steps of the cdlular progrisston aeoompuving antibady Ormation that we
have obecried npeaudu are from reti uhir el 1o winated  rencatar cell to

small or mediuen wzed Tymphocyte (1 8 715 3 see Freure 1)

Ir (ontrast

the pattem of cell development describudt by cxeral other ob crvers dunin,, th
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2 ngle mnjection of antigenie matenal then the rat pleen response to dufferent
particulate antigen L quite con tent and 1s houted 10 the red pu'p Tt s
hown dirgrammatically 1n F1cLRE 32

The evidence indicates that most f not all of the antibody 15 formed 1n the
spleen and that the antigenc particles are engulfed bs macrophazes (hetio-
evtes) that prompt)s digest them at least to the exient that wn I'™% label 1
relesed At thr  tage none of the antigen 1 depostted 1o the white pulp
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Frorxe 5 Rat splcen (edge of foll cle marginal zone and red pulp) at different watervals
alter the mtra enous wiection of 2 Bagellar preparation of Samondla tvphs  Most of the
¢hanges a ¢ un the red pulp wath hittl s emificant act ation m the white pulp (follicles)
Methyl green pyromne stain X330 (1) Ser d 38 after mpection_ The red pulp
many small dark cells and a great reduction w the large pyTomnophilic ¢ ls a3 compat
to the sitiaton 2 days earber (riGTxE 4B) The follicle 1s n ¢ altered  (B) Ex ht days
after myection. The red pulp bas returted 1o the pre njection state {FIGCRE 43} exoept
+f rrhe nresence of an occasional plasma cell,
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quite sunilar  Therefore we have concluded that the reaction of the follicle
15 not necessary for antibody respense in the rat  When 1t occurs 1t probably
reflects an effect of liberated towc substances (endotowin?) rather thar an
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Fioore 4  Rat spleen (edge of follicle marmnal z ne and red pulp) at different mter
vals after the sntravenous wmection of a fgellar p epa ation of Saf nonells. fvphy  Most
of the changes are in the red pulp 1th bttl” sigmficant ctr ation 1 the whnte pulp (fol
hicles)  Methyl green pyronmestamn - X350 (A} N rmal at n te the relative emptiness
i the red pulp (B) Four davs after 1) cti 0 N te the sumilarity of the follcle and the
Snarginal zone to that of the control spleen (1) See Froure 5

integral part of the anttbody re pon ¢ Spleen weights correlate well with
these ob enations* and the presence of numcrou neutrophilic leukocy tes m
the sinuses of the splenic red pulp duning the tirst 12 to 24 hours after the
njection of towic antigens™ supports this mterpretation

1t one excludes this single vanable a pect of the cellular respon e fol
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a single mjection of antigeme matenal then the rat spleen responsc to different
particulate antigens 1 quite con Btent and b hmited to the red pulp Tty
shown diigrammtically i FICURE 32

The evtdence mmdicates that most f not all of the antibody 1s formed n the
splecn and that the antigenic particles ate engulfed by macrophages (hastio-
cytes) that promptly digest them at lenst to the evtent thal an ™ Jabc 1
Teleased At this stage none of the 1ntigen 1s dipo ited i the white pulp
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FIGURE 5 Rat spleen (edge of follicle_marmmnal zone  nd red pulp) at different intervals
alter the it avenous mjection of a Qagellar p epacation of Satmendiz typhs  Mest of the
changes ate i the red pulp with little signiticant act votion in the white fulp (folliles)

Tethy] green pyronine stam X350 (A) 5it days after mjection  The red pulp shaws
many small darh ¢ ls and a great reductio in the large pyromnophulic cells as compared
to the situation 2 days earle (FIGURE 4B) The lollrl 13 not altered  (B) Faght days
after mjecti 0 “The red pulp bas returned to the p emjection state (PIGLRE 43} except

wuS5r the presence of an occanional plasma ¢
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Raduoatitographic evidence indicates that all of 1t 15 deposited in the red pulp,
about one half 1n the marginal zone at the edge of the follictes and the remainder
1n the rest of the red pulp® ¢

The micrographs of FIGURES 4 and 5 are derived from experiments recently
performed by H Kattlove M F La Via, and A E Warren {unpublished
observations) uang a typhord flagellar preparation as the intrayenous antigent.
stmulus  The results are quite similar to those obtamed previously with more
complex antigenic muxtures

Except for the inconstant acute follicular reaction there 1s very little evident
histologral change for the first 36 hours, and the spleen resembles that of 2
control rat (FIGURT 4A) “Mtotrc acirsity then begins in the red pulp  The
cells that divide are not the macrophages that mgested the antigen but pnmt
tive retrcular cells  How do these cells recenve their sumulus?  They may be
stimlated by a digestion product from the macrophage ™ ™ but at present the
question cannot be answered  Mtosty reaches its peak 1 3 or 4 days and then
geadually subsides In the meantime, with sufficient antigenic stmulation,
the red pulp becomes crowded with Jarge cells that have abundant pyronino-
philic cytoplasm and large vesicular nucler (F1oure 4B)  The spleen weight
reaches its peal by day 4 and by this time 1t may have doubled  The cellular
reaction then subsides, and the spleen weight declhnes Begmming about day
5 and continwag to about day 8 there s 2 transtent appearance of many small,
dark cells adjacent to the few remaining pyronmophilic cells m the red pulp
(71GURE 5A)  These cells apparently ate derved from the large basophilic
cells by cytoplasmic loss and nuclear condensation  They apparently do not
break up but leave the spleen rapidly and have been 1dentified n the brood
stream 7 The erum antibody reaches sts peak at about day 6 By 8or 10
days after the antigenic sumulation the entire splecn re<embles that of 2 control
ammal  The only noticeable difference 1< a shight increase m numbet of mature
plasma cells 1n the red pulp (FIGURE 5B)

Suggested Cellular Reaction Pollowing Two Or more
Ingections of nfigen

One may assume that the cells or their descendents that proliferated m
response to the hrst injection of antigen migrate into the blood stream and
then colomze the lympb node  pleen bone marrow and possibly many other
parts of the body (FIeURE 3B)  What are thewr potcntialittes and how vt
they react to a econd injection of antigen?  From the obsersations of others
1t seems lihely that lymphacytes from the blood stream have a potential to
pecome macrophages © ' Tt 1> evident from the recent cell transfer studies® ¥
that lymphmd cells from a previously immunized rabbit can mature 1nto ant
body formung cell> (presumably pla m clls) with no app irent matotic actIvity
Furthermore tn other stuthe 1t appears that the celbs from a pentoneal exudate
1ich 1 macrophages also have the ame potentialiry ¢

Tt 15 likely that some of the cells releascd dunng the primary response return
from the blood stream 10 the pleen and settle out m the follicles as well as the
red pulp?*” Do some of these cells then take part m the secondary reaction?
‘The observations of Leduc ef ol ® indicate that germinal center cells may con
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tamn antibody nfter ccondary stimulation  The finding of gamma globulin in
germinal centers mught be interpreted stmlarly

‘The results of experiments reported by Tagracus? suggest that there may be
great mitotic actinty durning the Te pon ¢ to repeated antigentc stimulation
On the other hand 1t scems hikely from the cell transfer studies ® ® that mitotic
activaty 35 not necessary for antibody formation dunng the secondary response

Relation of Obsertations to the Clonal Selections Hypothesis

In his recent lectures Burnet! h1s devcloped the concept first proposed by
Tim in 1957 that the <elf repliciting unit that 1 necessary to explain many
of the phenomena of antibody formation 1 cellular rather than intracellular
(enzymatic)  Simalar sug estions were made independently by Talmage* and
by members of this laboratory® n 1957  The crux of the clonal selection
theory as stated by Burnet '1s that 1n the animal there cxist clones of mesen
chymal cells each carrying immunologically reactive sites corresponding
apptopriate complementary fashion to one (or po 1bly a smali number of)
potential antigeme determants  This provides a population of cells which
when an appropriate stage of development has been reached are capable of
producing the population of globulin molecules which collectively provide the
normal antibodies  When an antigen 1s introduced 1t will make contact with
a cell of the corresponding clone pre umably a lymphacytc and by so domg
stimulate it to produce 1n one way or another more globulin molecules of the
cell s charactenstic type  The obvious way of achieving this 1 to postulate
that stimulation imtiates proliferation as _oon as the cell 1 question 1s taken
into an appropnate tissue mche spleen lymph node or subacute inflammatory
accumulation

Assuggested above many of the cells that proliferate in response to a pnimary
antigeme stimulus do not mature chiefly into plasma cells but instead enter
the blood stream! ** or the lymph stream™® 2s small or medium sized lympho
cytes  Ewidence suggests that these cells would be able to colonize many
tissues including the lymph follicles of the organ 1n which they onginally were
formed* This migration provides a large widely di persed population of
cells with the probzble potential capacity to form antibody The prompt
participation of these cells 1n antibody formation would e<plain the heightened
and more generalized response when antigen 15 mjected for the second time
and this reaction 13 1n accord with Burnet s clonal selection theory These
findings may also explamn why the lymph follicles have antibody contammg
cells after multiple myections of antigen but not after a single njection  If
one accepts the numerous obsenvations that indicate that lymphocytes can
mature mte macrophages (phagocytes) ™ 2! then 1t 1s appatent that same of
these previously stimulated cells may ingest the antigen after the second m
Jection  The question whether lymphocytes as well as macrophages can ma
ture directly mto plasma cells 15 still 1n doubt but some recent evidence pro-
vides additional support for this concept® Either the prompter processing
of the antigen by these prepared b or the direct of
these cells into plasma cells could explain the greatly shortencd lag penod in
the secondary response  The preservation of clones of lymphocytes as poten
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tal antibody forming cells resulting from previous antigeme stimulation gives
a cellular foundation for the anamnestic reaction Plasma cells are rarely
seen 1n the circulation of mammals, and there 15 general agreement that they
do not have the capaaity to differentiate into other cell types These facts
make 1t unlihely that they could carry immunological nformation from one
part of the body to another or that they could function to preserve this for
mation for future accelerated and augmented reactions to a repeated stimulus

Consideration of Special Problems wn Studying the Cellular
Reaction to Antigensc Strmulation

At the outset of this discussion the assertion was made that a particulate
antigen delivercd rapidly to the spleen would result 1n a brief, locahized stimulus
The cellular retction following this type of stimulus would be ¢xpected to bea
clear cut and orderly sequence The alternative reactions produced by other
common methods of immunization may be considered  When a soluble anti
gen 1> given mtravenously 1t circulates for a considerble pertod of time and 15
only gradually localized 1n the antibody forming tissue  This continued ar
culation of antigen t» lkely to result in 1 prolonged stimulus to the
antibody forming tissue lasting several days  Assumeng the same sequence of
cellular events as has been observed 1n response to a particulate antigen 1t1s
not difficult to visualize the result There would be a prompt development
of antibody fornung cells followed by their transformation into small Iy mpho
cytes which would be released nto the arculation and hence returned to the
red and winte pulp within a period of 1 weeh  There also mght be continuou
stimulation duning subsequent days by additional antigen from the blood or
lymph  Under the<e condition- one might expcct a rather prolonged pnimary
type of cellular response mixed with a supertmposcd sccondary e ponse  This
would be expected to be difficult to interpret histologically ~ Furthermore
the coluble antigen probably would be distributed much more widely among
tissutes (as well as more widely within a given tissue) than the particulate an
tigen thus 1t would be much morc difficult to establish a definite histological
relationship between antigen localization and ccllular response  These and
other considerations may help to explain the relatisely greater {and later) par
tiaipation of the folhicles of the rabbit spleen following intravenous mjection
of soluble antigen #

The reaction 1n regional lymph nodes following subcutaneous antigen njec
tion 15 probably equally complex  Not only 15 the antigen delivered to the
lymph node over a considerable puniod of time but inflimmation at the site
of injectron may contnbute antibody forming cells thit mture and migrate
to the lymph node 1n ime to set up 2 econdary  cullulir re ponse while the
prolonged primary Iesponse 1s stllin progress  This type of problem may
have influenced the results reported by McNell® % The rcaction of the lymph
node or the spleen to a homograft a tumor or un infection may be simtlar
since the cellular response may be expected 1o be prolonged by continuously
elaborated antigens Furthermore local mflammation may supply previously
stimulated cells to the lymph node or pleen thu supenimposing a «condary
type of reaction upon 2 primary reaction
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An entirely differcnt problem that has receved httle attention s that of
pecies differences 1n cellular re pon ¢ Do the rat ' the fow] *® the rabbit ® ¥
and man® all have es entially the same cellular reaction or do they exhibit
diffening histologscal T¢ ponscs to the <ame stimult > Some ob ervations of
the cellular pattern correlated with antibody formation eust 1n each of the ¢
species, but they are vers difficult to compare becau e of differences 1n expen
mental dewign mcluding the antigen u ed and the tt ues studied  Prelinunary
observations 1n thi laboratory made by one of u (FW I') companng the
histologacal reaction of the rat pleen and the rabbut «pleen to the <ame par
ticulate bactenal antigeme stimulu - suggest <ome similaritics and <ome differ
ences  The companon of hi tological re pon ¢ to the same oluble antigen
may prove to be much more mnformative ince the rit fabncates little antibody
followng njection of any one of many punfied protetns commonly u ed as
antigen even after multiple stmuh @

New {pproaches \eeded for Old Problems

A number of inadequately studied but important problems need careful
mvestigation  Four of themare h ted belon along with supgested approaches

{1) Comparitne histological studies of various pectes subjcted to similar
antigene simult hould be undertaken  Tht type of study could do much
to merease hnowledge of how cells form antibody  Of even greater interest
the information gained might sugge-t rational evplanations of the fundamental
differences in immune phenomena among laboratory ammal such as the ham
ster rabbit mouse guinea pig and rat

(2) Further careful compnson of the hi tological a pects of the pnmary and
secondary respon es i the <ame species and to the same antigen should be
undertalen In paruicular note should be taken of the quantitatine tt sue
distnbution of labeled antigen 1ts radioaatographtc and flucrescent localiza
tion and its rate of digestton  The e observations could be correlated with
the histological patterns of cell £ mcluding 1on of the
cell contatning antibody the rate of releace of antibody nto the blood stream
the quantitative a pects of mitotic actmity and the migration of cell from
the antibody forming site  The very young 1mmal and the germ free animal
might be utilized 1 <ome of these stucies to ensure that the 12l response
1s a5 primary as posstble within the frameworh of the natural electton hy
P"lhesxs 1aa

(3) Cell transfer studies mto immunologically mnert animals ? can probably
be utihized to furn: h even more information about cell tran formations and
the ultimate fate of the transferred cell  In similar fashion survial cul
teres® and clonal tissue culture techmquest! can be explotted more vigorously
n an attempt to synplify the milieu and to compare the cellular transforma
tions after pnmary and econdary stmulation Furthermore the use of
tntum labeled thyrmdine during the probferative phase of the primary and
secondary responses may help to trace and quantitate the transformation of

activated reticular cells o lymphocytes the entry of newly proliferated
cells into the blood stream and thexr recolonization of lymphoid trssues

(4) The new techriques that make 1t posstble to test the quantity and
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specificity of antibody formeq by single cellstt can contribute greatly 1o our
understandmg of the Potentiality of cells While at Present there 15 some
confusion as to whether many cell typest or, chiefly, the plasma celly @ pro

knowledge of the cellular aspects of mammaltan protein synthesis 1n general

These are but 5 few of the problems and suggested approaches to them
With continyed Ingenuity and cffort, new methods and ney avenues should
present themselves that will make it Possible to obtam additional direct ewt
dence of how cells form antibody

Stmmary

The evidence Implicating seyera) cell types in the antibody forming mecha
nism has been revjeweq Mesenchymal cel] Mnterrelationships have been out
lined  An effort 1as been made o mndicate how the recorded observations of
cellular progressigns durmg Primary and Secondary immune reactions fit mnto
this scheme of cell organizatyon In particular the histological patterns ob-
served 1n the rat spleen after o single particulate antigen imjectton have been
compared with these 1, the spleen and elsewhere after multiple antigenic
stimul - The relaion of these observations to Burnet s clonal selection theory
1s emphasized  The cellular sequence of ey engs 15 discussed in the Light of the
posstble implication, of the Dhysical state of the antigen the route of mjection

approaches that might help 1 (b5 study are suggested
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speafiaity of antibody formed by single cells® can contnbute greatly to our
understanding of the potentiabity of cells  While at present there 1> <ome
confusion as to whether many ccll types® or, chiefly the plasma celis # pro-
duce antibody nd whether single cells produce antibody to 1 or more antigens
1 1,2 # these probl will probably resolve themselves with more
time and work  This imginative techmque seems destined to extend our
Lnowledge of the cellular aspects of mammalian protemn synthests 1n general
and antibody formation in particular
These are but a few of the problems and suggested approaches to them
With continued ingenmity and effort, new methods and new avenues should
present themselves that will make it pos ible to obtain additional direct e
dence of how cells form antibody

Summary

The evidence imphicating several cell types in the antibody forming mecha
nism has been reviened  Mesenchymal cell interrelationships have been out
lined  An effort has been made to indicate how the recorded observations of
cellular progressions duning primary and secondary immune reactions fit into
this scheme of cell orgamzation  In particular the bt tological patterns ob-
served 1n the rat spleen after a single particulate antigen 1njection have been
compared with those tn the spleen and elsewhere after multiple antigenc
stimult  The relation of the ¢ observations to Burnet’s clonal <electton theory
15 emphasized  The cellular sequence of cvents 1s discussed 1n the light of the
possible implications of the phy sical state of the antigen the route of wjection
the presence of reproducing antigens (bacteral and cellular) and the speaes
studied  Some of the problems that need special consideration and <ome ness
approaches that might help in this study are suggested
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Although they repre ent two different taxonomic groups of protozoa the
<ausative agents of malena nd trypanc-ormasis share the biological charac
temstics of bewng 1n et transmitted and producing sy temuc mfections  The
malanal parasites are mtracelular dunng most of their Innes i the vertebrate
host occurring most commonly i ey throcytes and only temporsnly free m
the plasma duning passage from ong infected celt to another  The trypano
somes on the other hand <pend mo t of thesr lises free 1 the blood plasma
and only a few  pecses are normally found within host cells durning any part
of their cycles  When mteacellalac they are wsually found not 1 cells of the
arculating blood but rather i the tssues of other systems

Many of the other protozoan pathogens of warm blooded ammal (ramie 1)
are parasites of the alimentary tract and s diverncula and bt tle or nothing
1s kagwn of therr possible connections with the reticulocndothelial system
(RES) Some genera of the famly Trypanosomitidae are typeally mmitea
cetlular  Infections with the members of the genus Letshmanta are charac
tenzed by parasitiem and prolferation 1 the RES  Parasites of the genus
Endotevpantm are mhabitants of the red blood ceits  The meraccilular repro
ductise stages of most strans of T3 panasonta eru + are encountered in cells of
the RES at times and some stramns {shuch have been de ignated as reticulo
tropuc) are particularly well adapted 1o hfe 1 thyy system # % The importance
of the stage of parasite 18 also mmportant m malanal mfections n which the
Pre enythrocy tic stages deselop in macrophages spleni retcular cell  and
endothelial cells »* Some of the <porazoa most clo ely related 1o the Plas
motudae are al o typcally erythrocyte dnellers while others multiply tn en
dothehal cells or 1 leuhorytes It 15 our wtention to constder here only m
fections caused by members of the genera Plasmoduem and Trypanosoma

By nerrowing our field to these two guners bowever we have not simplt
fied our problem because each contains a pumber of speces that behave i a
number of different ways some have great host specficity others do not some
Praduce acute infections some ubacute others chromic and relapsing 1t ss
almost as impossible 1o generahze as it would be to pacticularize m the pace
avadable  We have felt that in addition to presenting our own work some
teview of the field might be desirable and m the treatment of this matermt
we have considered the vanous speies of parasites by groups  The diviston
of the malarsal peries mto avian stmtan and rodent groups 1 more arbitrary
than the division of the trypanosomes to the tavonome groups of C A
Hoate but both methods of Gvision erve the purpose of placing the prabably
more closely retated forms together and of indicating the heterogenety of the
genera
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Henman and Goldfarb™ were able, by means of splenectomy to obtamn tran
stent Infections tn chichs with P etreumflexnm an orgamsm that 1s normally a
parasite of passenne buds only  Causey * however, reported that splenec
tomy of canartes h1d no effect on infections with P cathemertum or P relic
{um  Ternman® found that splenectomy produced 1 marked lowertng of ac
quired resistance m chichens with P gallinacenm but that there was little if
2ny effect on mnate resistance  Talaferro and Taliaferro® indicate stmlar
results with P galhinacewm and P lophurce m chiks treated with mitsogen
wustard

Anma ® however found shorter incubation periods and higher mortality in
malana infected birds blockaded with trypan blue and Trager * was able to
produce higher 1nitial prrasitemsis with P lophurae in chicks following intra
pentoneal injection of carbon ink  More recently McGhee?® has had similar
results with the same species 1n duchlings using subcutaneous 1njections of
fat free red blood cell stromata By the use of \ irradiation Zain and Wolf?t
were able to increase the number of exoerythrocytic forms of P gallinaceum
w ehicks and Tahaferro ef al ¥ as well as Bennron and Coatney 2 also used
thrs methed to obtan higher parasttemas and Jower survival times 1n chichs
with P galinacenm Rigdon and Rudisell 2 however found lower parasit
emas with P Jophurae m wrradiated chicks, and they concluded that this was
attnibutable to the effect of \ rays on the parasites  Thompson ef a/ * found
that no effects were exerted by radioacti e collodal 1ron muxtures on infectsons
with P cathemersuom in cananes or P lophurae m dnckhings

The action of cortivone appears to be more pronounced on acquured than
on mnate resistance Redmond® first deseribed the actinty of cortisone in
P relictum infections 1n pigeons and pomted out that the peak in parasite
numbers occurred at about the same time 1n cortisone treated bird as 1 con
trols  Following the chivis that results m a primary decline 1n parasitemias,
however the cortisone treated birds frequently die while the parasites declne
n untreated birds until none ts found by days 9 or 10 In P gollinacesom
infections however cortisone has been reported to be without effect m chacks
or doves ¥

Beginuing with the work of Rrttchewsk: and Demidowa™ there have been a
number of studies in which depression of the RES has been combined with
chemotherapy i order to show the dependence of drug action on the wtegrity
of the system  The above authors used trypan blue as a blockig agent and
studied 1ts effects on the treatment of P relsctum in finches with quinine
Pamaquine and an acnidine antimalanal related to quinacnne  In the block
al:led birds the parasites appeared sooner and deaths were earlier tn spite of
therapy

Tahaferro et ol %¥ studied the role of the spleen and 1he lymphoid macro
phage system in the quimmne treatment of P gallinacewm i chicks and con
cluded that 3 anumalanal factors operate independently 1 tht system
namely inpate immunmity acquired immumty and quintne Bennison and
Coatney™ reported that pirasite counts of wrradtated quinipe treated chicks
wfected with P gallinaceum averaged sigmficantly higher than those of un
itradiated quinine treated controls  Hughes and Tatum® found that mimmal

‘eurative or suppressive doses of primaquine for canaries with P cathemerium
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The procedutes that has ¢ been used to demonstrate the function of the RES
1n protozoan infections have des elaped, of course, n parattel with those used
1n studies on bactenal and sprrochetal infections and on the physiology of the
RES 1n 1ts other roles  The cntena taken as evidence of suppression of RES
activity are vanous  Effects on innate resistance may be mamifested by the
development of earlier and higher parastemuas (or mare rapid and severe
disease) 1 normal hosts or temporary 1nfections m abnormal hosts  Effects
on acquired resistance may be evidenced by the occurrence of relapses m am
mals that apparently were cured

Depresswon of the RLS tn arian malaria The earhiest tudies on the suppres
sion of RES actisity in avian malaria were those imolving the producton of
relapse, which was mduced 10 capanies spontancously cused of P prazcor
(= relictum) mfections by the injection of foreign blood from 1nother <pecies of
bird? Foregn red cells were subsequently used to produce blockade and
nduce relapse # ¢ Gingnch has pointed out that massive treatment 15 required

TasLE t
Pasnocenic Prorozoa oF Hoxolotugrys

Class MASTIGOPITORA
amily Masugamoeb tae—-Genus Hustomonas
Tamily Trypanosomati lac—~Genera T73 panosoma and Lashkmanra
Famsly Trichomonadi Jae—Genus Trichomonas
Famuly Hexamitidae—Genera Hezamta and Grardia
Class SARCODINA
Family T n{amoetndae—Genus Fntamoeba
Cla s Sporozoa
Family Y imervdae—Geners Etmerta an 1 Jsosp ra
Famly Plasmodu dae—Genus Plasmodis m
Tamtly Babesudae—Genera Babesia and 77 edersa
Incertae Sedis—Genera Texoplasma and Hepato oon
Class CILIATA
Famly Bursardae—Genus Balantud m

to produce blockade which probably accounts for the negative results ob-
tained by others 1® who used janus green and India mh  Cataner™ was able
to mduce relapse with P relactum by mjecting cured canaries with avian spiro-
chetes (Borrelta gallingrum) but Lion' has reported that intercurrent mfec
tions of P gall and Borrelra galls in chicks do not influence each
other

Relapses also result from other procedures n which 1t 1s not entirely clear
just how the RES 15 affected  Among thesc are ultravioler hight® and ept
nephrine ¥ Gajen<ks and Tatum’ have puinted out that both hyponia and
eptuephnne have 2 feature m common numely the production of hypergly
cemia They felt that it was probable that the effects produced by altenng
blood sugar level wese attribu able to the ifluence of glucose on phagocy to-

1817
S‘SAI[hOugh Gungnch® faited 1o confirm the work of hnitchenshi and Meer
sohn, who reported that blockade with trypan blue adversely nfluences m
nate resistance 1n avian malana a number of studies have furnished mforma
tion suggestmng that narural as well as acquired Tesistance can be depressed
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studied conventently 1 small esperimental ammals  The cour « of infection
with this orgin m n #s natural host a species of tree rat (Thamnomys sur
daster) 1s bemgn and self miting and i mature white rats and 10 voles
{Murotus guentlerd) nt acts aemslarly ** Zuchermann and Yoel®® ™ bave
shown that 1n the vole, the pleen 15 eswenttal 1n establishing re 1tance and
that its remosal affected both the nnate and acquired immupe mechamsms
In young rats P berghes infections may be <evere and when young rats are
splenectomized before infection a more rapid and fatal di ease results ¥ #
Splenectomy of mature white rats however had little effect on innate resist
ance but in both mature and youny, rats splenectomy <enously interferes with
the estabishment and mamtenance of acqured immumty  Dunng these
mye tigations and thoe of others? it was noted that m very young rats
plenectomy produced a paradoucal effect en wnate foststance enhancag
athreptic immunity by mnterfersng with the formation of rettculocy tes and thuy
bmiting the most dewirable substrate fot the pirasites This effect which
can alo be produced by cortisone tn the rat 19 aill be di cus ed further i
relation ta mouse malaria

Parasitic relapses as a result of <plenectomy in P berghes mfected rats have
Bbeen reported by several authors 191197 Rodham'® had a similae expertence
using the wotton rat (Ssgmodon husprdus) as host and Van Riel? found the
fruwit bat (Roussettus feachi) to be smlar to the cotton rat as an expenmental
host for this parasite

Two other methods of dupressing the RES in rat malana were reported by
Hughes and Tatum 0 They found that hypota (equnalent to that at 19000
feet of altitude} oc intercurrent wnfection with Trypanotoma lewtss caused
mlections with P Berghet to be more sexere and often fatal in rats which do
not succunb to this di ease under ordinary conditions  Jacheon ' however
did not confirm this effect in mxed mfections  Intercurrent infections of P
berghes and Haemobartanella murts have alsa been studied but the results ob-
erved with this combinatton may be attributable to changes m the ery thro-
oytic series as nell as to effects on the macraphage system ¥

When studies on P bergher ate conducted 1n rmice however the findings are
somewhat different  Although some Investigations on splencctomy'™ and
cortisone™ " seemed to inducate that the mfection was enhanced most later
wotk has shown that the effects of procedures that are usuallv expected to
teduce resistance such as splenectonty ™ cortisone admumstration ¥ @1
and X rradiation™ do m fact produce an opposite effect because of the im
portance of the pleen as an erythropotetic agent mn mice ™ Suppresston of
splentc activity results 1n a paucsty of reticulocy tes that are the substrate of
chorce for the parasites  The deficiency of young red cells results therefore
i 2 lower and slower mfection th mice subjected to those procedures that
wterfcre with erythropoiests as nell as RES actnity

Our studres on the KES m expenmental malanz have been conducted on
P Besgher m CFY mice mfected by the intravenou mjection of 1 250 000 para
Sties per amimal '+ Typucal of P derghes infections i mice 1s the mmor costs
that e curs between days 3 and > after inoculation (FtGURE 1) When collowdal
thorum saccharated tron or polvvinyl pyrrolidone are grven mtravenously



152 Annals New York Academy of Sciences

1n normal air at 860 fect altiide, must be increaced approumately tenfold
for birds mantained under hypovic conditions simulating 19 000 feet of altn
tude (7> mm Hg partial pressure)

It 15 of course difficult to separate the cellular function of the RES from
the humoral factors 1n the phcnomena of resistince  The relation of 1o-
opsonins to phagocy tic activity has been studied by a number of workers ¥4
speaific agglutinms and op omns by others ¢ * and diserse humoral factors m
phagocytosis by «veral more 455

Thus far we have noted mamly functional studies, but before leaving avian
malaria the basie histologicil ivestigations that have led to our present con
cepts of the mportance of the RES in resitance to avian plasmodia should
be mentioned  As Ialiaferro® has pointed out MacCallum® observed phago-
cytosis of bird malana parasites as carly as 1898 and Ben Harel concluded
m 1923 that the chief destruction of the parasites was by the fived ti sue
phagocytes particularly of the spleen  There have been many subsequent
studtes both 1 al and histepathol ] &8 8

Depression of the RLS 1n monkey malarsa It 1s interesting to note that
the use of splencctomy 1n the monkey antedated 1ts use n avian malana by
thirty years %7 This procedure was used for many ycars prior to the mntro-
duction of blockade 7 ¥ and 1t has continucd to be a useful techmque *%

In 1945 Ekzemplarshaya®® reported that with the use of an antireticular
cytotoxuc serum prepared by the immunization of rabbits with an emul.ion of
spleen and bram from rhesus monkeys (facaca mulatta) she was able to pro-
duce a more severe malana (P nui) than that which occurred in control mon
keys and to induce rclapses of Intent mfections durng the postpatent period

The first observations on the effects of cortisone 1 expenimental malana
(P cynomelg) were made by Schmudt and Squires” in rhesus monkeys  In
tensification of the peripheral blood nfection dunng the postcnsis phase nas
produced during the primary atttch and during chronic or latent stages severe
relapses could be induced  These observations confirm tho e obtained with
splenectomy blochade and antireticular cytotovic sera indicating that both
nnate and 1cquired risistance can be nfluenced in monkeyvs by procedures
calculated to depress the RES  ACTH has been found to increase the mnct
dence of hemoglobinuria 1n monheys mfected with P knoules: without effectmg
sigmficant changes 1n the parasitemic picture ®

Certain matenials that have been used 1o produce rclapse in simian malana
may or may not act ducctly m the RCS  Von Berenberg Gossler® used
heterologous blood nd s ¢ havc considered that this material exerted 1ts effect
through blochade Gonder and Rodenwaldt™ u ed hor e serum and Mulligan
and Smton ® who used human blood and Sinton and Mulligan % using horse
serum all m monkeys have attnbuted the effect to  protern shock  that may
exert an mdirect rather than direct cffect on the RLS  Histological studies
relating to the importance of lhcngIxi: n monkey malana have al o been made
by Talaferro and his colle1gues

Depression of the RES 1 rodent malaria  With the discovery of P berghet
1n 1948 and 1ts subsequent adaptation to liboratory rodents 54 there became

avattable for the first tune 2 mammahan malanal infection that could be
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These re ults with I bergher 1n muce chiefly involve innate re 1 tance A
number of wothers have u ed suppres tve drugs 1n this infection to produce
chronic or fatent infection that could then be challenged to demon trate ac
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Fiorre 2 Effect of intravenous mjection of India ink on Plasm dium bergles parast
i ¢ consecutive daily doses were g1 en the

quired immuntty as noted by Bot and Gingnch'® who used primaquine
treatment to eradicate the infection and demonstrated smmunity to reinocula

hien for at least 3 months

“ost intact ammals servved the challenge

Splenectomy after cure resulted 1 malaral mortahty 10 a majonty of mice

In contrast to the results that Ekzemplarskaya®® obtaned in monkey ma
larta using antireticular cytotowic serum we were unable to affect the course
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n § consecutive days preceding infection this minor cnisis 1s suppres ed in
most cases although there 15 no effect on the survinal time 1n compartson with
the controls  This suppression of the cnsis 1n mice treated with thorum di
oxide or polyvinyl pyrrolidone results from the failure of the parasites to
muttiply as rapidly duning the first 3 day~ of infection as they do in the con
trols  This mav be regarded as cvidence of an cnhancement of innate resi t
ance by the e preparations  On the other hand, 1n micc treated with saccha
rated 1ron the crists 15 suppressed, eveninammals in which parasttemias equaled

2000 CONTROLS COLLOIDAL THORIUM DIOXIOE
9 uuel |
3
8
8 e 1
g
E
S
8 wd A
g
s
8 =< —
H H EH 3 ] T H ] 1 H 3
g
; SACCHARATED IRON OXIOE POLYVINTL PYRROLIDONE
5 o
2
e
B
ol I
g
=
2
= wool- L
g
.

H .
DAYS AFTER INFEGTION DAYS AFTER INFECTION

Froure 1 Effects of intravenous ijection of vanious colloidal matersals on Plasmodiun

berghes parasiterua in CFL mice  Five consecutive daily d) es were given the last on the
day before 1nfection

those of the controls and thr may be mterpreted as vidence of nterference
with the RES and the immune mechant m thut effcts the drop 1n parusite
count on the fourth day

When India 10k was used (FIGURT 2) nccording (o the ame regimen not
only w1 the mnor crsis suppre ed but higher pary itemias were noted
earlier and the survival times were hortef 1n compan on When a colloidal
suspenston of thonum dioide {Thorotrast) w1s given on 4 con ceutrve days
beginning on the day before mnfection a milar pattern wa ob cned  In
A idual curves are shown tn comparison with controls  In ¢ 1ch pur the curve
at the left represents the parasitemia in Thorotrast treatcd animal and the
curve at the nght repre ents a control  We believe thit these are the only
studhes done to date on the use of blockade 1 rodent malana
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These results with P dergher 1n muce chiefly mvolve 1nnate re stance A
number of workers hive u ed suppre sive drugs 1n this nfechon to produce
chrome or latent infection that could then be challenged to demonstrate ac
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FIGeRE 2 Effect of intravenous iy ction of Inha ink on PI sm diwm bergl # parass

temia and mal nal mortahty m CT1 mce  F ve consecut ve daily doses were §ven the
last on the day before mfection

quired immunity as noted by Box and Gingnich ' who used primaqumne
treatment to eradicate the nfection and demonstrated smmumty to rewocula
tion for at least 3 months Most mtact ammals servived the challenge
Splenectomy after cure resulted 1 malarial mortality 1n 2 majonty of mice

In contrast to the results that Ekzemplarshaya*® obtamned 1n monkey ma
faria using antireticular cviotoxic serum we were unible to affect the course
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of P berghe: infections 1n muce with homologous antispleen serum** At
least part of the farlure of such an antiscrum to be cffective m th hoot para
site system 18 probably attributable to the more acute course of the moue
malina comparcd with that of the monkcy malaria that Ekzemplarshaya em
ployed

Depression of the RES 1n infections with the Trypanosoma bruces group  The
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(be‘d:l)l;m[orelnfcchun uly 1 s were gven the first

trypanosomes of the T brier yruur produce in thar natural definitn e hosts
to which they are transmuited by toctse flie  subacate to chromic nfections
primanly of the blood and blood tormung organ  but with nvasion of other
systems m the fater stagts  In rodunts to which they can be adapted by
artifical transmussion  they often produce 1cute ifections that provoke no
effective mmmune Tesponse

T brucer the causative agent of nigana a disea e of cuttle and other do
mestic ammals 11 Afriea was studsed mn rlcl.mon to splenectomy as early as
1899, at which ume Phmmer and Bradford'™ felt that the results tn dogs cats
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and rabbits were equivocal  Iater, however they concluded that this pro-
cedure 1n the above mentioned ammal  as well as in rats did tend to en
hance thetr expenimental infection '* Laveran and Mesml'? reported that
splenectomy 1n rats was not effectne but Sauerbeck™ ¥ had positnve results
mrats guinea pugs rabbits and dogs as did Rodet and Vallet™ ™ in rats
Dawvis™ reported that splenectomy had no effect on T° brucer infections 1n cats
The use of blochade tn T bruces infections began with the work of Rosen
thal and Spitzer™® and ushered in 1 penod of investigation on the sigmiicance
of the RES 1n chemotherapy  These authors uced saccharated 1ron while
mo ¢ subsequent imvestigators u vally u ed India 10k ¢ \on Jincso and
von Jancso™® M ysed an clectrocolloidal copper that they conudered an RES
porsen  Most of the above authors used blackade in conjunction with plenec
tomy but hntchew ki and Pochels'™ al o did <ome work along these lines
using plenectomy alone  All of these mvestigators concurred in finding that
mterference with the RFS had profound mfluences on the effects of chemo
therapy, and that an intact RES was necessary for optimum drug action
Ro enthal and Spitzer™ also employed thorium \ to the extent of reducing
greatly the penpheral lymphocyte counts  They found however that thi
damage did not reduce the ability of the ho t to respond to drug treatment
As a corollary to the importance of the RFS i increasing the efficacy of
medication came the recogmtion by von Janeso and von Jancs6'' that the
condition of the RES was tmportant 1n relation to the development of drug
reststance which could be induced much more readily 1n ammals that were
plenectomized or blockaded
‘ewer studies have been done with T gambiense the causative agent of
Gambuan sleeping sichness  Antchewshs and Ius colleagues ' '8 who studied
this organtsm 1in mice found that splenectomy and/or blockade had Iittle
influence on the course of the infection  The studies of Tscherkoner' with
Plenectomized rats hikewise failed to show a significant influence of the spleen
M resistance to thi parasite Nieschulz and Vawo Roentoe ¥ however
reported that in splenectomized dogs the wnfection was greatly enhanced 1
comparnson with controls and Amako™® indicated that the resistance of mice
10 this orgamsm could be depressed by blockade Schwetz! also reported
splenectomy mn mice and rats to be effective in depressing the RES
With T rhodesiense the causative agent of East Afncan human trypano
somiasis even fewer studies have been done  Splenectomy has been reported
to exert no effect on the infection 1n cats ¥ Cortisone has been studied by
Asheroft® 9 and found to exert different effects on T rkodessense mfection in
Tats depending on dosage and time of admnistration  Under certam cond:
Nons the nfection was enhanced and under athers cortisane was seen ta pro
tect the animals from some of the adverse effects of the parasitemia
P of the RES 1n snife with the Tryp etansigronp Moot
of the observations that have been made with orgamsms of the T bruces
group have been confirmed by wotk 1n the 7 erans: group at a somewhat later
tme T eranss which causes a disease of horses called surra and 2 compa
rable disease of camel cafled suaru was studied as eatly as 1907 by Laveran
and Thiroux 15 as well as by Massagla ' These authors and the later
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of P berghes infecuons in mice with homologous anty pleen serum®* At
least part of the failurc of such an antiserum to be effective i ths host para
site system 15 probably attnbutable to the more acute course of the mouse
malania compared with that of the monkey malana that Fkzemplarshaya em
ployed

Depression of the RLS 1n infections wnth the Trypanosoma bruces group The

COLLOIDAL
THORIUM
DIOXIDE

-3

THOUSANDS OF PARASITES PER 10 0000 RED BLOOD CELLS

]
" [ ho o
£} Fs s 1
L.f F
5 5 5 s R

Froore 3 Effect of intravenous myection of ¢ lloidal thorium dioxide on Plasmodsim
berghes parasitemia n CFi mice four consecutive daily da es ere gven the fir t o0
the day before mfection

try panosomes of the T brucer group produce in their natural defimtive hosts
1o which they are transmitted by tsetse flies subacute to chromic infections
primanily of the blood and blood forming organs but with inyaston of other
systems 1n the later stages In rodents to which they ¢in be adapted by
artificial transmission they often produce tcute infections that provohe ne
effective immune Tesponse

T brucer the causative agent of nagwna a disease of cattle and other do
mestic animals 1 Afnica, was studied m relation to splenectomy as early as
1899 at which time Plimmer and Bradford"” felt that the results in dogs cats
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ferro ef af™ 1 who ¢ expenments the other ergimt m wis Haemobartonella
munis and by Hughes and Tatum™with I bergher  Naman'®u od \ trridia
tion and Jaro low™ did womc 1milar work  Hughes and Taitum®®® found
thit hypoua effccted n ineren ed loved of para temia and <ome fatal infce
tion  but that 1cquircd immumity in rats that had recovercd from a normal
coure of infcchion could not be brohen down by by povic condition

Many of the cqpenments mde on T Jewast in rits have also been conducted
with Trvpanosoma duttmr the corre ponding pectes noopithogenic to mice
Splenectomy  blockade and \ irradration have boen studied by Gallard #*
Tahaferro and Tavlinova ' and Jaro low ¥ respectinedy and all three pro
cedures have been used 1 vanous combmations by Jaro Jow 1%

Depression of the RLS 1n anfections wsth Trypanosoma crit - As a result of
i topathologrcal studies! 2 ¥ * the importance of the KES m mfection with
T e s the cauative agent of Chagas diea e has been recognized for many
years  Although this parasste occurs 1n the blood in the trypanosome form
1t does not multiply there 1t reproduces by binary fiston of ntracellular
Tet hmansal forms that inhabit vanous t1 sues ncluding heart muscle neurog
lia and reticuloendothelial cell  Splcnectomy has been con istently reported
to hase no influence on the infcctson 1n mice rats gunea pigs or dog ¥ 1
™ @ Although <ome expenments in the u e of blochide® # 18 have been
nconclusive 24 Dent on 7 2% way able by the u e of trypan blue to mfluence
the rest tance of rats and more recently by the u ¢ of intravenous collowdal
thonum dicude prior to moculation we (unpublished data) have been able to
obtam early and high parastemia i mice with avirulent strans that ordi
naniy produce only low or late infections  Recently Pizzt (personal communt
<ation} has obtatned even more striiking results u ing \. uradiation and pro
ducing high para itemias 1n rats with a stramn that normally produces a low
level of fection 1 this host

Cortisone has be n observed by a number of worhers to be effective m de
pressung the RES i T cru ¢ infections  In 1951 Volf ef /792" found that
Iatent 7' cru 1 infections 1n monheys were exacerbated by cortisone treatment
bringing inte patency naturzl infections that had not been ob erved or sus
pected before medicaton  The work of Jarpa and his colleagues™ = was
simultaneous and independent Sub equently Seneca and Rochenbach™®
Teported that fatal infections 1n rats could be nduced by the use of cortisone
with strams of T eru ¢ that were normally avirulent and the Chilean worhers
bave extended their work with cortivone m thi infection =+

Other sterordal compound however do not produce a depressing effect on

etperimental Chagas disease  Robles ef al ¥ reported that the cimcal pic
ture 1 infected dogs showed striking improvement when ACTH was gnen
Prompted by the observation that the course of mfection m male mice
was more rapid and more evere than in females one of us (F C G ) per
lormed some experiments 1n which certain sex hormones were tested for posst
ble effects on the course of experimental Chagas disea e Tistosterone pro
Besterone estrone and diethylstilbestrol were tested m mice of both sexes and
no significant differences 1 mortahity rates were observed between treated
and control ammals of the same age and ex

Depression of the RES in wnfections with the Trypanosoma congolense group
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vestigators'* 5 all reported that splenectomy had no effect on T eranst m
fections mn rats mice gumnea pigs or rabbits  Several mvestigators have
found that splcnectomy depresses the RES in rats mice and dogs although
rabbits and guinca pigs were not affccted ™1 On the other hand 1t has
been reported that latent T etans: infections 1n rabbuts could be induced to
rdapse by the imjection of olive o1l ' Cortisone does not affect the disea e
i mice '

The work of Rritschewshi'® 15 was patterned along the previous limes of
mvestigation on the importance of the RES in therapy and sub equently 2
number of other authors took up work along these lines using another «pectes
T equiperdum (he parasite that causes dounne in horsca  Although Linton'
and Tnferro ef al ** found that splenectomy had ro effect on infections with
this organism i guinea pigs and mice Tespectively subsequent workers'™ ™
u ed <plenectomy, blochade or both and came to the <ame conclusion re
garding the necessity of the RES for optimum results n treatment as were
reached as a result of aimilar studies on T brrces

The 1mportance of the conditions of the RFS in the development of resist
ance noted by von Jancso and von Janc o™ with T bruce:r was confirmed by
the worh of Schmitzer ef of ™ with T equiperdum

Cooper'™ found that \ iradiation depresses the RES in T eguaperdun
mfections 1 rats, as evidenced by reduced susceptibihitics to tryparsamide
but Khgler and Comaroff ¢ rported no effect with T eranst 1n the same host

Although some reports on cortisone 1 T equiperdum mfections indicated
that there was no mfluence on the rate of development of the parasites or the
survival of the rats or mice ¥ V7% other studies™ ™ showed that the sterod
mterfered with the action of oxophenarsine hydrochlonde at higher doscs and
had an adverse effect on immumzation if the antigen dose was near its thresh
old

Depression of the RES 1 unfections wth the Trypanosoma lewnse group T
lewist the nonpithogenic parasite of rits 1. of particular interest because of
the studies of Takaferro ® who described 1n T lewsst infections a reaction
product (subsequently called ablastin) that hibits the cell diviston of the
parasites but that does not kil them  Regendanz and Kihuth!® demonstrated
the mmportance of the role of the RES 1n the formation of this anttbodsylihe
substance showing that 1n plenettomized rats division of the parasites con
tinued several days longer than i intact controls and that n some splenecto-
mized ammal the trypanosomes never ceased to divide and the infection
termunated fatally  Fusther demonstrations of the import ince of the spleen
for the production of anuibodies in T leutst mfcction wa also furnished by
studies of Talaferro e al " of Regendanz'®® nd of T ilifirro ™ who used
blockade as well as plenectomy  There are al o « numbcr Hf other interesttng
studies nyolving splenectomy 119

‘fembers of the T Jcsse group have very high ho t peonaty By mean
of splenectomy however Brynoghe and Vas Uiidi ' were ible to tran mit
T lewis: of rats to harvest mice which are normully refe wtory to infectron

species
m;:\tc}:tun?em infection has also been shown to dipres the RES to a pont
where T Jewsst nfections are more scvere This has been studied by Talia
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P berghes and West \le virus o mice  Jacobs ¥ noted a similar effect with
P Iophurae and ornitho 1 10 chicks and Trager < with P fophurae and a virus
of ducks that produces plensc necrost  On the other hand i other mter
current nfections such as I gallinacem with Borreha gallimarum m chicks
the two i eases descloped independently 2

Certam studies 1 which infection with one orgamt m has had an influence
on another mu t be carefully regarded with a view to possible bumoral cross
mmune reacttons which may be operiting rather than more peafic RFS
stmulation  Such are tho ¢ imvolving two struns of the same species of
malana®? (P knouless in monhcys) or two speaics of malana®® (P gallinacenm
and 7 lophurae m chicks)  Related to thus may be the phenomenon of ocenlta
lion parasitarre* observed by Sirgent and Poncet®™ with P relctum and P
rouxi m cananes  Some aviin mixed infections howaver develop independ
ently as P cathemerium and 1 lophurae do 1n ducks 2%

Stimulation of the RLS tn rypanosoruasts In 1904 Nissle™® reported that
the mtrapentoneal inoculation of Serratia marcescens from potato culture
into rats mfected with J brucet resulted in 1 lowered parisitemia Two years
later Massagha ¥ noted that intcreurrent tnfections with streptococer caused
trypanosomes to diappear from the blood and 1n 1907 Schemn ® recorded
similar findings 1n a dog concurrently nfected with 7 eransi and Bacillus
anthracis  Subsequently Rodet ef al™ reported further on the recprocal
influences of mixed mfections with trypanosomes and bactera  Trautman?®
made the first ob ervation en the antagont m between relapsing fever piro-
chetes (Borrelta duttoni) and T bruces  Turther obseriations on wntercurrent
mfections of pirochetes and trypano~omes of the T’ bruces and T evanst groups
have continued throughout the years® "™ The pecies of trypanosomes that
have been shown to be <uppre” ¢d 1n mited tnfections with spirochetes are
n addition to T bruces T gambiense T rhodesiense ' ewanst T equinum
T equiperdum and T congolense The puies of spirochetes that antagomze
the devel t of the tryy infections (f bly by stimulating
the RES) are i addition to B duttont B mertoness B microti and B croc
idurae  Other species such as B Juspamca and B persica do not produce
this effect and B turicofae has a varable behavior #°

Spiral organtsms of the specics (Sprrillim munus) that causes sodoku a type
of rat bute fever al 6 have ths effect on wfcctions m gumea pigs with T'
brucei®™ and T gambiense™ as well 1 in vats with T equunnm and T lews: 2%
It has been suggested that considerable dimage to the PES i mnvolved in the
spirachete infections ™ % and 1t must be furrcd therefore that the effect
on the trypanosome infuctions results from 1 compensatory hyperactivity of
the system 1n response to this ingury  Calhiard © has pomnted out that the
antagonistic effect 1> reduced of animal are plinectomized just before or just
after mfection

As pomnted out with refcrence to mixed malinal infections the evatuation of
the effects of mtercutrent infections with different species of the same genus
1> difficult A few studies have been done along these hines 7 2 but we feel

Masking of paras tem a
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The members of this group are tsetse fly transmutted parasites of African mam
mals  Although Browning ef al?7 reported that splenectomy produced no
effect on T congolense infection 1n mice Schwetz’ found that splenectomy
acts as 4 depressant 1n both mice nd rats and Goble and Boyd-* were able
to enhance infections 1n mice by the use of thorium diouide blochade  Goble
el al 2% alvo werc able to accelerate infections with T coigolense 1n mice by the
use of inhibiting doses of rabbit antimouse <pleen serum

Desowitz and Watson ¥ found that splenectomy of rabbuts led to consit
ently lcthal miections with T sumae the causative agent of acute porcine
trypanosomasts which 1s not inoculable to most small laboratory antmal
Splencctomy of rats mice and gumea pigs however faled to reduce the re
fractivity of these tmmals to the infection

Depresston of the RES 1 nfections wth the Trypanosome tnax group Al
though Desowitz and Yatson? were unable to affect the course of infections
n rats with T rizax, a parsite of sheep and cattle that 1s transmitted to small
laboratory animals with extreme difficulty Unsworth™ was able to establish
this parastte i continuous mouse to mouse passage when splenectormzed mice
were used

Stumudation of the RLS 1 malarial infections  The fact that certan agents
used 1n the production of blochade may under certain arcumstances stimu
late rather than depress the RES has been recognized for some time ! Such
an effect was noted in I gallinacenm infections in chicks by Schuleman and
Thnoche 2 2 who used colioidal palladim A few authors have suggested
the possibility that injections of serum may stimulate nonspecifically the RES
i avian malania  If this occurred 1t would represent the converse of the use
of serum to depress the RES and cause relapse as noted previously mn connec
tion with siman malana The expermental evidence for the stimulatory
effect howerer 1s quite equivacal 3 243 247

Although Ekzemplarshaya® was able to demonstrate RES stimulation with
2 homologous antispleen brain serum m monkeys with P e which 15 2
bemgn chromic relapstng species we were unable to find any cffect of homolo-
gous antispleen serum 1n mice with P bergher which pursues « subacute and
fatal course '

Hegner and Dobler ** while attemptin,, to influence infections of P cathe
serium and P relsctum 1 cananes by altenng the reticulocyte percentages
found that the infections were less severe when the birds were mamtamed n
an atmosphere high n oxygen  These findings were mteresting in view of the
reports of Gajensht and Tatum'® and Hughes and Tatum™® on the depression
of resistance by hypoxia_ Tt should bt noted that the hypowic conditions used
by these authors to produce relapses and to interferc with the effectrveness of
drugs were the equivalent of conditions at 19000 to 20 000 feet of altitude
At conditions equivalent to & Iittle more than one half that alutude however
hypoxia produced a stumulating el’fcct”(;n the RFS according to Herbig San
dreuter @ and to Geigy and Freyvogel

There are Teposts that ntercurrent infections with certain viral diseases
that attack the RFS may stimulate tzgxs system to the extent that malarial
infections are suppressed Yoeh et al 2% observed this 1n mixed nfection with
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nene ™ Duning the cour ¢ of this work certain findings have led us to digress
m order to elucidate therr meaming Two arcas of collateral imvestigation
may be de cnbed breily

The polyovyethylene cthers were sclected for te ting both on account of

20 20f
COLLODAL SILICA POLYVINYL PYRROLIDONE
o &
} conTROLS
o
H
3 |monoriest L.
H s 1© 5 20 s [ 5 0
w
3 —
=
520 20
o
g
]
=
3
= E
o d tRoN
[contraLs HTDROXIDE
L
L , o s
5 o s % B g 15 20

DAYS AFTER INFECTION {7 CONOOLENSE FN'}

FIGLRE 4 Effects of ntravenous infection of an us ¢ flowlal matenals on survival
of DBA mice with T ypano ma ¢ ug lense infections  Four censecutive darly doses were
ghen the first on the day before infection

thetr macromolecular nature and becaut e they had been reported to be active
11110 but not ¢ trfro aganst munne tuberculosts @@ It has been postulated
that these agents enhance the abthty of the monocytes to suppress the multy
plication of intraceltular tubescle biafh @ Although both the hnear and
cyclic tvpes of polyotyethylene ethers have activity of the same order m tu
berculosis we found that the limear representative (WR 1339) was much more
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that much additon] work™ * 15 necessary before a entical apprawsal 1n this
area can be attempted

W know of only onc other procedure caleulated to stimulate the RES that
had been attempted m experimental try panosomiasts up to the time we began
our studies along these lincs  This was the work of Ewing and Emer on
who were unable to produce measurable effects in mice infected with T egue
perdum using homologous antireticular cytonic sera As we have pomted
out elscwhere 1" the fulmenating infection produced by that parasite in mice
15 by 1ts 2cute n1ture a less sattsfactory system for the demonstration of an
effect 1n which time 1s such an important factor Browning e a! ¥ had tned
to enhance I° congolense infections by the use of blockade with saccharated
wron and had reported that they found no evidence of marked influence on
the 1mmals resmtance  There 15, however in their own data indication
that the bloching agent had the reverse of the expected effect i their expen
ments <o that 3/6 blockade mice did not become nfected at all In our ex
periments with T congolense we have been able to demonstrate stimulation of
the RE'S with both homologous and heterologous ants pleen and antilymph
node scra as well as wath certain blocking agents! s

Ve huve emploved T congolense for a numbcr of studies * i which we
w1 hed to observe more subtlc effects than could be noted with the more rap-
tdly fatl infections that result with members of the T drucer and T evanst
groups  When 500000 parasites per mouse are used for the mfecting dosc
the median_urvival time with the Wellcome I stram of T congolense 15 be
tween > and 9 days which allows time for RES depression or sttmulation to
take effect and to be ob crved  We have stablished a routme screemng
method that will show these cffects nvolving the use of 4 consecutive datly
mtrasenous njections of the test matenals the first mpection being gven on
the day before infection

From among the preparations thit we tested and that had been used for
RES blockade 1n other systems only Thorotrast was found to enhance T
congolense wfections 1n mice (FIGURE 4)  The curve shown 1n the figure for
Thorotrast indicates the effect at a maimum tolerated do e Graded reduc
tion of the dose from this suppressive level did not result 1n the establish
ment of 1 stimuliting dosc  Other matersals such as collotdal iron colloidal
siica and polyvinyl pyrrolidone were found to cxert a protective cifect de
laying the medan survnal times as long as 15 days beyond that of the con
trols

Nearly 100 other colloidal macromolccular and poly meric substances have
been screened for sumlar activity  Only 2 fow of them wcemed to alter the
course of the ifection and 1 all < ¢ the effcct wa une of prolongation
rather than acceleratton  Among tho ¢ that were found to be without influ
ence 1n ths system were the bactenal hipopoly ac handes Firomen and zymo
can * both of which were tested according t1 numerous rcgimens that had
been reported to be cffective n altering the cour e of bicternnt nfection m
mice The Tween senes of emulsifiers alvo w1 found to be mcffecine  Alo
Inactive 1 this system werc certamn stmpler mater s sugested as RES stimu
lants as a result of other studies namely chobine % histamine * ind hmo
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nere #  During the cour « of thes work certam fincings have led us to digecss
1n order to cluadate therr mewmng Two aras of enllateral mvestigatian
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Fiouge 4 Effe 15 of intravenous injection of various coll fal materials on su vt al
of DBA mice with Trypan oma ong lense nlections  Four comsecuts ¢ da dose  ere
@ven the frst on the day before infection

their macromolccul.r nature and becau ¢ they had been reported to be actne
210 but a3t wr tefre agawst munne tubenulosss ™ Tt has been postulzted
that these agents enhance the ability of the monacytes to uppress the mulu
plication of intracellalar tubercle bac'li®  Although both the lneur nd
cvelic types of polyotyethylene etbers have actiuty of the same arder ra tu
berculosss we found that th linear v presentative (WR 1330) was much more
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that much additional work & % 1 necessary before a critical appratal m this
ar¢n can be attempted

We know of only onc other procedure caleulated to stimulate the RES that
had been attempted 1n expenimental trypanosomiasts up to the tme we began
our studies along these ines  This was the work of Lwing and Lmerson ™
who were unable to produce measur ible effects 1in mice infected with T equ
perdum  using, homologous antireticular cytowuc sera  As we have pomted
out csewhere 7 the fulminating infection produced by that parasite m mice
15 by 1ts ncute nature 4 less <atisfictory system for the demonstration of an
effect 1n which time 15 such an mportant factor  Browning ef al ¥ had tned
to enhince T congolense infections by the usc of blockade with saccharated
won and had reported that they found no evidence of marked influence on
the amymals  resstance Therc 1, however, m therr own data, indication
that the blocking, 1gent had the reverse of the expected cffect in their expen
ments <o that 3/6 blockade mece did not become mfected at all - Tn our ex
punments with T congolense we have been able to demonstrate stimulation of
the RLS with both homologous and heterologous anti pleen and antilymph
node ser s well s with eortain blocking agents? ¢ <

We have employed T congolense for a number of studies * i which we
w1 hed to ob erve more subtle effects than could be noted with the more Tap-
wdly fat2l mfections that result with members of the 7' bruces and T aanst
groups  When 500000 pirasite per mouse are used for the infecting doce,
the medin survinal time with the Wellcome F\ stram of T congolense 15 be
tween > and 9 dhys which allows time for RES depression or stimulation to
take dffect and to be obscrved  Weo have established a routine screemne
mcthod that will show these effects involving the use of 4 consecutive daly
mtruienous mjections of the test matenals the first injection beng given o
the dny bufore infection

Trom mong the prepiritions that we tested and that had bren u ed for
RIS blockade 1n other systems only Thoratrast was found to cnhance T
congolense wmfecttons 1 mice (FIGURF 4)  The curve shown in the figure for
Thorotr st inchcates the effect 2t 1 maximum tolerated do e Graded reduc
tion of the do ¢ from this <uppressive level did not result 1n the establish
mentof 1+ sumuliong dosc Other matenals such s collodal iron collowdal
stlict nd polysmyd pyrrohidone were found to exert 1 protectise effect de
Iymg the medim survinal umes a8 long - 1> days beyond that of the con
trols

Neirly 100 other collod sl mcromolccular and polymenc substances have
bun sereened for simthe wtivity  Only 1 few of them <cemed to alter the
course of the ifaction and i Wl (v the effcet wa one of prolongation
rither than wederition  Amony, tho ¢ tht were found to be without infls
ence i this system werc the bacterl ipopoly weharides 1iromen and zymo:
san ¢ Both of which were 1 1al wording to numerous regimen  that had
been reported to be effectine moalenn,, the cour ¢ of bactennl mfection 1M
mie  The Tween seris of emul ther 1l o we found to be meffectine Al ©
nctive i this sy 1em were certun mmpler motcnals suggested as RS stmt
lants as 2 re ult of other tudie nimcly duling ¥ by tamine * and hmo
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m the RES 1n miee * the  tudies of Berry and Muchd™ and of Rogers™
scemed to ndicate, as Bohme of @/ have noted that difference 1n host
su ceptibility were not exphicable by differences m the mittal clearince mecha
nim  The e authors howcier have shown that 1n muce mnfected with
Salmonella typhumurium two ifferent strams 1re different 1 the hineties of
their response to infection in terms of cirbon derance and that the dufer
ence nas not In magnitude of the increa ¢ 1n RES actity following infection,
but rather m time of on<et

The CT'W mice u ed in our experments arc presumably relatives of the
Swrss Webster strain which his buen repeatedly studied by Benaccrraft 730
and others and found to demonstrate RFS adequicy n clearance tests It
scems po ible therefore that the differences 1n re pon ¢ to micromolccular
matenals that we have observed 1n inftated mice alo may be 1 function of
time and that further expertmentition with different remimens mayv e ohve
ths disturbing and devious problem

Conclusson

The primaipal functions of the RFS n rddation to the hemoflagellate  and
Hemospondea wete recogmzed by Linton'® 1n 1929 and reaflirmed by Tala
ferre™ in the <ame year They recogmzed that certain protozoan para ttoe
were pnmanly infections of the RES that in malarin the chief defin ¢ wa
probably phagocytosts by the RES that the RES was e pon ible for the for
mation of humoral antibodics and that the RES was newessary 1n mediating
the curatue action of cortam drugs  Qur under tanding of all of the £ a pects
has been greatly amplified by studies duning the past thirty years Vany
nes detals ind approaches have been added without the emergenee of many
new concepts  The three most noteworthy of the new ider  we believe relate
to (1) the importance of the RES n the development of drug rc 1 tince (2)
the recognition of the lymphotd macrophage sy tem and the importance of
mesenchymal reserves s set forth by Talaferro® * % v 310312 on the ba 15 of
numerous careful histopathological studies by himself and his collerguc and
(3) the possibility that the RES may be stimulated by the i e of certain chem
cal and bological agents some of which may be quite non peafic

Although we have been unable to consider in detail many of the mformitnve
and imagmative studies that have been or are bemy, pursued 1t 1 our hope
that by wviewing the field broadly we have succeeded in suggesting the u e
ggsess and interest that the blood protozoa have as toal for the study of the
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active than the cychic one (HOC 12}4) in trypanosomiasis It was then
necessary to wmvcstigate the 1 tiiro activity of these compounds against tryp-
anosomes We found thercby that the lincar typc was active aganst the
parasites i the test tube It was apparent, therefore that only a part of its
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Froure 5 _Effects of mntravenous mjection of certan macromolecutar matenals on the
survival of different strams of mic sith T vp 105 ma ¢ i lense infections  Four con ecu
tive daily doses were given the first on the la\ bef cinfect 1
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THE RETICULOENDOTHELIAL SY¥STEA AND
NONSPECITIC RESISTANCE

Diethelm H Bohme
Department of Pathology Cornell Vedwal College New York Hospstal New York & ¥

In 1886 Wyscohowitsch working in the newly established laboratery of
H Tligge at Gottingen Germany observed for the first time bactena n the
phagocytic cells lining the stnusoids of the hver of a rabit? In his report
which appeared as the first article in the first 1sue of the Zeutschrift fur Hv
grenne Wyssohownitsch postulated this mechanism to be of greater importance
for bactenal clearance than phagocy tosis by the neutrophtls of the arculating
blood, which recently had been described by Ehe Metchmkoff Since then
the discussion as to the relative importance of these two cell types among the
factors of resistance against mfectious disease has never ceased completely

Tt was soon understood thtt the onginal concept, that phagocytosis equals
the death of the mngested microorganism was fallacious, and that the bacte
nadal or bacteriostatic power of the neutrophil depended upon the bacteral
species ingested and 1ts degree of virulence  The monocyte however whichhad
been included by k. Riyono' in the reticuloendothelial system (RES) under
the name of blood histiocy te because of 1ts ability to take up vital dyes, was for
a long while, and frequently still 1 concerved as the corner stone of nonspeufic
resistance  This opinion prevailed until Maxtmow and Doan and Sabin’
demonstrated, m 1927 that tubercle bacills are able to multiply mside mono
cytes This observation was abundantly confirmed! b and was recently found
to be true also for Salmonelle typlumurium® Under the influence of these
studies the pendulum swung back and the macrophage was constdered more
as a liability than as an asset at least 1n the case of an nfection with the tu
bercle bacillus?  More recently however exhaustive my estigations have dem
onstrated that the phagocytic and bactenostatic propertics of monocytes Iike
those of microphages are infl 1 by at least 3 1nd dunt factors namely
the state of immunity of the host ¢ # the virulence of the bactenal species 11
volved ® and the presence of antibodies in the serum 1n which the monocyte
15 suspended * ¥ Unexpectedly however the role of these antibodies ap
peared to be rather nonspecific

Unfortunately present hnowledge 15 far less advanced with regard to the
phagocytic and bactenostatic properties of the hved reticuloendothehal cells
1n liver and spleen  The onigin of the phagacy tic cells remams under debate
until this very day Two principal theories have been formulated the first
considers the hupffer’s cell as a specithzed part of the vascalar endothelum
while the second regards 1t as derived from the asculating monoeyte  The
latter 15 believed to descend to the liver sinusoid in thythmic time mtervals®
after having been filtered out of the blood strcam 4 The more recent m
vestigations favor the second view but undisputable proof sull rematns to be
furnished

Although the mode of action of the rcticulocndothelul cills m spleen and
Iymph nodes has recerved a great deal of attention comparatively lttle 15
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hnown about the metabolic funcuon of the rcticulocndothelial apparate m
thelver  In 1929, Nabolans von Jancs6 demonsirated that the Rupfer s cells
of the rat hiver inzest prrsculate matter in two step  dunn,, the fint stage
the particle 1» adworbed 1o the cell surfacc and dunng the sccond one ingested
1ta the cytoptism provided that the <crum with which the hver 1> perfu ed s
hept at normal body temperature 2 The hinetics of this reaction were worhed
out ubsequently by Halpern et ol *** who measured the diappearince of
collndal carbor of known particle size from the blood stream  Biozz recently
Teported that & heat-denatured comple of albumin and plobulin tanged with
I# and adminstered by voon sas breken down on the hupflers cell of the
mawse liver in accordance with the Law of Michach and NMenten  Ireced

g tnjection of coflodal carbon decreased the rate of brenkdonn m heeprrg
with 2 competitine inhibition mechani m The e 1e ults were interpreted to
mdicate the operatson of enzymatic processes wn the Rupffer s cell 7 The ¢
Tesults are m good cotrelation with the histochemicat demonstration of acd
phosphatase 1 the cytaplasm of the Fupffers celt (Wachstein and Mewsel 1
Wachstem peronal commumcation)

By far the most widely snyestigated function of the RES concerns its place
among, the mechanems of defense agamnst mfection  The evidence for an
active role of the RES i nonspeafic fesistance has been baced chuefly upon
two d flerent expertmental approches (1} the demonstration 1 the inficted
animal of an increased ability 1o clear intrasenously mjected particulate mat
ter {rom the blood tream and (2) the impairment of the defense of an expent
mental ammal through the blochade of s FES In <pue of the most
gentos expenimental techmaues newher method has provided an unequio-
<al amwer to date  The <t approach U beset by the difficulty of deciding
bov far ingestian of bacteria 15 follosed by thest destrucuon  Thas question
cannot be answered with certainty until it 15 possible to exammne the phaga
eytic and bactenostatic properties of wolated Kupfier s cell  The first expen
ments undertaben m this direction by Rous and Beard w 1933 yrelded only
mconclusive results <tnee, the cells that these authors wolated from dog hvers
farled to ngest any particulate matter 1 the 1solated state ®

The second approach which hs enjoyed and continues to enjoy 2 great
amount of popularity has not vielded fully unequivoral re ults  Fven of we
dutegard the contradictory reports of those authors who ciaim to have blocked
the RES by tcmoval of the spleen a ubstantial body of ewvidence temainy
where investigators have employtd intravenous njection of saccharated on
oude trypan bluc thonum dwade or collodal copper 1 addition te extr
pation of the pl «n and have arrived at dametncally oppo ed results  Wuh
the blacking technique it was found for mnstance that the RES po essed a
definite protective function agunst Borrelia recurrentis™ % and avian malania #
white 1t had n» cffcct upon the outeome of an wiection with Bacillus prendo
anthracist My obactersum tndercidosts™ or Sprrocheta (Borrelia) dutfoms™  The
MOSt Tecent InVLshigall B on the other hand fumished goad evidenve for o

prote tive Tl of 1the RES 1n hemorshagi™ and traumitic shodk 2
Part of the difficultics cncountered s analyzing the results obtamed with
th wehmaue anse from the fact that 1ts mechimsm of action 1s understood
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incompletely  To date 1t 15 as yet unknown whether a blocking injection of,
for stance collodal thorum dioude {Thorotrast) really reaches all reticulo
endothclial cells accessible at the time of mjection whether blocking imphes a
truly physical saturation of the cytoplasm or the cell surface, whether the
resistance depressing effect 15 really mediated by the RES or shether specfic
pharmacological propcrties of the blocking agent come into play that act inde
pendently of the RES  There are comparatively fow data available about the
pharmacological effects of these agents  In the case of thonum diouide it ap
pears that admimstration of this compound results 1n a disturbance of the
oudative capacity of the huffer s cells and changes 1n the clectrostatic proper

TasLe 1
TFPECT OF INTRAPERITONEAL INJECTION OF S4LMONELLA ABORTLS EQu1 I'npotoxiy
(PYREXAL) AND ACETONE WasiED BCC ON SUSCFPTIBILITY OF MICE TO
INFECTION WITH M3COR(CTERILS FORTUITUM

1 ten 1betw
Mte 1 (IP) Pt m ot Doathy tindcatd mbores fd yo ft Infect
chil gt
Pyreval 80 ug 24 Hours 2 = - — = = = -
Pyrexal 20 ug s 23 8 28 - = - -
Water 5 5 6 16 16 23 — -
Pyrexal 80 ug 72 Hours — —_—— = = = = -
Tyreval 20 g v — Z Z I = -
Water 6 2 2 25 3 3» — -~
Pyrexal 80 g 1 Weck 20 2 271 - - = - -
Pyrexal 20 pg 3 25 — - — _ = =
Water 3 3 3 3 5 4 3 5
Pyreval 80 ug 4 Weeks 182 29 — - - - -
Fyrexal 20 ug 19 - - - - = = -
Vater 5 18 13 13 18 a - -

Injected I P 1n a fnal volume of 0.2 mi
 Six day-old Tween albumm culture (00> mt) W ycobactersum forturiim ngected 1V
i final volume of 02 ml
§ Eight ammals in each group  The si,n — indicates that the anmal was stll b g
when the experiment was discontinued 4 weeks after infection

ties of the circulating blood cells ®  Thcse data further suggest a close relation
ship between the effectiveness of thonum dioxide and the tmmunological
state of the host®* Tt s truc thit von Juncso clumed 1n 1932 to have
found 1n electrolytically dispersud copper a material that was able to destroy
Kupffer s cells selectively and permanently '* but subscquent 1nvestigations
have thrown some doubt upon thc vahdity ot his condlusions ¥ ¥

A new avenue of expenimental approach wn opened by the discovery that
endotoxins denved from Gram negative bactena are ¢ pable of protecting the
e'(penmemal ammal agamst a subsequent infection with unrlated Gram post
uve agents such as the staphylococa Gram negative such as Alebsiella pren
monae and atypical acd fast bacili such as A7ycobactersum Sortutum ¥
Pursumg this hine of nvestigation we found that the ¢ bactenal lipopolysac
chanides as well as other bactenal substances of equal protective activ ity such
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as perte 15 vacane nd hillkd BCC stmulited the granulopectic actinty of
the RFES3 7

The data that we obtuned u tng a lipopoly sacchande dered from Salmo
nells abortus equr by treatment with concentrited phenol might ene as an
il traine cxample ®* This <ub tance had been hmdly supplied by Otto

OBy S obortus equr endatoxin "
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Fiorre 1 Comparative eflect of treatment mith Pyre af of infection with se ba
I m [t stum on clea ance rate of carbon particles  Lach point corr ponds to the a ith
met ¢ means of 5 amimals the hatched | es nd cate the standard deviation fo the untreated
€ ntols Left Tyrexal a Jmumistered it apentoneally i a final clume of 04 m} d stiled
water gkt Infective dose 00> ml of a 6-day-old Tween albumn culture of V. fo{ fum
stran Penso injected intravenously i a final volume of 02 ml distilled water

We tphal of the Dr A Wander Torschung mstitut Fretburg Sackingen Ger
many  Taptr 1 demonstrates that this substance (Iyrexal) when given
mtrapenitoneally prior to chailenge m amounts as low as 20 4g  protected male
Sw1 5 Rockefeller mice within 24 hours against an intrasenous mfcction with
Mycobactertum fortitum  This protective effc t lasted for at lea t 4 weeks

e dat1 recorded on the left side of FIGURL 1 show that injection of this
endotovin nto normal males of the Rochcfeller Swiss train greatly stimulated
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the dearance of colloidal carbon from the circulation as measured with the
carbon pickup test of Halpern e al'®  In bricf, this test consiets of the mtra
~venous njection of 16 mg colloidal carbon (India 1nk) of known particle «ze
per 100 gm body weight  In plotting the decrease of the loganthm of concen
tration against time one army (s at thevaluek which indscates the global clear
ance capacity of the RES, that 1s chiefly the hver and splecn  Ths value
stands 1 a thud-order relationship to the quotient body weight/Iner +

3 bod ht
a=,1/-}:>( ody neig

hver - spleen weights

spleen weights and the equation desenbes the clearance capaaity of the RES
of a given ammal 1n relation to 1ts body waight

The right side of FIGURE 1 showns that wnfection produced a faster and more
vigorous stimulation that was more pronounced 1n younger ammals The
combtned effects of endotoxin and sub equent infection resulted n a most
strihing stimulation as might be expected  Thys effect was not additive
T'1GuRE 2 slustrates that n endotoxin pretreatcd mice both global clearance
k and the corrected phagocytic factor alpha rose without delay following chal
lenge  Under the influence of the mfection the weights of hver and spleen
increased, while the body weights dropped It will be recogmzed that the
results were simlar whether the interval between premjection of endotoun
and challenge was 24 hours 3 days or 1 weck

The stimulus produced by 1 single injection of endotoin had usually subsided
after 4 weeks that 1s at a time when the experimental animal was sull fully
protected agamnst challenge with ¥ forfustum, this may be scen mn FIGURE 3
Although the granulopectic activaty of the RT'S had returned to control Jevels
after 4 weehs the protected animals respondcd with an tmmediate and con
spicuous nise of their carbon clearance to the challenging nfection  This 1m
mediate response effect was still demonstrable 8 weeks after the admmstration
of Pyrexal  This can be recogmzed i FIGURF 3 where on the left side the
results for a time interval of 4 weeks and on the nght side those for a time nter
salof 8 weehsare plotted  With the same experimental system 1t was possible
to show that similar results arc obtained after the administration of pertusss
vaccine of whole killed BCG and of ubfractions of BCC % 3

These data suggest a corrclation between the ability to resist an mfection
and the ability to respond to 1t with a nse m grinulopectic activity since pre
treatment with endotoxin undoubtedly affects both It 15 well hnown how
ever that endotoxins possess a profound nflucnce on body temperature blood
picture chemotatis coagulability and the hypophyscoadrenal aus all of
which might very well exert an equally mportant «ffcct upon nonspecific
reswtance The complexity of the o cffects mikes 1t difficult to decide what
place should be assigned to the RES imong the defen ¢ mecham ms that oppose
the bactenal mvader An important contribution to this problem was made
by Thorbecke who found that global arbon dearance in germfree ammal
was not z¢ro as one might expect but \pproumately one half that of the nor
mal ammal ra1 ed under natural conditions # ¢ This finding suggests the
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concly ton that the RIS muntams a certain degree of granulopectic activity
evun in the ab encc of any bactenal stmulation

Investigrtion of genetreally res tant or suseeptible ammal would be ex
pected to shed further byht on this problem since the former group <hould
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- 3 day snterval between pretreatmant ana infection
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FIGLRE 2 Short term effect of infection w th ¥ forty fum on clearance rate of carbon
Partirles un mice pretreated with 1 yretat | Each point cor € po1ds to the anthmetic mears
o 5 anmals the broken lines 1n licate the standa d dewiation of the untreated controls
Lt the first graup of answals received 20 ug of Pyrexal intrapentoreally in a final volume of
Q41 of distilied wate and nas challenged 12 bours later ~ The second group recened an
weatical dose of Pyresal bt was challenged 3 days lates  Kiglt treated mtcapentoneally
820 g Pyrexaf iy a fal volume of 04 ml distill d water ) week priorto chatienge | Al
Sroups challonged with 003l of a 6eday old Taeen alluovn wlture of ¥ fortuitm
st Penso an a fina volume of 02 mi 4 shilled water
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possess an RES of highcr activity (han the litter of the RES plays any role n
nonspecifit reststance

T examuined this question i collabaration with Howard Schneider and Jo
hanma M Lee of the Rochefelier Instiute New York N % In this mvests
gation we employed the mouse strams BRYR 1nd BSAS which are genetically
resistant and susceptible to ntrpentoncally myected Salmonelia typhimursum ©
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To achicve a significant dufference in survival in this moded 1t 1 nece ary to
employ a doublestrain inoculation  This con 1 ts of the admim tration of
avrelent (strun RIA) followed 2 dvys later by virulent (strain SR 11) S
tvplamurtum ¥ FreuRE 4 hows that all su «eptible BSVS mice  uccumbed to
the double strain inoculition by the twelith day after admini tration of the
avinulent RTA strain and by the tenth day after challenge with the virulent
SR 11 stram  Thirteen of 23 resstant BRAR mice were shll alive and in

100;

0]

Per cent sunvivors
-3
T
- e o

! ~ BsVs

S e AU S

2 4 6 610 32 14 16 18 022 2426 78 30
Days ofter vir ulent infection

Fi6eee 4 Surviv rship after mtrape it neslinfe ti p witha rulent f llowe !ty viru
Yent S typlumor m Infect | ntrapent ntall'y with 1000 1alble cell of a irulent stran
RIA folloned 2days later by 100000 cell  fvirufent strain SR 11 Repr luce | from Bshme
1ol %by peemission fth J  mal f1apesme tal \ d tn

good condition at the tme of the termimation of the cxpenment that s 30days
after mfection with the avirulent and 28 days after infection with the virulent
stramn

When the ¢ genetically re sstant and su ceptible mice were tested with
Tespect to thur carbm dearance o rather unexpocted posult was obtamed
The left stde § prcukr 3 hows the carbon clesrance curves for the susceptible
BS\Santm | Thar globs! e rance value & had 0 en to stat tically wig
mhbcant | vel 1 day after the awirulent infection and responded with a further
nise to the adminsstratim of the virulent steun on the sceond day  Onday 4
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however, the maximum response was reached and % dropped rapudly to control
values on the sixth day A second nise was noted on the erghth day, when the
last surviving ammals were tested This point 1s difficult to interpret since
it shons a high individual standard dewiation The corrected phagocytic
index a followed the same course as ¢ The conspicuous drop 1n the ratio of
body weight to liver plus spleen weights was caused chiefly by an increase
1 spleen weight

In contrast to this the resistant BRVR mice did not eximbit any nse in
their granulopectic activity before the eighth day as iflustrated on the nght
<ide of FICURE 5> The global clearance value % reached a maximum around
the fifteenth day and returned thereafter gradually to control values The

Susceptible mouse stran BSVS Resistc t mouse strain BRVR

— 3 typrimurum
o— Controls
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muce_of global (k) and corrected carbon clearance rate (a)  Broken Lines ind:cate the stand
ard deviation of the uminfected control

corrected phagocy tic index a behaved much the same way ~ As m the case
of the susceptible BSY S mice a conspicuous merease n the spleen weights was
observed that reached a peak about the fiftcenth day but had returned to
normal when the expeniment was terminated

Macroscopic and microscopic inspection disclosed inflammatory lestons of
equal character 1n the livers and spleens of both mousc stramns  These con
sisted predomunantly of lymphocvtes and monocytes and contamed only few
leuhocytes  Generally the hepatic changes were of comparable seventy 1
both mouse strains but the splenic le 1wns were more numerous and more
destructive 1 the susceptible BSVS wmmals  Anatomcally the resistant
BRVR ammals had overcome their disca e by the end of the experment
Inflammatory lesions had all but disappeared and the only con prcuous vestige
that remained was the presence of numerous thrembr 1 both Incr and spleen
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The results of the ¢ experiments stand 1n contrast to tho ¢ obtuned 1n the
endotoun pretreated and subscquently infected mice  Contriry to expecta
tons the susceptible animals re ponded with 1 rapid and con picuous 11 e of
their granulopectic actinity while the cwenger apparatus of the resistant
anmals was not brought it actron until a time when all susceptible mice had
already succumbud to their infection  Four interpretations appear to be pos
sible

First the carbon clearince test did not reflect the true state of actis ity of
the RES  Sccond activity of the RES although truly reflccted by the car
bon clearance test 1 not necessanly connected with the abulity te rusist an
mfection with § BHphimuriem Third for unexplained reasons bictersal multt
phcation and diintegration progres ed much faster in the cusceptible than in
the resistant ammal thus evoking an earlier smulation of the RES Tinally
the reticuloendothelinl systems of the 2 strains are fundamentally different

Benacerraf and his co worhers have recently shown that heat halled suspen
sions of Eschersehia cols and staphylococet labeled with 1™ are clearcd from the
arculation 1n the same manner as colloidal carbon particles  This would sug
gest that the carbon pickup test gives a true picture of the state of actaty of
the RES* The second objection cannot be answercd definttely with the fes
data at hand but 1t seems to offer the most Ihely explanntion  There 15
nothing to support the third argument, 1n fact the avaulable evidence seems to
indicate the contrary & phimurium muluplies i the pleens of susceptible
2nd resistant ammal equally well up toa certain pornt 2t which multiphcation
ceases in the re 1stant animals but continues n the susceptible ones ¥  Iinally
nothing indicates that the RES of the 2 mouse strains are fundimentally dif
ferent  The 1mual granulopectic activity was identical in both mouse strains
and the ability of both to form agglutinins against vanots Gram negative
bactena was found to be similar %

In summary 1t may be stated that of Salmonelia end;
Protects mice agawnst subsequent infection with ¥ycobactertum fortustum At
the same time the RES 1> conspicuously stimulated  The endotoun seems to
endoss the reticuloendothelial cell 1n liver and spleen with an increased ability
torespond to challenge with 2 nse in granulopectic actnsty for at least 6 weeks

Expenments with mice genetically susceptible and resistant to Salmonella
Uyplimurium showed on the other hand that the RES of the su ceptible am
mals responded with considerably greater rapidity to the stimulus of infectron
than that of genetically resistant mice
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BACTERIAL PHAGOCYTOSIS BY THE RETICULOENDOTHELIAL
SYSTEM IA VIVO UNDER DIFFERENT
IMMUNE CONDITIONS*

Baru) Benacerraf and Peter Miescher
Departments of Pathology and VMedscine Mew ¥ ork Untuersily College of Wedwne
Vew York NV

In the past few years much has been learned about the phagocy tic activity
of the cells of the reticuloendothelial system (RES) 1n contact with the blood
from expenments dealing with the kinetics of blood clearance of standardized
suspension of carbon by various organs of the RES!? When such avidly
phagocytized collordal suspensions of homogeneous particle size are imjected
mtravenously about 90 per cent of the matenal 1s removed by phagocytes of
the liver and spleen and the rate of clearance follows an exponential function
of the time K = (log Cy — log C2)/T If small numbers of these particles
are mjected the rate of clearance 15 very rapid, and the Rupffer s cels of the
Iver, because of the large blood supply of that organ remove neatly all the
mjected material with a maximum efficiency 1n a single passage through the
snusoids of the order of 80 to 90 per cent depending upon the ammal spe
aes?® In this range of dovage the colloid clearance test provides a good tech
nique to measure liver blood flow ##  As larger amounts are njected to chal
Ilenge all the phagocy tic cells with an excess of particles a cnitical dose 15 reached
above which the rate of blood clearance K becomes dose-dependent (& X
D = constant) as the result of the bined effects of the d efficency
of the phagocytic cells to clear the bload of larger concentrations of collords
and of the saturating effect of phagocy tized particles on the RES? These
effects acting in opposite directions cancel themselves out and the clearance
continues to follow an exponential function of the trme In this range of
dosage above the cnitical concentration the colloid clearance technique may be
used to measure the phagocytic capaaity of the RES  This test was the basis
for many studies of the phagocy tic activity of the RES in expenmental nfec
tions 87 beveral mfectious processes are associated with a considerable m
crease n the phagocy tic activity of the RES at least mn an early phase later
1 the case of virulent orgamsms or high infective dose the phagocy tic function
15 depressed  Other expeniments have al o shown that the rate of clearance
of carbon by the RES 15 greatly increased after treatment with agents that
improve natural resistance to infections  uch as bacterial lipopoly sacchandes 8
a polysacchartde extract of yeast cell wall (zymosan)™ or BCG wfection !

The fate of bactema injected iatravenously and the mechanism of their
disappearance from the circulation have been studicd m vanous animal spectes
by many nyestigators Therr obsennations have shown that (1) bacterma can
be cleared from the blood very rapidly and in very large numbers by the RES
of the Inver and spleen ¥ 1 (2) previous immumzation of the mimals incretses
greatly the ability of the RES to extract both avirulent and virulent bactera
from the blood and 1mprovesits ability to lill the phagocytized orgamsms 8318 2

thas paper was supported 1 part by Grant F 2094 from the National
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and (3) the rapid clearance of injected bactena1 followed 1n the case of viru
lent organt ms by a econd pha. e when the blood concentratton of bactenia in
aeases i pite of the ho t s defenses probably a a rewult of bactenal multt
phication within the phagocy tes ¥4

Only the events occurnng in the first phase of rapid bactenal clearance and
the factors that influence them have been v estigated 1n the expeniments re
viewed here

The techniques and approaches u ed 1n the mmve tigation of phagocyto 1 of
colloidal particles have been applied to a quantitative tudy of bactena® and
virw 7 clearance from the blood by the RES u ing P labeled microorgan ms
In ah attempt to investigate the vanous factor that influence the e proces es
From the expenence with collordal particles the hinetics of clearance of bactena
or viru~cs by the RFS would be expected to depend upon the following three
factors (1) the homogenetty of the su pension (2) the effictency with which
the microorgamt ms could be phagocy ized (deterrined 1 large part by the
effect of <erum op~onic factors) and (3) the do-e mjected

Blood Clearance of Bactersa by tle RES

1 tudy was performed of the blood clearance of P™ labeled Staphslococcus
aureys 1o muce and of Escherwchia cols in mice guinea pigs and rabbits  Heat
illed staphylococer and Ine or heat killed E cols were used o significant
difference was ob~enved n mice between the re-ults obtamed with Ine and
heat Lilled F ol

When P~ labeled L coli or staphylococcr are injected intravenoushy  the

food radioactivity mea unng the number of bacteria decreases according to
an exponential function of the time down to a concentration of about 10 per
cent The curve 1n FIGURE { represents the result of typreal expenments in
mice Vot of the bactena are cleared from the blood as 2 homogenous us-
Penton  As for the clearance of colloidal particles the equation given above
€an be tved to describe bacteral clearance within the himuts of the expen
mental condition. defined abose n which A referred to as the phagocytic
sndex mea ures the rate of clearance of the subntrate u ed  The re<ults bown
sn FIGURE 1 further <how that while F coft dLappear very lowh from the
blood of normal mice a comparable number of taphylococar are cleared very
rapudly by the RES  The reason for this ba_ic difference 15 that Gram negative
organim  uch as E colt are phagocytized very poorly unless they are ade
quately op-onized by erum factors such as anubody and complement 2s
hown in the expenments de<cribed below  The level of anubodies agaimst
E coli 15 very low 1n mouse erum (agglutination uter 1 4} Phagocytot of
staphylococa by the RES may not require previou opsomzation as hown by
Howard and Wardlan * 3 Thewe authors observed that staphylococa could
be efficiently phagocyuzed by the hupffer cell of rat hvers perfu ed with
the bactenial u pen ion 1n Ringer  <olution 1n the ab ence of <erum while re
moval of F coft by the same Iner preparation required both heat-stable and
heat labute components of ~erum * 3

T™ labcled F cols or staphylococer injected tmtravenou ly in mice are phago-
€ytized for the most part by the reticuloendothelial cells of the linerand pleen
(FIGTRE 2) and 2 mall amount (about > per cent) 1> found in the lungs and
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In the past few years much has been learned about the phagocytic wctivity
of the cells of the reticuloendothehal system (RES) 1n contact with the blood
from expenments dealing with the kinetics of blood clearance of standardized
suspension of carbon by varous organs of the RES'? When such avidly
phagocy tized collordal suspensions of homogeneous particle size are injected
ntravenously, about 90 per cent of the material 1s removed by phagocytes of
the hver and spleen, and the rate of clearance follows an exponential function
of the ime R = (log Cy — log Cs)/T If small numbers of these particles
are mnjected the rate of clearance 1s very rapid, and the Rupfer s cells of the
liver, because of the large blood supply of that organ remove nearly all the
ijected matenial with a mavimum efliciency, 1n 2 single passage through the
sinusoids of the order of 80 to 90 per cent depending upon the ammal spe
cies? In this range of dosage the colloid clearance test provides a good tech
nique to measure liver blood flow 4 #  As larger amounts are injected to chal
lenge all the phagocy tic cells with an excess of particles a critical dose 15 reached
above which the rate of blood clearance X becomes ¢ dose dependent’ (K X
D = constant) 1s the result of the combined effects of the decreasing efficiency
of the phagocytic cells to clear the blood of larger concentrations of calloids
and of the saturating effect of phagocy tized particles on the RES? These
effects, acting 1 opposite directions cancel themselves out and the clearance
continues to follow an exponential function of the time In this range of
dosage above the critical concentration the collowd clearance techmque may be
used to measure the phagocytic capacity of the RES  This test was the basts
for many studies of the phagocytic activity of the RES mn expenimental infec
tions 87 Several infectious processes are associated with a considerable
crease 1n the phagocytic activity of the RES at least i an early phase, later
1n the case of virulent orgamsms or high mfective dose the phagocytic function
15 depressed  Other expenments have also shown that the rate of clearance
of carbon by the RES 1s greatly mncreased after treatment with agents that
mprove natural resistance to nfections such as bactenal lipopoly saccharides # 10
a polysacchande extract of yeast cell wall (zymosan)™ or BCG nfection !*

The fate of bictena injected mitravenously and the mechanism of their
disappearance from the circulation have been studied 1n various amimal species
by many mvestigators  Their observations hive shown that (1) bactena can
be cleared from the blood very raprdly and in very large numbers by the RES
of the iverand pleen® 1(2) previous immunization of the anmmals increases

the ability of the RES to extract both 1virulent and virulent bactern

th
e blood and improves s ability to hill the phagocy trzed organisms 116 21
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traces n the hidneys  Howerver the respeetive amounts phagocytized by the
Iver or the plecn for a gnen dose vary with the rate of clearance of the bac
tena that1s with the efliciency with which they cin be extracted 1n one pas
sage by the pnnaipal filtering organs that s the hver and the pleen  Well
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opsonized or otherw1 e easily phagocy tized bactena can be removed with great
efficiency by the iver therefore because of 1ts very large circulation this organ
becomes the prncpal filter for such bactena  In the case of bacteria that are
not avidly phagocytized such as pootly opsomzed I cols in normat muce the
hare removed by the spleen phagocytes increases considerably at the expense
of the lner The spleen because of 1ts stower circulation and better chances
of contact between bactersa and macrophages 1s a more efficient filter for bac
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teria that are less avidly phagocytized If L cols are opsomzed with an ade
quate amount of antibody the rate of clearance 1s rapid and, as in the case of
staphylococes, the liver contams nearly all the injected radiactinty It 1s
mteresting to note that this differcnce in behavior between the liver and spleen
has been observed already in the study of phagocyto 1s of collordal particles 2 2
It 15 found generally that unstable avidly phagocytized collords have almost
exclusively a liver clearance 1f injected in <mall amounts while well stabilized
colloids are removed m greater amounts by the spleen and bone marrow

1 the rates of clearance of similar numbers of F col: are compared 1n mice
guinea pigs and rabbits and related to the level of antibodies in the sera of these
ammals (FIGURF 3) the following conclusions may be drawn the rate of clear
ance of E cols 1n mice 1s slow without considerable varations 1n a range of
dosage from 2 X 10°/100 gm to > X 10°/100 gm, A = 0013 Contrary to
this, the ratcs of clearance of the same bacteria 15 X 10% to 6 X 10%/100 gm,
are very rapid in rabbits where A 15 greater than 0300 Correspondingly,
the agglutiation titers agamst J col are 1/4 to 1/8 1 normal mouse sera and
1/32 and 1/64 1n normal rabbit sera  Guinea pigs show a rate of clearance of
E col: that 1s intermediate between what 15 observed in mice and rabbits and
the agglutmation titers of guinea pig sera range between 1/16 and 1/32 It
seems therefore that the most important factor to consider 1n the clearance of
L col1 15 the level of antibodies, which becomes rate miting unle s present 1n
adequate amount to opsonize the bactera properly

1t appears that 1n the range of dosage investigated the rate of clearance 15
mdependent of the number of bacteria injected  The capacity of the RES for
clearing bacteria from the blood 1s of considerable magmtude However the
rate-decreasing effect of large numbers of bacteria can be demonstrated as
1n the case of colloxdal particles for very large doses (5 X 10° F col:/100 gm )
n mice and rabbits provided a sufficient amount of antibody 1> present so that
1t 1s no longer the limiting factor

To venfy whether bactena and colloidal particles such as carbon are phagoe
cytized by the same mechamism and by the same cells of the RES the compett
tive effect of carbon particles on the phagocytosis of F colt was investigated
This phenomenon of competition had been observed when 2 colloids <uch as
carbon or 1ron oude particles that are phagocytized by the RES wath compara
ble avidity are both present in the arculation m surtable amounts * The
results presented In FIGURE 4 tllustrate that as soon as 16 mg carbon 15 1
jected, the rate of ciearance of I' coli (10° bactena/100 gm ) decreases the
ratio (R,/Kz) of the values of A before and after the injection of the carbon sus
pension measures the degree of interference exertcd by the carbon particles on
the phagocy tosis of E col

Effect of Antibody and Complement on the Blood Clearance of I' cols by the RIS

The data presemed above have shown that the limiting factor that detcrmines
the rate of phagocytosis of E colt by the RES 15 the level of antibody mn the
serum  To mvestigate further the op omzing cffcct of antibody use has been
made of the fact that mice possess naturally verv low levels of ntibodics against
E col, and that the blood clearance of these bactena 1y therefore very slow 1

this ammal species
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titet of 1/1800 and the chichen antiserum in a titer of 1,600  The re<ults
of these expenment are presented in FIGURFs 6 4 and & Both chichen and
rabbit antibodies increrse the rtes of clearance of 1 «hi from the blsod of
muce  Thi effect 1s proportional to the 1mount of anttbody injccted  Chicken
artt 7 colit however far lev cfficient than rablnt antibody 151t <em to
require about 10 times more antibody 1n terms of agglutinating umts than rab-
bit antibody to bring about the <ame degree of opomzation (el LRE 8) A
dowe tudy of the bactenal clearance curves them~clves reveal that when the
proper do e of antibody 1s used a latent penod 1 ob erved bufore the opsoniz
g effect of the antibody ncreaces harpls the clearance rate  This time bag
1 only 4 min with rabbit antibody but may be aslonga 1> mun 1 the case
of chickenantibody  As shown below thiy 1s the time required for complement
to exert 1ts opomzng effect  The difference 1n effiiency betneen the opso-
mzing properties of rabbit and chicken antibody appears to be therefore re
lated to their relatine capacity 1o bind mou e complement

In order to analyze further the reason for the lag penod etpcnment were
performed where the bactena were incubated 11 ritro + 1th an adequate dilution
of chicken antibody (1/2000) 1n the presence of normal mou e erum or of
mou e erum activated exther by heatingat 36 C for 30 mn or by treatment
with zvmosanat3s C tobind C;  These expeniment were carned out with
Ine P~ labeled E colt a» 1t was found that prolonged incubation of heat hilled
bactena brought about <ome lov of the P label from the bactenz  When
lue E coli wete used the los of P from the bactena was neghigible

The results of these expuriments are presented in FIGURE 9 and TanLe 1
They how that when E cols were incubated with chichen anubody and fre b
mouse <erum for 30 mm tn trtro the rate of clearance was rapid immediately
after injection and no lag period was observed  If the bactena were incubated
with the <ame dution of chicken antibody but wath heat mactvated or zymo-
s2n treated mouse serum before Injection into mice the same latent peniod of
about 15> min was observed as when chicken antibody was injected into muce
Previous to the injection of bactena  The lag penod 1 therefore due to the
time nece sary for the opsomzng action of the mou ¢ complement svstem and
il trates the fact that complement 1 needed 1n addition to antibody to op~o-
nze I' cols for phagocytosis by the RES  In these expentments 1t was observed
also that much less antibods 1s required for adequate opsomzation | the bac
tena are incubated with antibody 1# tifro than 1f antibody 1 myected 1 riro

The Lfiect of Endatoxin on the Clearance of L cols from the Blood and on the
Lerel of Opsons ing Serum Antibody

To study the mecham m of the mcrease i natural resistance agamnst bac
tenal infection observed after treatment with endotown the clearance of E colt
from the blood was snyestigated i mice that had been treated with a bacteral
endotoun® and who-e poly<acchande moiety was hnown not to cross feact with
E coli The results of these expenments are shown tn TABLE 2 Following
treatment with lipopolysacchande the rate of clearance of E cols was very
much increased  Thi effect could be transferred to normal muce by the serum
of endotoun treated mice and 15 therefore related to an increase 1n opsomc
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Anu E coli sera were prepared i mice, rabbets, and chichen  and the effect
of therr antibodies was assayed by injecting mice mtravenou ly with 03 ml
of varous dilutions of these antisera before the standard dose of I labeled
L colt (10°/200 gm } vsed for clearance ™ It was found that mouse and rabhit
antibody were about equally effective in enhancing, phigocytosts of £ colt
Ly the RES  The rates of clearunce A were increased by the previous admins
tration of antibody  This effect varted linearly with the dose of antibody 1n
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Fiure 6 1 flect of vanous diutions of ralbit anti £ cals serum injected mtrayenousty
10 mice {05 ml} on the rate of clearance of I lateled £ ¢ s from the blood by the RES
(agglutmation titer 1/1800)

jected until a mawmum rate clearance wa reached that could not be improved
upon by larger antibody concentrations (FIGLRF 5 A Dttleas 001 ug rabbut
antibody mitrogen provided 1 suffiacnt kvel of wntibody i the crum for optt
mal opsontzation o that the bretent were ckared b the magmum po sible
mrli order to mnvestigate the pos bl role of complement in the process of
opsonizatton the effect of ccken anui L col: iibody which fives mouse
complement sery poorly was compared with that of rabbit antibody which
fives complement adequately  The rabbit scrum u d sgglutinated 7 colin a
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factors 1n the serum, correlated with a nse 1n the agglutinating titer agamst
E col: The mcrease m serum opsonins ippears to be immunologically not
peafic as 1t was elicited by endotouins without hnown cross reactivity with
E coli Siumlar mererses m the level of nonepeafic opaomns i the sera of
mice treated with endotoun have been ob<er\ed b) Rounley *and by C Jenhin
(personal ¢ atwon) using Sal; 1 tbr1o comma and
intrapentoncal macrophages The nonspecxﬂc nature of these op omns sug
gests that unsuspected €ro s reactivity may ewist between all endotowns, and
that 1t may be related to the lipid portton of the hipopoly acchanide molecule
While the increace in these opsomic factors m serum following endotovn 1> well
estabh hed their rol. 1 nonspecific resistance should be cvaluated

TarLe 2
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began 24 hours after injection and reached a peak (30 to 50 per cent) 48 hours
after injection but was back to normal valucs by the fifth day  There was no
sgnificant difference histologically 1n bone marrow and kidney 1n companson
with that of the control group

Tung

Twenty four hours cells constituting the alveolar septa of lung became en
larged and in¢rea_ed 1n number resulting tn extending the width of the alveolar
septa twofold to tenfold  This exten«ion was diffuse or occasionally nodutar
There w1s an occasional leuhocy tic accumulation in the alveolar septa Endo
thehal cells of arterioles frequently became rounded and increased in number
Hyperplasia of cells 1n the pern ascular space of arterioles alvo was <o significant
that occasionally they formed ccllular nodules surrounding the vessels A few
leukocy tes megrated mto these nodules but not many  Alveol and bronchial
Iumen remained virtually clear  Vascular congestion of the lungs as a whole
was not consplcuous

Torty eight hours cellular hy perplasia of alveolar septa became more extreme
and more diffuse Mitotic figures of these proliferating cells were often en
countered  Increase 1 the number of endothelial cells and adventitial cells
of artenoks al o became more C ly some les were
obliterated by these cells and <ometimes one could see thick concentric ar
rangement of adventitial cells around the artenoles (FIGURE 1)  Strange to
s1y however 1n the lung of one case 1 which there was bronchopneumonitts
there was not a conspicuous cellular re ponse as presented by the others

Five days the number of cells of the alveolar sept of lung that had prolifer
ated began to decrease consequently the alveolar septa of normal width ap-
peared here and there \litotic figures were obscure  Although numerous
cells 1 the mtima and adventiti2l spaces of arterioles still remaned these
proliferated cells seemed to be more or Jess 1n the process of degenerating  In
one case where there wasa b the abave findings
were not observed  Instead there was infiltration of leuhocytes hmited to the
bronchi and 1n the nearby Jung tissue

Lyrer

Twenty four hour> capillaries 1n the acin of liver showed shight congestion
and a few granulocytes were present  Rupfler s cells and the endothelial cells
of the capillanes nere somewhat swelled and the chromatin volume of their
nucler was tncreased to some degree  Cell bodies of Rupffer s cells were short
and spmdle shaped ovoid or nearly round  Occasionally Kupffer s cells with
two nucle appeared  Cells of hepatic artenal walls also began to prohferate

Forty eight hours Kupflers cells were sigmificantly increased m number
They were sometimes arranged syncytially and also m some small nodules that
consisted of the prohferation of histiocytes  These also occurred i interstitral
tissue many of them showed a radal cell arrangement around the hepate
artery A few granulocytes were present abo in capillanies

Five days hyperplasia of Rupffer s cells was more remarkable they not only
mcreased in number diffusely but resulted in many different-a1zed nodules



MORPHOLOGIC CHANGES ACCOMPANYING RES STIMULATION*

Mizu Kopma
New England Insiutute for Medical Research Ridgefield Conn

INTRODUCTION

Expenments 1n our laboratories have indicated that specially prepired cell
wall fractions denved from yeast (restim) can stimulate the RES Ths
stimulation applies not only to phagocytosis but also to antibody synthesist
(see also J H Heller this monograph) For some time chemical investigation
aimed at isolating and identifying the acttve component in these cells has been
under way  Although these expentments are still 1n progress 1t can be stated
that the active component appears to be a ipid fraction which 15 free from
polvsacchanide and protem

This lipid fraction has been shown to be able to stimulate the RES  Hence
1t was of mterest to examine morphologic concomrtants of such stimulation
1n order to explore the obvious inference that the active hpid fraction repre
sented the stimulatory component m restim

METHODS AND MATERIALS

Thirty one male white, 150 gm CFN rats were mtravenously injected
with 3 mg of resum (J H Heller this monograph) suspended m ¢ 3 ml of
sahne Seven rats were autopsted at 24 hours, 48 hours and > days after
mjection  Several organs (lung hver spleen kidney lymph nodes and bone
marrow) were removed and histologically examined  These organs were fixed
1 10 per cent formalin embedded 1n paraffin and stained with hematoxylin
and eosin

Two ammals of each group were tested with carbon for phagocy tic activity
prior to autopsy Seven rats were mnjected with salme as controls for the
restim injected ammals  Three of them were tested with carbon 24 hours 48
hour< and 5 days after mjection while the others (4 rats) were sacnficed 6
days later  Liptds—both active (L 92) and inactive—were prepared by V Z
Pasternak of our laboratory by orgamc chemical fractionation procedures of
active restim  The activity of fractions was assayed by thewr effect on phago
cytosis  The wactive lipids used as controls were not exact inactrve counter
parts of the active fraction  Rather they represented aleohol soluble tnac
tive [ipids dernved from the crude ipid

Ten antmals were wjected with mactive hped as controls agamnt the active
Ipid  All animals were examined hematologically prior to mjection and di
rectly before autopsy inctuding red count white count and differential

REesvLTS OF RESTIM INJECTION

Hematological Findings
There was no signficant fluctuation of the number of red and whte cells 1n
penpheral blood There was however a rclatne increase of neutrophils that

bed 1 this paper was supported i part by grants from the Office of
Naval éeﬁe‘;’rﬁdﬁn“d"m National Saence Faun«mmn Washington D

196
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throughout the acimt  Some nodules were ditectly adjicent to central vans
and ometimes projected nto the Jumen of the Intter  Turvasculir edl hy

perplisit in nter titnd tssue 4 o was morc significant than that of the 48
hour group (ricurs 2)
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and onh a <ltght diminution of penfollicular cell zones could Le detected
Signs of degencriton of lymphocytc n follicles congestion and somctimes
shight infltration of Jeuhocy tes m the red pulp of the spleen could b een

Tive days follicdes e~peanilly thar pertfollicular cll zone  dimin hed re
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Spleen

Twenty four hours there was no sigmficant change m spleen m comparison
with that of the control group
Torty eight hours changes of spleen at this stage werce not very sigmficant,
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Part IV The Rel of the R loendothelial System to Stress, Or
ganic Metabolism  and Growth Processes

THF CONTRIBUTION Of THI RETICUI OL\DOTHELIAL SYSTEM

TO THI DEVEILOPMENT OF TOLI RANCE
TO EXTFRIMENTAL SHOCK*

Benjymin W Zweifacht
Depa tment of Pathology New Yo k Unuersity Bellecue \edical Cente
New Fork V1

Before tntenng nto a di cu 1on of the mechan: ms myolved n different
forms of tolcrance to stress and their possible relation to the reticuloendothehal
system (RFS) 1t would be u eful to catatogue the evidence inking disturbances
1 RES function to the development of hock  In a recent survey of the phago
cytic behavior following protracted hemorthagic shock in the rat! it was shown
that RFS function became progres nely impured as the shock deepened
Sub equent studies 1n the rabbit <howed a comparable effect comerdent with
the development of the wrever sble stage of hemorrhagic shock  Tabte 1
<hows that the phagocytic index A measured by following the clearance of
carbon from the blood stream remains depressed for at least 24 to 48 hours
after exposure to severe hemorrhagie shock

Converely 1t has bren hown that wierference with the RES by overload
ing the phagocy ic elements with large amounts of collod renders the ammal
highly <nutine to all forms of stress including hemorrthagic and traumatic
shock ? infusions of vasoactine amines bactenal endotoxins? exotouns of
bactenal origin histamme and whole body \ wradiation *  The predi posing
action of RES blockade 1s temporary 1n nature lasting from 4 to 12 hours in
most cases  The fact that a sirilar impairment of the capacty to withstand
shock and endotoxemia develops 1n germ free rats that have recetved blocking
doses of collordal 1ron would seem to rule out bactenal toterma as the deasine
factor affected by blockade of the RES® The preat ¢ mecham m mmvolved
must anait clanfication of the many chinges in the blood constituents and
the vessels themselves which have been shown to be activated by the injection
of large amounts of collaidal suspensions and their uptake by the RES

\orphologic evidence also has been provided to show that the Rupffers
cells of the Inver and the phagocy tes of the spleen undergo degenerative and
inflammatory changes followmg vanou forms of shock and blockade ¢ In
flammatory changcs involving the phagocytes of the Liver and spleen are most
promunent in amma} pretrested with colloidal thornum dwoude (Thorotrast)
alone ar subjected to shock after blochade with Thorotrast  As may be seen
1n FIGURT 1 clusters of neutrophils surround the damaged Kupffers cells in
1he Inver as early as 8 1o 10 hours after hemorthagic <hock (B at 40 mm
Hg for 3 hours)

There 1 thus a clear cut history of disturbed retrculoendothehal function

The work repotted 1n th paper was supported 1n part by G a t H 2267 from the Na
tional Heart Institute Publc Health Service’ Bethesda Md a ¢ n pa t by the Amencan

Heart Ass cation Now Yorl
t Established Investigator of the Amencan Heart Assoctation
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markably, and the boundary lme betwneen red and white pulp was not very
clear Red pulp of spleen was enlarged mamnly by a stohing increase of cell
clements 1 foco which were charactenzed by 2 lymphocytehke size scanty
cytoplasm and round nucler with abundant chromatin (FIGURE 3)  On the
other hand, fixed type reticulum cells decreased 1n number

ResuLts oF Lirtp INJECTION

Ten white male CFN rats were injected intravenously with about 30 v of
the hipid extracted from restim (L 92)  Ten white male CEN rats were injected
intravenously with 30 ¥ of mnactive lipd as controls  After testing carbon
clearance, all ammals were autopsied 24 hours later and examined histologreally

The histologrcal changes of organs from the L 92 treated rats were essentially
the same s those of rats treated with restim at the same time  However
some differences occurred as follows 1n the lung (FIGURE 4) cell response tended
1o be limted only in the penvascular spaces of artenoles where newly growing
cells resembhing plasmacytes accumulated uniformly ~ Hy perplasia of intimal
cells of arterolcs was less  Although there was shight proliferation of adventitial
cells of arterioles 1n the lung n the controls 1ts grade was much lower and these
cells resembled Iy mphocy tes rather than plasmacytes

Activation of hupffer s cells n liver seemed to begin in 24 hours following
mjection and the degree of carbon storage was somewhat higher than that of
cases treated with mactive hpid

In the spleen there was more intensive phagocytosss of each reticulum cell
in red pulp but at 24 hours remarhable growth of reticulum cells was not yet
scen

Further studies of comparative morphologic changes due to active hipid at
2 days >days 4 weeks and 3 months are now under way  These studies will
be compared with functional tests of antibody synthests carned out concur
rently

REFERFNCE

1 Cumier J L 1960 The enhancement of hemolysin production 1n the rat by zymo
san J Immunol 84 116
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cotnaident with different kands of stress and evidence that expenmental im
parment of RES function (at least as concerns phagocytic behasior) nterferes
marhedly with the ammals ability to combat shock

When laboratory antmals are exposcd repeatedly to noxious stimuli they
become increasingly resistant to the offending agent provided the episodes are
properly spaced and the intensity of the stimulus 1s graded 7 Some procedures
give nise to an adaptive reaction that 1s highly specific while others condition
the ammal to a much broader spectrum of deleterious phenomena  Thus the
literature contains references to mduced tolerance to spectfic chemical poisons ®
1o vasoactive constrictor and difator substances ? to bacteral tissue products'®
and even to normally lethal episodes of trauma **  Development of tolerance
has been attnbuted to numerous factors ranging from speafic adaptive mech
amsms such as immune phenomena adaptive cnzymes and hypertrophy of
parttcular cells to a more effictent utilization of substrates However one
cannot readily explain the conditioning that leads to resistance to major stresses

TasLe 1
ErFeCt oF HEMORRHAGIC SHOCR ON THE RFS

Phag ytcindex (K)

Rat Rabb t

Control 002 003
1 Hour hypotension 0012 00

2 Hours hypotension 0009 0015

3 Hours hypotension 0 007 0010
24 Hours later 0014 o

Aleasured by clearance of carbon 1 hour after Hood replacement (average of 6 ammals
1n each group)

such as shoch or tissue injury on the basis of any particular set of ctrcum
stances The fact that one et of stimuli set into motion adaptie measures
that were effecttve agaimnst apparently unrelated stimuh rarsed the possibility
that all of these sttuatsons eventually involve a common factor or set of factors
whose response to repeated stress was essentr1l to the successful development
of the conditioned state The othcr alternative would be that shock 1s at
tended by changes in 1 great many regulatory mechamsms 1n an unpredictable
manner depending upon mnumerable faccts of the host s response and the
particular nature of the challenge  Tolerance could then be engendered by an
adapti ¢ response i many different homeostatic sy stems

Tnasmuch as most forms of shock eventually mvolve deterioration of vascular
reactivity at the level of the microairculation 1t ha buen our thewts that the
multiphicity of imtiating and sustainng fattors must converge and i the final
analysis operate through some aspect of neurohumoral homeostasis

{drenal Hypertrophes

One of the first expenmental models used to tudy the adaptive process was
the resmtance 1o lethal traumatic shock engendered by subjceting rats to te
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capacity to clerr collord from the blood stream returned to normal thereafter
unul at 24 hours phagocy tic function usually had compensated to abos ¢ nor
mal levels  In the adrenalectomtzed rat on the other hand the blockade m
duced by coltoid perst ted far as loag as 48 to 96 houns  The admmstration
of blocking do es of callat I was Iuthal to a large percentag, (30 to 40 per cent)
of these ammmal

The funcuonal inaderqurcy of the RFS sn ndrenalectomzed ammal bucame
further evtdent when attempts were made to stimulate thy system wath e
peated injections of graded 1mounts of coliod  Under normal condition
ammals injected for 4 to > duys with moderate amounts of collord showed &
much more rapid clearance of labeled paruculate matter from the blood
stream ™ When thrs procedure was contunued for from 7 to 10 days the size
of the hyer and splecn mcrcased by ts much 15 40 Lo 70 per cent  Attempts
to stimulte the KES 1n adrenalectomized rats were unsuccessiul when the
wsual amounts of collord were used  Stimalation could be achieved only when
small amaunts of collowd werc administered and when the condrtioning regime
was spread out over a petiod of severtl weeks

Adrenal ctomuzed ammals did not show the same degree of stimulation as
did normal contral ot example A values 1 a normal rat could be ancrea ed
almost e htfold (fram 001 te as high as 008) whereas i adrenalectomzed
rats the A values rarely were tncreased more than threefold

It was alwo po thle to avard the taxe cffects of repeated do<es of colloidal
matenals 15 adrenalectomuzed rats by the following procedure  Immediately
upon surgical removal of both adrenyl  supportive corticone treatment was
begun  Daly intramuscular mjections of > mg coftwone wese gnen for a
penod of 2 weehs  As oon as the rats had recovered from the operatne pro-
cedure a graded <erres of injections of bactenal endotoun nas begun following
the same schedule as o controls for mducing tolerance By the tenth day
these adrenalectoried cortt one supported ammals had become tolerant to
usually lethal amounts of endotoun  The corticosterord ireatment was then
discontinued and replaced by a high salt intake  Mamtenance doses of endo-
toxun given daily effectively matntawred the tolerant state for at least 4 weeks
Smh ammal shosed a sapid clearince of catbon (A = 005) and were re
sistant to Noble Cothp dram shock

The adrenal apparenily serves an mmportant function m mamtammg the
conditioned state  The RES mn adrenalectomized rats lost s stmdated starus
within 48 hours after thelast treatment  The presence of theadrenal gland thus
permuts full development of the porentiality of the RES to undergo hypertrophy
and by perpl: The reticuloendothehial cells have the mtrnsic capacity to
respond 1n the abeence of the adrenals but only to a hmited extent

It has been suggested that the systemic manifestahions of blockade of the
RES may tn part be due to an associated depression of adrenocortcal activity
1In order to test this Qrcumsiance rats were gIVen 5 mg cortisone/100 gm
body weight for 2 to 3 days preceding blochade together with a dose of corti
sone at the time of 1njcction of the blocking collord  The associated predis
po iy action of blochade was sull present in these animal  as tested by the
farture to withstand normally tolerated amounts of drum trauma
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peated tumbling n the Noble Collp drum? Examination of biochemical
changes mn the blood and tissues offered no ready explanation for the phenome
non! In an effort to determine whether any partwcular organ system was
nvolved, a survey was made of the hstological charactenstics of the tisues
of such ammals Two organs the liver and the adrenals, showed striking
changes The hupffers cells of the liver were unusually promnent and ap-
peared to have increased i number the adrenals were sigmficantly enlarged
and gave the appearance of that observed 1n ammals that had been stimulated
by repeated mjections of ACTH  On this bass 1t was speculated that repeated
exposure to trauma caused the release of ACTH stimulation thereby of the
adrenal cortexand m turn hvpertrophy of the RES

Evpeniments therefore were set up to reproduce this circumstance by i
Jjecting ACTH on the same time schedule as the repeated trauma used to
duce resistance 1n rats  The rats were treated with ACTH (10 mg Acthar*}
for 8 days and then exposed either to drum shock or to lethal amounts of bac
tenal endotoxin (Escherichia col lipopolysacchanide)  These treated ammals
were not significantly more resistant either to drum shock (620 turns) or acute
endotoxemia (20 mg /100 gm)  Histological mspectton of the hiver venfied
the fact that the treatment with ACTH had caused the Kupffer s cells to be
come considerably hvpertropmied Thus although 1t was possible to repro-
duce the stimulation of the RES by adrenal intervention the resistance to
stress was not duplicated by this hormonal mechanism alone ~ Apparently
physical hypertrophy of the RES does not by itself represent a key process m
the adaptation to trauma

Tolerance wn Adrenalectomr.ed Rals

Since there was so much evidence suggesting that the adrenals were implt
cated m some aspect of the conditioning process a sertes of experiments was
mstituted to circumscribe more specifically the relationship of the adrenal
both to stimulation of the RES per se and to tolerance m general It 1s knownn
that adrenalectomized ammals are highly susceptible to shock” and to bactenal
endotoxemia ™ This heightened susceptibility can be demonstrated even in
adrenalectomized rats mamtained for indefimte periods 1n excellent bealth
without supportive hormone treatment by a high salt mtake It was therefore
of nterest to determine whether this susceptibility was associated wath a con
comutant suppression of the RES

The phagocytic behavior of the retiuloendothelial cells m the e animals
was exarmned by the carbon clearance technique of Benacerraf and Halpern
The rate of remosal of collowdal carbon (phagocytic mdex R) from the blood
«tream of adrenalectomized self maintained rats was essentially the same as
that of normal controls Further studies howevcr revealed that the RES
was subnormal 1n particular by attempting to alter the functional capacity of
the system both 1 the direction of stimulation and blockade  Thus 1n normat
rats the mjection of substantial amount of collodal maternal (carbon saccha
rated won or Thorotrast) had a transient depressing action on the phagocy tic
activity of the RES lasting for from 4 to 8 hours depending on the dose The

The Armour Laboratones Kankakee Il
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that other facets of RFS funcuional actinitv had been augmented  In the
expeniments with ACTH marpholome hypertrophy of the RES wa not a o~
crited with rest tance to endotoxin or shock  Simlwrly 1o 1 tance to drum
trauma w1s not neeesanly 1ouited with 2 hypertrophied apperance of
the reticulovndothetinl el Asindicated Bedow certain matenal are capable
of stmuliting puticular enzyme function of the KT'S 1n addion to ther
cffcets on phagooy tic actinity and «dl hypertrophy

Vascular I ffects of VModufications i the RES

Tt has been a< umed 1n the prst that simulation of the RES primanly i
volved some facet of the phagoo tic properties of thr system  Eaadence ha
also been accumulated to indicate that the uptake of colloid by the cell of
the RES 15 a ~octated with changes in endothelium 1n other parts of the body™
and 1n the reactinity of vascular smooth mu cle® Two expnmental proce
dures were used direct obsennational measurements on the micronirculation
and perfusion of 1 olated vascular beds

Stadies on the mesoappendix of the rat indicated that blockade of the RES
was a ~octated with an increased reactivity of va cular smooth mu e An
enhanced respon e was obtamed not only with topically applied catecholamines
but with dilator substances such as hn tamine  The va cular effects were
present only during the punod of blochade since reactivity values returned
to normal after 12 hours  In addition 10 the effect on vascular smooth muscle
the capillary endothelium of blochaded ammal was found to be unu ually
susceptible to damage by microtrauma and by the local apphcation of large
doses of (pinephnne with micropipets  In fact even minor manupulation of
the capillary ve el with microneedles resulted in damage as mansfested by
the rapid accumulation of carbon from the blood stream onto the capillary
wall

Experiments were alwo carried out n blochaded ammals in which epinephrine
(> to 10 ug, min) was infu ed contnuou ly for several hours  Under these
arcum tances the major part of the microcirculation shut down and failed to
reopen even after the infusion had been 4 Apparently
with the reticuloendothehial cell exther removed some substance from the
blood or added ava otouic factor  Thi deficiency was most strihing 1n blockh
aded ammals that sub equently recenved an intravencu injection of bactenal
endotoun  Lnder the e conditions the termimal artenoles precapillanes and
venules became markedly dilated and large areas of capillary stasts developed
with unusual rapidity

Tt was possible to demonstrate that the effect on the small blood vessels was
an mtrin 1c defect and due not merely to some change in the makeup of the
ctrculating blood by 1solating an appendage such as the ear from a Profernn
ot Thorotrast blockaded rabbut and studying its response under  niro ronda

tions  In contrast to control such perfu ed preparations were unstable and
became edematous within 5 to 10 mmn under perfusion pre sures that normally
sustain the flow through the etr at normal levels for at least several hours
The abnormal state of the vascular endothelium 1n the perfused tissue was also
shown by adding colloidal carbon to a perfusate  Unlike the ear from normal
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The adaptive response to repeated stress has been assumed by some mvestt
gators to be related to adrenal hyperfunction  As indicated above with refer
ence to RES stimulation adrenalectomized rats were capable of developing
tolerance to drum trauma and to bactenal endotoxins by a carefully graded
regime In both instances the tolerance developed was such that the conds
tioned adrenalectomized animal was d 1y more resistant than 1ts adrenalec
tomized untreated counterpart, but was not equivalent to the spectacular
ncrease 1n resistance produced 1n normal controls with mtact adrenals (TABLE
2)

As n control conditioning, to endotoxin was assoclated with a stimulation
of the RES  The stimulated state persisted for approximately 24 to 48 hours
after completion of the conditioning regime  The njection of bloching doses
of saccharated iron oxide (Profernn) or Thorotrast n adrenalectomized con
ditioned rats completely aboli hed the resistance but unlike the situation m
control ammals there was no return of the resistant state  In fact previously

TasLe 2
CovDITIONING 70 DRUM TRAUMA IN ADREVALECTOMIZED RaTS

Ttervlaftrl tpm g

1250 2k urs
Controls—sahne 8/10 8/10
Controls—drum resistance 10/10 10/10
Adrenalectomized —saline 1/10 0/10
Adrenalectomized—drum resistance 8/10 1710
Adrenalectormzed =+ cort1 one—drum re

sistance 9/10 3/10

Survival after 600 turns 1n Noble Colhp drum

tolerant adrenalectomzed ammals usually succumbed withm 4 to 5 days after
blockade of the RES

RLS Sumulation and Tolerance

TIn a further study of the mechansms mvolved 1n resistance attempts were
made to suppress the resistant state i conditioned animals by treating them
with large doses of cortisone and whole body X irradiation  These agencies
were selccted since it was known that under normal wircumstances treatment
with large doses (25 mg) of corti one or whole body X rradiation (400 to
600 r) led to an mncreased susceptibility to trauma? It was found however
that such treatment after the induction of resistance did not abolish the con
ditioning effect  Apparently thesc agencies act by mterfering with the capac
1ty of the RES to be stimulated rather than by a direct cytotowc effect  Thus
once resistance has been established exposure to X rays or cortisone did not
alter the adapuve mechantsms set mto play by the already stimulated nd

hied RES
hygzr:;g;;mmd previously the fact that the phagocytic propertics of the RES
were enhanced by a gihven experimental condition did not nectssarily 1mply



Zweifich Tolerance to Experimental Shock 211

state of tolcrance s indicated none of the conditioning measures results 1a
a permament rest tance  Unles the e ammals are repeatedly expo od to the
conditioping sttmulus tolernce di appaar Homever st wis found po sible
to sustan one form of 1d1ptition such as drum trwmy by ¢xpo ing the animal
to another agent baiterial endotoxin  The converse sttuation tolerance to
bacteml endotown al o could be sustamed by exposing the ammal to drum
trum (TAsLe3)  Tuidently once the conditioning process has been imtiated
other fictors can sust un the effect

TImnunological ispects of Tolerance

There 1 suggestive evidence that the adaptive response to stre s may mvolve
an immunological reiction* Several myvestigitors have ponted out that
bacten! endotoxins ginve it ¢ not only tospucific antibodies but 1l o to heterol
ogous nttbodies  Thus a broad spectrum of re tstance 1s induced to different
bological substainces  Ffiects tmilar to tho ¢ produced by bictenal endo
toxins were evohed by estricts of normal ti ues  Therefore the possibility
exnts that repeated injury to tt suc may give i « to the redea e of bs uce prod
ucts such 1s polysiccharides that stimulate the production of antibodies with
broad cross reaction s repotted el ewhere 1 thes monograph the RES
may be concerned with the production of certain globulns or anttbodies  I'as
sive transfer expunments have not been <ufficiently conclusty e to support this
nterpretation

The adaptive reiction al o may nvelve immune type phenomena within
the tissues themselves  The RLS 1n addition to 1ts possible function in the
production of antibodies may be concerned with the production of some co
factor necessary for antigen antibody interaction  These possibilities how
ever must remmn peculrtive until sub tantiated by more definitive expen
mental data
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rabbits such vessels became coated with carbon  Histological sections of the
ear showed the carbon particles to be locahized pnmanly m the endothehum
of the venules and small veins

Relation of the RES to 1 asoactire Chemical Medialors

Adaptive reactions within the tissue proper related either to the formation
handhng or presence of local tissue mediators also have been suggested to
account for the altered status of the vascular system in conditioned anmals **
Concervably repeated exposure to trauma or the repeated myection of colloids
mught serve to release vasoactive substances from their storage sites m the
tissues and thus act 1n the same way as histamme depleting agents

A senes of experiments was conducted with a vanety of histamine releasers
1n both the rat and the rabbit  Despute the fact that the phagocytee actiity

Taste 3
CapsCITy 10 SUSTAI SPECIFIC AND CROSS TOLERANCE

' St L ft ddt 1d e am tf 2mek
Codt g gut ’

Le Edc Drumt m
(Ami) (5042 ) G0t )

Resistance to drum trauma

Endotoun tolerant rats f 2/10

Drum resistant rats 1/10 10/10 9/10

9/10 ‘ 10710

Susceptibility to endotoxint

Endotoun tolerant rat> l 3/10 “ 10/10 ’ 9,10

Drum resistant rats 1/10 /10 2/19

Challenged by tumbling 850 turns 1 Noble Collp drum
t Challened with £ cols hpoplysac hande (3 mg )

of the RES was unaltered 1n all of these circumstances the animals conststently
showed an enhanced resistance to both traumatic shock and bactenal endo
toxernta ° It 15 significant to note that this form of adaptation al o could be
arcumvented by blockade of the RES

The data dealing with the effcct of amine relea crs suggests that condstioning
nvalves at least two separate mechansms the first associated with the RES
the second with penpheral factors nvolving local tissue mediators  The fact
that blochade of the RES al o aborts the resistance engendered by treatment
with amine releasers favors the concept that the vasotowic effect of such amines
may be dependent upen some factor produced by the RES  This mterpret:
tion 15 supported by the extensive tissue damagce produced by epincphrime
infusions in RES blockaded ammals  T'o stbly the activation of blood proteo
1y tic enzyme systems by blockade of the RCS may be myolved

Cross Tolerance

The basic importance of the RES 1n adaptive mea ures leading to tolerance
1» strengthened by experiments concerned with the matntenance of a ghen
> g



HUMORAL MODITICATION OF THE TUNCTION OF THF
RETICULOF\DOTHFLIAI SYSTL]

Sherwood M Rewchard *
trmed Forces Instilute of Pathology Waskingion D C

Atbert § Cordon
New Yo k Unirernty “ew Sork 3 1
Cart T Tessmer
trmed Forces Institute of Pothdogy Waskinglon D C

Infroduction

Although the state of shoch has bun the subject of wnumertble mvestt
gations the baic phymologieal alterations fading 1o arculatory collip e
dunng hock remun evawne  Recent evidence indicates that the rcticulo
endothelal <y tem (RES) mav plav an mportant tole in these homeostatic
adjaviments

Suppres ing the funttion of the RES through  blorkade with vanous cot
lordal agents bas betn r»hevm to 1o ver the capiaty of animal to wathstand the
effects of end, tor of and hagic <hoch 3¢ Voreaver
Tesistance acquired aganst the Jethal effects of the e stre es can be overcome
by Blocking the RES*? Sigmficant alterations in the mactophagic clements
of the spleen lner and lymphoid o ue have been observed i profound shock
and it t suggested that changes in the e bactenal defunse mechani ms are
mmportant features m overcomung the effects of thy mury*® In addiion
stmulation of the RES activity has been ob crved mn certamn wstances to m
crease the tolcrance agamst the shock state 5 ¥

The pre ent tuches bave attempted to under tand more clearly some aspects
of the function of the RES in re stance aguinst traumsatic shock A humoral
mechanim capable of modiying KES functton 1 indicated  Previous work
has been teported clsewhere ¥

Waterials and Metlods

Young 2dult rats of the CF Nelson tram (140 to 175 gm) rused under
pathogen free conditions in the WalterReed Army In tituteof Research colony #
nere used i these expenments A 1andardized form «f tranmatic shoch wa
admnistered by the method of Noble and Coflp**  Each amimal was placed
n ¢ revohving crlar drum with a diameter of 35 inches and a depth of 8
mthes and 2 wunt triangulac projections 2 mches high and 3 wches at the
base  As the drum revolves at 40 rpm the ammal 1> carmed up the side on
ane projection 1t 1> then dropped and picked up by the followsng, projection
To prevent rats fror jumping over the projections their hind paws were taped
together  The tumbling apparatu § was e pecally built to accammodate as
many as 18 rats {(FIGLRE 1) .llowig large number of ammalk to be tumbled
under identrat conditidns

Pre ni address McCollum Pratt Insttute Johns Hophans Unuve sty Baltimore Md
fl‘m‘e v fife “ a(l:r Reed Army fnstitute of R sea ch Walte Reed Army Medicat
Center Wa hington D
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hepinmzed (2 mg /10ml blood), and centnfugcd at 4 € The pooled plasmas
were brought to a pH of 5.5 by the addstion of 1 A HCI botled for 10 min and
filtered The pleens and livers were collected and homogenized m a Wanng
Blendorat 4° C  Aaid <aline (pH 5 5) wasadded (> ml /gm of spleen 2 ml /3
gm of iner) duning homogemzation and the matenal was aadified to a pIH
of 35 by the addion of 1V HCI  The<e homogenttes were then boiled for
10 min and filtered ANl extracts were stered at 4°C when not u ed and
brought to room temperature just bufore mpction  Keoprent animal (adult
female CT \ehon rats 140 to 175 gm ) were employ ed to detcrmine the protee
tive effect of the ¢ radified botled cxtracts  Fach animal recons ed 4 subcutanc
ous mjection dunng a penod of 36 to 48 hours of the following volumes 1
ml of pla ma extract cquvalent to approvmately 3 ml of ongmal whole
plisma (a total equisalent of 12 ml of onginal plasma) 15 ml of spleen ex
tract equivalent to approuimatcly 03% gm of t1 uc (a total equivalent of 15
gm or 27 spleens) and 15> ml of Iner extret equivalent to approxumately
3 gm of i ue (a total equvalent of 12 gm or 2 Iners)  Control recerved
equal volume of acid <aline  Three and one half hours after the last injection
all ammal were subjected to 725 turns in the tumbling apparatus
Splencctomies and bilateral adrennlectomies were performed under Light
ether ancsthesia Ammal were cheched at autop v to determine campletencss
of the operations  Drinking water of the adrcnalectomszed rats consited of
1 per cent sahne  In replacement studies ammals receved 15 mg cortt one
m 01 ml physiological salme for 2 days  On the thurd day the ammals were
adrenalectomized and continued an <smular do ¢s of hormone > times over the
subsequent 48 hours  Control anmimal undernent ham operation and re
cened similar volumes of physwalogeal saline  All ammals were then sub-
Jected 10 650 rotations in the \oble Callip drum and survival was determimed
Survival data were analyzed statistically by the chi quare test and the
levels of sigmificance are indicated by probabality values (#) in the tables

Surenial from Drum Trauma

The results shown n FIGTRE 2 parallel those of \oble and Collip* relating
the number of rotations 1 the drum to the percentage survival  \o deaths
were obsenved when rats were tumbled for less than 400 sotations  Hosever
beginning at 00 revolutions the number of ammals dying 1s proportional to the
number of revolutions in the drum  Accompanying this increased mortality
at higher revolutions 15 2 hortened survival time after trauma ~ All ammat
usually succumbed by 6 hours after drumming At 800 turns m the drum all
rats died of shock many even before removal from the drums It 15 seen from
FIGURE 2 that 630 rotations yield a survival of 70 per cent a conement level
to observe a lowening of re 1stance whereas 750 rotations yield a survival of
30 per cent 1 good base level 10 observe an mtrease 1n resistance

Many factors have been ob erved 1o alter the survival of rats subjected to
drum trauma  We have previously de cnibed difference due to ex and strih
ng shifts duning different ea ons of the year 2 \lales are le s res tant than
female to this type of strexs roughly by 100 turns  Dunng the summer and
fall 30 per cent survival was obtained with 430 turns but this 16 ¢ to 45 per
cent duning the minter months and dropped 2s low as 10 per cent dunng the
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Impairment of the phagocy tic activity of the RES was produced by block
ading the reticuloendothelal elements with colloidal agents This method
physically overloads the phagocytic cells of the liver and spleen so that no
further uptake occurs dunng a distinct time interval * 7 In the present
studies ammals were mjected via the jugular vein with 77 mg (in 03 ml
volume) of Thorotrast, 2 stabibzed colloidal suspension of thonum dioude
and with 12 mg (in 0 6-ml volume) of Proferrin, a saccharated 1ron owide

Ticure 1 Modified hoble Colhp tumbhing apparatus for the production of drum trauma
mrats Lighteen drums in stacks of 3 are rotated simultaneously at 40 rpm 1 eproduced
Trom Pelsculoendothelsal Structure ond Functi . Jotn 1 Hellr §d 1y permssion of The
Tonald Press Company

Control ammals recetved an equal volume of physiologreat aline by the same
route Two hours after admumustration of the ¢ colloid il agents ammals were
subjected to trauma mn the Noble Collip drum and survival was dctermined
Resitance to traumatic shock w1s attamned by subjecting rats to repeated
sublethal eprodes of drum trauma as outhned above  Various tissues and
plasma were extracted from these trauma re wtant rats 1n an attempt to wsolate
ctive factor that was responsible for thiy induced state of tolerince  These
N en were then admin tered to normal ammal  and their beneficial

tions
Lo ssessed  Blood was removed from donor rats by cardiac puncture

cffects were &
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and heart beat are increased and duarrhea 1s Irequently present Hemocon
centration and loss of plasma volume nccompanied by a drop in body tempera
ture regularly occur® =% Blood pre sure drops immediately after severe
doses of trauma *2 but shows an imtial nse after sublethal trauma (R L Gois
wold personal communication)  Although there have bien no systematic
studics of the pathological changes imvolved «cveral mve tigators have noted
the extreme vascular engorgement of the abdominal viscera W19 7 %

About 10 per cent of the ammal die of acute inyury 1n the drum usually
from a ruptured plecn or rrely from subarachnoid hemmorrhage and are
not routinely included in the tabulation of re ults

Biochermcal studits of blood and tissue of traumatized rats show that
several important chinges occur® #* ¥ Sigmficant incteases m blood glucose
and nonprotun mirogen (NPN) become apparent while glycogen stores re
depleted  Lactate and pyruvate levels nse and the lactate pyruvate ratio
1sncrensed indicating 1 change from 1erobic to anaerobic metabolic pathways
Adeno ine tnpho phate (ATP) and pho phocreatine levels are lowered while
pho phate pentose unic acid creatme and creatimne are increased  acker
¢ ol » observed an impawed pho phorylation i mitochondna ssolated from
heart muscle of traumatized rats A decrcased synthesis of ATP was also
observed but no changes in the levels of respuatory pigments or ATDase
actnaty were found

Tt 15 clear that with this expenimental procedure trauma can be apphed i
a graded controlled manner  Following this snsult a typical picture of shoch
develops that 15 uncomplicated by infection hemorrhige or anesthesia  Thus
drum trauma ehats a reproducible form of body njury and seems appropriate
for testing the relative effectin eness of certain injunous or protectiy e procedures

Condationing of Amimals to Trauma

Perhaps the most interesting and most useful ebservation in traymatic
shack 1s the phenomenon of conditioming  Noble and hus as golates * ob
served that ammals acquired resistance to drum trauma when subjected to
Tepeated sublethal do es of this stress and they could then withstand a degree
of trauma thit was otherwice fatal  The rats were subjected to increasing
rotations every other day begmnming with 200 turns the first day By
day 14 they recerved 1000 turns without mortality Toby and Noble® subse
quently showed that a single exposure was sufficient to cause resistance but it
lasted for only a few davs

Since we required large numbers of trauma resistant ammal we hortened
this regime considerably without affecting the degree of tolerance Amimals
were subjected to 200 turns on days 1 and 2 and 300 turns on days 3 and 4
On diy 5 these ammals were found to be trauma Tesistant and withstood 900
Totations without mortality (TsBLE 1)  As seen from the data 1t was possible
progresainely to raise the number of rotations to 2500 turns with only small
mortality resuling prinaiplly from mechameal injury  These remistant am
mals mamtamned their resistant state for more than 2 months

The conditioned ammal appears normal after expo ure to otherw: ¢ lethal
doses of drum trauma It responds to normal sumuh does not dnnl exces
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spring before returning to about 30 per cent 1n June  Certain species differ
ences have al o been observed  J McLaugbhm, Jr, for example has observed
a high percentige of mortality dunng mudsummer for Sprague Dawley rats
(ptrsonal communication) MiLaughlin has alo obscrved a consistent de
crease 1n mortahity 1n rats tumbled n the afternoon as opposed to the mornin,
and n rats that were starved for 18 hours  He suggests that, stnce rats ate
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endutielsol Siructure and Finchr n Jobn M Heller Ed by permussion of The I onakd Fress
Company #

nocturnal antmals and eat during the night their semstarved condition may
protect them when tumbled m the sfternoon

Qther phenomena are known to affect the susceptibility and re wtance to
drum trauma especially prior evposure to vartou forms of stres M * ™  Some
of these will be described mn the following ections Al of these must be con
sdered m evaluating subscquent experment  nd contral 2nunals must be
studied concurrently

Trauntattc Shock 18 Normal {mmals

Symptom> of shock rapidly appear in the rats tficr they e removed from
\he dram  The anemals are quiet but respond to strong stimuli resprration
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days 3 and 4 Twenty four hours after the last drumming the e traumn
ettt ammal were mjected as above with enther colloidal agent or <aline
and tested 2 haurs later at 900 rotation  As scen in TaBLF 3 this type of
RES blochade overcomes the re stince of triuma adapted ammals  Un
treated trauma resistant ammal and tho e recanving saline mjections with
stood 900 ratations without mortality whereas approximately 50 per cent of
the trauma resistant rats recaving, Thorotrast or Profernn succumbed

The e r¢ ults agree es entmlly with those of Mchenna and Zuwerfach? and
Zwerfach 1nd Thomas 4 who further ob erved that other collordal preparations
were equally effective in undermining the capaaty of rus to withstand trau
matic shoch  These miestigators found this effect to be time-dependent
becoming evident within 1 to 2 hours and lasting for 4 to » hours after injec
tion  This corresponds to the time ntervals of impaired phagocy tic activity
folloning Wlockade

The demonstration that blockade of the RES interfcres with the abihty
of normal ammals 1o withstand trauma and depresses the previously established

Tasie 3
PES Brockipe AvD Strevivat of Travard P'EsisTant (TR) Rats 10 DriM TraCHA
T tm ot N ombe of t S
TI* Controls 36 36 (10075)
TR Profernn 36 19 (53}t
TR Tho otrast 18 8 (45¢ )t
TR Salne 13 14 (10 7%)

Rats rece ed 900 turns 1n Noble Collip lrum
1P = <0001

resitance of trauma adapted wmmal suggests that such resstance may repre
sent an expres on of some function of the RES Duning conditioning the
RES mught elaborate or concentrate some material that prevents the manifesta
tions of shock  The 1 olition and subsequent transfer of this substance to
normal ammal might alvo transfer this resistance to normal animals and con e
quently prevent the adver ¢ sequelae of shock

1 Trauma Protecting Foctor

\anous reticuloendothehal organ and the pla ma from resistant ammals
were extracted chemically 1n an attempt to 1solate an active protective principle
The extraction procedute was similar to that previously descnbed for obtaming
an erythropoctic sumulating matenal 1n the blood and urne of anoxic ra
dents * * The charactenstics of this acdified heat stable fraction of plasma
have bren described # 3

Several groups of animal were made Tesistant to drum trauma by subjecting
them to 200 rotations on days 1 and 2 and 300 rotations on days 3 and 4
Twenty four hours after the last drumming these rats were sacrificed and ex
tracts nere prepared from their tissues and plasma  These preparations were
then admimstered to normal recipient rats over a penod of 36 to 48 hours
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snely and dogsnot develop disrthea  The airculatory picture remains normal
and no sign of congestion appears 1 the abd ! organs or gastromtestinal
tract *  No mcreases i blood NPN and py ruvate are abserved m the resistant
rat and there are only slight nscs w pho phate glucose pentose amino aad ,
and lactate  There 1s no fall n Iver glycogen and only shght changes m
ATP, phosphocreatime and phosphopy ravate oceur %

Apparently the resistant ammal 15 capable of mamntarmung homeost 1915 by
stabilizing its metabolic processes, whereas the untraired ammal cannot do this

Tasrr 1
EFFECT OF LONDITIONING ON StRVIvAL OF Rats Yo DRUM TravMn
Day R oot s Moty
12 200 0/18
3 4 300 0/18
5t 900 0/18
7 1100 /18
9 1300 1718 (67}
12 1500 2/17 (12 2)
15 1,00 115G
18 2000 2/14 (1470)
21 2500 3/12 (25%)
80 900 [ 73

No Of rats suc uml ed/tatal no of rats tested
1 On day 5 ammals are resstant to 900 revolution  a dose fata) to hormat ammals

TasLE 2
RED BLOCRAPE AnD StrVIVAL OF NorMAL Rars 10 Dredt TRAUMA

T omot P N bt | Sraa
Controls 3 23 (66%)
Trolernn B 12 @it
Thorntrast 18 CN St 714
Saline 34 I 24 (7145
* Rats recerved 6 0 turns 15 Noble Colbyr dram
tP = <00l

Tnterference wath RIS Function

The pacticrpattan of the RES n the phenomenon of dram trauma was demon
strated by suppressing the phagody trc activity of the RE elements by blochade
“Tharotrast and Proferrm were injected intrivenou Iy mto normal and resistant
ammals  After 2 hours toterance 1o drum traum, w15 2 sew5ed by subjechng
the e ammals to 650 1urn an tht Nob'e Colhp drum The data w tanie 2
shows that blockade of the RES with ather collordal sgent signthe wtly de
citared the uraval of normal 1umal - ubjccted to drum triume - Control
antmals recerying equal sofumes of saline were unaffected  Other groups were
od to test the effect of RES impairment on trauma e 1 tant ammals

employ dironed by rotatng 200 turns on days 1 and 2 and 300 turns on

Rats were con
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although it 13 equally po sible that this matenal 1s not normally present being
produced or concemrited dunng trauma A somewhat analogous condition
appears to ext ¢ in the endatatm resistant ammal m that serum or plasma
from pormal amimals was observed to interact with bactenal endotouns form
me a product that augments the febnle response % Under amilar conditions
<eram fram tntmals rendered tolerant to endotouns by ther daly injection
has the alality to nlubit the pyrogeme action of endotoxins  Tlarr and his
assoctates™ belies e that humoral intibtors, although present 1n small amounts
n normal rabbits develop 10 a greater estent 1 the endotoxin resistant ammal
and account for this state of toleranee

Injection of tissue homogenates and of whole plasma from normal and
traurna resistant mis were hkewe without effect (Tante 7) It s of interest.
that whole plasma from trauma rest tant rats did not alter sigmficantly the
survival of normal ammals to triuma whereas concentrated botled filtrates
of andified plasma did <how a strihing, protective action  Fius may explam
previous fmbures to protect normal ammal agimst traumatic shock by ad

TasLe T
Stevivar 0F \ORMAL RAts FOLLOWING \pumisTRATiON
o WHmE Prasys avn Srieey Houorewares

T tmot N mbe  Erats Sur 1
“ormal controls 13 13 e
Physologreal sabine 1z 353 )
Natmal w hole pasma 3 9 (33¢0)
TR Whole plasma. 2 3 (138
Normal spluen fomogenate ] 3 (35
TR Spleen homogenate 3 3 (%)

Rats recewved 725 turns i Notle Cally drura

ministenng setura obtuned from conditioned ammal # Ungar," hm\e\er
observed that the njection of d serum trom y
ammals protected normal ammals gainst trauma He traumatized <Le!en)
mu cle by dropping a metal rod onto 1t from a given height or by shooting
smill steel projectiles through the adductor region of the thagh  Chis direct
mjury to the muscle tissue may cause greater concentrations of the protective
matenal to b released 1nto the plasma

The protective activity of the humoral factor eems to be inhibated by certain
heat labile acd coagulable componerts normally present m the plasma A
simgar inhubition of endotoxins by heat tabile components of serum abo has
‘been ob erved  Thus meubation of bactetial or mammalian polvsacchandes
with fresh s rum but not with heated serum altered the ¢ endotovn matenals
o they could no longer evoke the characten tic host re pon 33 ‘The
bibity remams however thai the extraction procedare merely concentrates the
effective prinaiple and that greater votumes of whole plasma or serum might
be equalty effective  This 15 difficult to determune 1nce the farge fimd volume
mght also afford protection thus masking the speaific action of the humoral
factor It wasshown for example that flwd replacement with serum plasma
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Three and one half hours after the fourth mjection the ammals were exposed
to 72> turns in the tumbling apparatus

‘TABLE 4 shows that the administration of acidified boiled filtrates of spleen
and of plasma from trauma resistant rats sigmficantly increased the survival
of normal rats when mjected mto these ammals prior to trauma  The admims

TaBLE 4
SurvivaL oF NorMaL Rars GIVEN Exr1racts oF BLoon ANp ORGANS
FrOM TrAUMA REsISTANT (TR) RaTs*

T atme t N mb  frat Survi al
Controls 125 37 (30%)
Acud saline 54 16 (30%})
TR plasma extract 73 54 (14t
TR spleen extract 78 55 (1%}
TR biver extract 37 10 (27%)
Rats recerved 725 turns in Noble Colbp drum
1P = <0001
TABLE §
SEASONAL VARIATIONS IN PROTECTION AGAINST DRUM TRAUMA
T eatm t N mb of at 5 vval
A Control 36 11 (31%)
TR spleen extract 36 25 (69%)
B Control 17 117,
TR spleen extract 4 13 (93%)1
C Control 43 8 (19%)
TR spleen extract 40 16 (4093t

* Rats recewved 725 turns 1n Noble Collp drum A summer B winter C spring
tP=001
TABLE ©

SurvIvAL OF NORMAL Pars Given Exrracts oF Broop
AND ORGANs FROM NORMAL RATs

T tm t N md 1t s al
s
Notmal spleen extract 9 36 (38%)
Normal plasma extract 37 12 32%)
Aad saline 17 5 (29%)

Rats recenved 725 turns in Noble Collip drum

tration of simlar extracts of liver from trauma resistant rats or equivalent
quantities of aad sahne had no effect on survnal  In spite of the seasonal
yariations 1n survival the protective action of the plemc extracts was main
tamned throughout the year (TABLE 5)

The admimstration of acidified botled filtrates of spleen and of plasma from
normal untraumatized amimals (TABLE 6) did not produce any significant pro

ting action  Greater concentrations or more specific extraction methods
‘o:cg;wie normal tissues may reveal the presence of this humoral principle(s)
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by bling” and thercfore cannot be a factor 1 the pre ent acidified botled
filtrate  Toro® has obtuncd an cxtract from Iver parenchymn that influence
the function of the RES

In addition <everd crum tomponents have been obenved 1o be important
for RFS function The prohfurating and phagocytic cipaaities of the RIS
nere ob enved 10 b dependent on pectal humoral factors # ¥ and a heat
stable <crum principle s reeently been found necessary for intracellular hiling
of phagrevtized bactena 3l owhere 1 thes monograph Irecdman ¥ and
previou ly Farr % have repotted the pas wve tran fer of tolerance to the touc
effects of endotoxin by pla ma of tolerant antmal  This wa corrclated with
2 stimulation of RFS [unction 1n the reapient ammal ® * as shown by the
accelerated clerrance of carbon from the blood sumilar to the increa ed clear
ance seen in antmal Tendered tolerant by rpeated duly mnjections of endo
toun® An augmented phagocytic actmity measured ether by the rate of
carbon clearance® or by the uptake of radioactive colloidal gold (Reichard
unpublished data) has not been observed 1n the trauma res: tant tat

The suggetion has been made that serum properdin levc)s are important
I fest tatice or susceptibility of ammal to stresses tncluding dnum shock ¥ ¥
However 1t does not eem to be a factor in the present expenments since the
preparation of the cxtracts myolved bothng for 10min a proces that destroys
properdin ¥

Drum Trauma and Other Stresses

A stnhing similanty ex ts betneen the proces es evohed by drum trauma
and tho ¢ involved n powsoning by bactenal endotoxins  Besides the resem
blance of vascular derangements resulting from lethal amounts of endotoun to
tho ¢ ob enved dunng traumatic and hemorrhagic shock ® parallel alterations
follow RES mmpairment  For example the susceptibility of normal ansmals
to the lethal action of endotoxins 1 greatly mcreased following the injection of
reticuloendothehial blochading agents such as Thorotrast Profernn carbon
and trypan blue'? In addition a state of resitance can be induced agatnst
the touc effects of endototins by repeated daily injections and ke the toler
ance produced by drum trauma 1t 15 elminated by blockade of the RES ¢
Tt 15 sigruficant that resistance to otherwise lethal exposures to drum trauma or
hemotrhagic shoch was shown to occur following repeated daily injections of
sublethal doses of endotovin ° Trauma resistant rats were alsa reported to
be more refractory to hemorthagic hock ® although they failed to show an
increased tolerance against lethal doses of endotoxin ©

Fine and his aswociates? ' have postulated that ureveraibility in hemorrhagie
shoch 15 cau ed 1 fact by the presence of enterc bactena or their products
i the blood stream  They believe that endotoxins are constantly available
and readily produce vascular collapse when the endotouin detoifyrng potential
of the RES 15 impaired by shock  The e mnestigators reported the presence
of a towie factor that resembles bacterial endotown n the bleod of 2mmat m
hemorthagic hock  Admumistration ef tht shock plasma but not of normal
plasma produces many of the effects of endotoxin mcluding resistance to
hemorrhagic shock when given intravenously for 5 to 6 days to normal rabhts
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or 1sotome sahine solution can protect agamst fatal bumn humorthage and
tourniquet shock when given intravenously, intraperitoncally or orally follon
ng exposure to irjury 7 ¥ Subcutaneous administration of salme prevented
hemorrhagic shock 1n dogs and mice etpenmental wounds mn goats and tum
bling shoch m rats only when combined with hyaluromdase®  Protection by
flud replacement 1s not wvolved 1n the experiments reported here since the
volumes of plasma admintstered are less than those required for effective ther
ipy  Moreover, plasma was given prior to trauma 1t was admmistered subcu
taneously, and control animals that recen ed equal amounts of saline were not
protected

No dication of a toxic substance has been observed Neither tisue
homogenates whole plasma (TABLE 7) nor tissue extracts (TABLES 4 5 and 6)
irom normal or resistant 1nimals produced noticeable toxic effects  Injections
of tissues abtamed from ammals wnmediately after exposure to trauma were
equally meffective in producing deletenous changes  Extracts of spleen and
of plasma were tested periodically for such activity by injecting rats mtra
venou ly v1a the jugular vein with two 2 mb doses 24 hours apart noal effects
were obsetved  Toby and \oble® sere not 1ble to induce any totic reactions
with serum obtamed immediately after trauma or from fully reswstant rats
when grven to normal rats subcutaneously intrapenitonealfy or intrasenonsly
1 or 48 hours before or immediately after trauma  If the lethal consequences
of shack are caused by tow factors resultmg from tissue damnge ™+
such noxious matenals should be present m traumatized tissucs

Nature of Protectine letracts

The protective factor 1s wrter soluble and resistant to pH 5 5 ind to boihng
for at least 10 min It 1s stable at & € for at least 1 week and at ~20 C
for scveral weeks  Prehminany studies mndicate that 1t 1s nondszlyzable and
can be vophilized  Botled filtrates of plasmaand pleen contain approstmately
1 to 3 mg protem/mi

Tt 1s now recogmzed that many carbohydrate rich protemn components exst
1n serum and tissues and appear to be mvolved in the respon e to stress  Thus
a rise n protemn bound polysacchandes in the a~globubin fraction of serum was
ob enved 1 a vanety of di ca ¢ ¥ anepma® ¥ and surgical trauma It ap
pears Dhely that the active prinaple from trauma resistant ammals may be
simtlar to these glycoprotems (mucopolysatchande protein complexes) or per
haps to endntawehke components of mammalan ussues (hpapalysaccharide
pratan complexes) * Under conditton of stre « these components esther may
be released more quickly from the ceflular wy tem or they may represent nes
products that are not normnlly present

Qther factor from reticuloendothelial organ have been reported  Ungar®®
clame to have ¢ olated a hormon l sub tince Splemne 4 ancry tathne form
from plemc ts ue this ub tance 1 eureted by the pleen under the miluence
of the hypophysis and adrenal cortex It oceur ondy o the spleen ind blood

augments capillary resistance 1nd detrey ¢ captilary permeabnliny and bleed
Tt 15 believed to play a part in the control of protein metabolism

e
Y djustments to conditions of stress  However it 15 riprdly hydrolyzed

and s 8
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Remoral of the Spleen

Becau ¢ of the tnking protection 1fforded normal ammals by the injectron
of <pleen extracts from trauma rest tant rat  the susceptibility of ammals
after the removal of the spleen was imestigated A group of normat adult
female rats of the CI" Nelwon stramn similar to tho e u~ed in the replacement
studies above, were splenectomized under light anesthesa and were expo ed
10 600 rotations 1n the Noble Collip drum 24 hours after operation  Control
ammals underwent the same surgical procedures except that their spleen were
left intact  In the fint expeniment no igmficant changes 1n survival were
noted (TaBLF & group A} Infact allof the plenectomized amimal survined
while only 78 per cent of the controls lned  Two days later the survivars
wete ubjected to 900 tumm  all of the controls survined whercas only 56 per
cent of the splenectomized ammal Ined These results suggested that a

Tante §
ScecepisiLITs OF RATS 70 Davy Tratua Arres SPLENECTONY
T tment R 1ten by st
Group A
<E£¢’n«|nmued 630 1 99 (1005%)
Sham operated 650 1 9 8%
Splenectomized 900 3t 519 (5¢0p)
Sham operated 900 3 71 (100 o)
Goup B
Splenectomized 725 3 24/58 (84°%)
Sham operated 25 3 6/18 (33¢%)

Days following remo al of the spleen
1 Same amimals evposed to 900 revolutions

lapse of 3 days 15 required for the effects of pleen deficiency to become appar
ent Subsequent experiments in which plenectomzed rats without prior
exposure to trauma were tumbled at 425 revolutions 3 days after splenectomy
(raBLE 8 group B) however failed to show any sigmificant difference between
the control and splenectormzed groups  The survival of these anmals in the
vartous expeniments ranged from 19 per cent to 6/ per cent showing an over
all average of 43 per cent for the splenectomized rats as compared to the con
trol level of 33 per cent

The normal spleen therefore may not be concerned with the protection
agamnst drum trauma thi would parallel the fatlure of normal pleen extracts
to show any protective activity (TABLE 6) but since the rat 1s notorous i1n
replacing spleen function by extramedullary tissues a true spleen deficency
at least 1n regard to a speafic protectine principle may be unattamable

In this regard the average value of 44 per cent shown in TABLE 8 1» really
masking varations it survival that may be more informative n that it may
be a reflection of the degree of replacement of splenic function by other tissues
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but 1t has not been shosn to induce reswstance to lethal doses of endototn
Fine e al reported that substantial quantities of hipopolysacchande were ex
tracted from shock plasma whereas no vivible precipitate ocourred n the
corresponding fraction of normal plasma

On the other hand the state of irreversible hematrhagic shoch has been
mduced mn the absence of bactenal factors in the germ freerat  Since circula
tory collapse seems to be associated with the same basic elements m both germ
free and normal control ammals, Zneifach ef al * have suggested that the
contribution of bacterial contamnation to irreversibility 1s at best secondary
m nature  The demonstration of endotoxinhke substances m mammahan
tissues that are capable of producing many phenomena previously ascribed only
to bacterta)l endotouns may explain some of the events of hemorthagic shoch
and other conditions leadmg to vascular collapee 4

TIn the present studies several aoidified boiled plasma fractions were assayed
for lipopolysacchandes according to the phenol water extraction method of
Westphal® to determme whether endototuns might be muolved i the transfer
of resstance  Unlike the situation reported in hemorrhagtc shock ™ however,
no lipopoly.acchandes were found m extracts of plasma from erther normal or
trauma resistant rats  Along with the failure of these extracts to eliat tonc
effects as previously discussed and the observatron that bactenal endotowins
1 the presence of serum e mactnated by heating ® these data suggest that
the protective czpacity of the aadified boiled filtrates 1s not caused by the
presence of bactend} endotowins and that the symptoms of traumatic shock
are probably due to some other perhaps common physiological mechanism

The relation of drum trauma and X irradiation 15 also presently under in
vestigation It was found that condittorung ammals to traumatic shock did
not alter the survnal of these ammals sigmificantly agamst lethal doses of
X irrachation under the conditions of the e expenments (Mchenna and Zver
fach ©, Reichard unpublished results) However prehminary studies have
indicated that the adminnstration of acidified boiled extracts of spleens from
trauma resistant atumals over a 2 day span may protect the normal antmal
against otherwise lethal doses of radittion  These studies are being extended

It seems clear that drum trauma hemorshage endotown posoming and
perhaps other stresses such as X arradiation may evoke common homeostatic
readjustments that are fortified by procedures such as prior exposure to sub
lethal eptsades of stress so that a steady state s mawtamed m spie of the
normally lethal stumulus  YWhen these adpustments fail however sumlar
marnfestations are evident rrrespectrve of the onginal stimulus and the organ
15m lapses mto circulatory farlure  The RES appears to play a central role
in these comy 1

y Tesp since dep: d RES function wrreases the
susceptibahity and eliminates mduced rew tance to the e stresses whereas
resistance to normally tethal doses 1s displaved foliowing augmentatton of hES
function # 01t Moreover 1n the present work the RI'S has been shown to be
cancerned with the production of an active prinuple present m the trauma
ye wtant vot that s capable of protecting the normal ammal agamst Jethal
consequences of drum trauma
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full pleme function wnd produce sufficient protectine maternt to compensate
Iorthelo  of epleen, whereas the resistance establt hed after 1 ingle expo ure
of 6.0 turns may not be as complete. and 1> more ea tly avercome or prevented

This stuttion 1 wmidar to that ob enved wath Trofernn + huch was found
to Jower the curvial of normmal 1mmal and overcome reswstance once estab
I hed but it had no effect on the development of re<) tance 1 normal anymale 3

{drenalertomy

The role of the adrenal cortet mn triumatic <hack was imestigated by sub-
yreung adrenafectomized ammals to 630 rotation in the tumbling apparatus
18 hours after op (TaBLe 11} Approumately 40 per cent of the control
survived whereas all of the adrenalectorruzed ammal suceurnbed  The <ur
wnal of anumals recenang cortone for 2 days prior and 2 days <ubsequent ta
adrenal rcmonal was returned to normal howeser the admin traton of corty
sone 10 normal rats faled to alter their tesi tance to drum trauma Noble and
Collipt alws obeerved that adrenalectomized rats were more su ceptible than

Tasie 11
RESISTANCE 70 Drist TRAUMA FOLLOWING ADRENVALFCTOMY Avp CORTr O\F TREATHENT

T tm 1t Nombe Eot S v oat
1
Conteals 18 12 (677}
Contrals 4 cort sone 18 13 (720 )
Adrenalectomy 18
Adrenalectomy - cortisone ® 1 (s1%)
Asenatectomy 4 jhys logeat sahne ) 18 1 (5%

Rats rece ve § 650 turns 10 Noble € fip drusm

normal to drum trwuma but they also found that pretreatment with cortin
not only tertored the resstance to control fevels m adrenalectomized ammais
but rased the resistance of pormal ammyl The fwlure of cortisone to affect
the survivai of normal ammabs has been confirmed by other tnvestigatians © 8
On the other hand very large doses of (ortisone that deptess RES function®® #
have been shown to increase the susceptibality of rats to trauma *

Adrenalectormzed ammal 4l o can be made resistant to drum trauma by
Ppriot exposure to sublethal eptwodes  Toby and Noble® cmployed a tramng
chedule that began with 50 turns and was mcreased every 2 days by 20 turns
2o that adrenalectommzcd rats eventually could tolerate 630 rotations  In the
prusent studies the following regime was used 50 100 and 150 turns on the
first 3 days respectively followed by the routine traming program of § davs
that 1s 200 turns on days 4 and 5 and 300 on d2ys> 7 and 8 On day 9 the
ammals were subjected to /23 rotations without mortality  Another yroup
of amimals was exposed 1o the toutme conditioning process of 4 days only but
recened 2 mg cortisane for 2 dav priot 1o conditionn,, and 2 hours priot to
each expo yre  With this treavment 1t was possible to subject adrenakcto
mized ammal to the same traming regime as normal antmals for the most
part preventing the effect of adrenal insufficiency

Turther enidence that traumatic shock 1s accompanied by an adrenacorticat
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The accasional law surcival of 19 per cent mcorporated mnto this average value
may represent slow or abcrrant replacement and 1n reality may be the only
truc mstance of spleme deficency  The high values of 67 per cent are also
lost wathin the average of 44 per cent  Like many other instances of homeo
static adjustment the trssues that assume the function of the spleen may over
compensate by producing an excess of the protective principle

The effect of splenic defrictency on acquired resistance was also stucdied  Rats
made trauma resistant by the routine traming program of 4 days wnd splen

TaBLE 9

SurvivAL oF TeaLMa RESISTANT RATS VFTRR SPLENECTOMY

R lutos Dys Snot
900 1 10710 (100%%)
900 5 10/10 (100%)
1100 15 8/10 (8070}
1300 1 8/8  (100%)
1500 20 7/8 (88%)

Days following removal of the pleen from trauma resistant rats

TasLe 10
FFFFCT OF SPLENECTOMY ON COXDITIONING To Driy TRty
o tal tyt
Day Re 1t 5
Sple ctom d Cot is
12 200 0/9 07
31 300 0/9 0,9
5 200 0/9 0/9
7 1100 079 0/9
9 1300 1/8 2/9
12 1500 2/1 1/7
15 100 | 0/6 0/6
18 2000 ! 1/3 1/3

* Rats s ibjected to frammg regime an day 3 folloy g removal of the spleen and sham

operations
tNo of rats succumbed /total no of rats tested

ectomized on the iifth day were tumbled 1t 900 turns 24 hours after operation
N\a loss of resistance was observed (7apiE 35 These ame ammnls  cfe te
tested at intenvals duning the following 20 days at mereaving leveds of trauma
only onc of them succumbing from hock  Thuy the presence of the splecn
does not seemn ta be cructal after re istancc has been established
The fact that all sham optraled rats m group A (ramir 8) survned 900
ns afier priof exps ure o 650 rot ttions whereas only 26 per cnt of the
mzed rats hved sugge ¢S that the splencctomized antmtl may hve
b ity to become trauma adapted  Nevertheess the pre ence of the
leen was not ensential for establishing tolerance since the operated rats were
i d tequma vesistant by the routme conditioning, procedure (rasir 10}
I;xfeﬁms Zradu:d {raming reguue may allow extramedullary trssues to 1ssume
-

rotatto!
splenecto
last the 4l
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its ability to provide profection 1gsimnt other stye ses such as mfection bac
temi endotouns and \ wrachation
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response was shown by McLaughlin and Gray,” who found a nse in plasma
concentration of corticosterone and 17 hydroxycorticosterone after drumming
Levels immediately after trauma increased proportionally to the number of
revolutions but returned to normal within 24 hours  Levels after conditioning
were raised to the same extent but fell to normal within 2 to 3 hours {J Mc
Laughlm, Jr, personal communication) It seems clear that small amounts
of adrenal steroids (maximum about 50 ug /100 ml plasma) could not account
for the protective action of plasma extracts, preparations were also made 24
hours after the last drumming a time when levels had returned to normal

‘These observations support the concept that the adrenal cortex plays 2
permissive role in stress % ©  Adrenal cortical hormones are necessary for the
response to stress to occur, and thewr sustained secretion 1s required to mam
tain the reaction, but the adrenal hormones are not directly responsible for the
typical stress reactions In some way, they permut the tissues to respond to
the stressful stimulus ~ Since the adrenal cortex™® ™ and the RES® 7 are both
nvolved mn the response to stresses of various ty pes such as trauma cold heat,
toxins, radiation and infections the reaction of the RES tn stress may be
mediated through, or nfluenced by, the hypophyseal adrenal channel In thi>
regard 1t was previously demonstrated that the phagocytic actvity of the
RES 1s nfluenced by the secretions of the anterior pituitary and adrenal
cortex™™  Thus the RES in the presence of adrenal hormones may be re
sponsible for many of the physiological phenomena assoctated with stress
‘This suggestion 15 1 accordance with the present demonstration that extracts
of spleen and plasma are capable of altering the physiological adaptation to
trauma possibly through a modification of RES function

Summary

Impairing the function of the RES was observed to increase the susceptibility
of rats to traumatic shock and to eliminate acquired resistance produced
amimals through repeated exposures to sublethal doses of shock  Thus 1t was
considered that the RES mught be responsible for the protection of trauma
resistant rats agamnst otherwise lethal msults of trauma (Noble Collip drum)
Acidified boiled filtrates prepared from plasma and spleens of trauma resistant
rats effectively increased survival of normal unconditioned rats exposed to
trauma These plasma and spleen filtrates were administered subcutaneously in
four doses over a two day period prior to exposure of the recipient rats to lethal
drum trauma  Smtlar preparations of the liver were 1neffective as were tissues
and plasma obtamed from normal unconditioned rats  The RES therefore
seems to be concerned 1n the production or concentration of a humoral factor
evoked dunng drum tratma which affords protection agamst this stress  The
active principle 18 capable of altermg the physiological adaptation to trauma
possibly through modifying RES function The adrenal cortex appears to
play a suppottive role, making 1t possible for the RES to function i the homeo
static adjustments necessary to overcome ultimate circulatory failure 1o trau
mas‘tll(;;x}:;tre bemg extended to punfy and charactenze this humoral factor

pmduced 1n the traumatized rat and to determimne 1its time of appearance and
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similar rates dunng the fist few hours following injections significant differ
ences can be demonstrated if the remosal of these protemns 1> followed for days
orwechs Ity thercdory very difficult 1o evaluate any of these turnover studies
without speatfic knowledge of the Iabel and 1ts behavier i the particular system
studied

Our studics on the role of the RES 1n the movement of protein from the

\ N
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S

FicuRe 1 Sch mat ¢ diagram of the three arculations 1 which protems are ivolved
precursors of the 11asma proteins enter the body {large box) where proteins are aynthe
sized and ultimately broken down and ther products ehmunated (foier arrou)  Plasma pro-
t 5 ¢ reulate w th'n thecard ovascular system (CV) where a Jraction of the total number of
molecules lea es the several cagillary beds by a mechan sm still unknown the molecules may
pass between the ndothehial cells 1n Some passive way or may be tran portedact ¢ly by some

Wmechausn Once n tissue flu d the prote n molecules ate jicked up by the ly mphatics
(L} and returned to the ¢a diovascular system
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Ficuze 2 T'me course of disappea ance of labeled protewn {rom the arculation  To A
18 the penod of muxing to B 1s the per od before }y mphatic retum of label and beyond C the
Tate 15 the measure of m tabol ¢ breakdown



POSSIBLE ROLE OF THE RETICULOENDOTHELIAL
SYSTEM IN PROTEIN TRANSPORT*

Chester Hyman and R L. Paldino
Department of Physiology Untersily of Seuthern Caltforma Los ngeles Calf

1ol Tered

Anndmvdua) plasma protem nahving roay be
to be simultaneously i three distinct oirculations (s1Gure 1) Furst 1t 1s ob-
viously arculating within the continuous endothehal tubes that constitute the
cardiovascular system second the protemns of the plasma move an a curcuit
from the blood to and through the tissue flid and back to the arculation via
the lymphatics, and third the proter molecule 15 1n a metaholic cycle that
starts with the uptahe of 1ts precursors from the environment and ends with
the ehmmation of breakdown products through the kidneys The po stble
role of the reticuloendothelial system (RES) 1n the metabolic breakdown of
the plasma protems has been explored by several worhers? It has also been
suggested that the RES mught play a dwitinet role in the movement of proten
from the vascular to the extravascular compartment 4

The rate of of the protein molecules i each of these several ar
cuits may be estimated by expenimental methods The movement around
the cardtovascular system 1s measured roughly by the arculation time  To
distingwish the rate at which protemns move through the blood tissue flud
lymphattc arcuit from the rate at which they are metabolized requires analysis
of hinetics of removal of labeled protems from the arrculation  The concen
tration of marked molecules mjected 1nto the circulation falls at a rapid non
exponential rate dunng the eatly miung penod then at a somewhat slower
simple exponential rate charactertzing the escape of the label from the vascular
compartment  This rate remains constant and 1 measured easily for about 2
hours At the end of this time the return of labeled protein v1a the lymphatics
15 about equal to the rate of disappearance of label from the crculation and &
new slower exponential removal rate 1s established reflecting the metabolic
destruction of the labeled protein® (FIGURE 2)

In anesthetized rabbits the rate of disappearance between 30 and 100 min
after injection of Esans blue? was found to be an acceptable index of the escape
of protemn from the circulatton for the labeled molecules escaping from the ar
culation are replaced by largely unlabeled protein molecules from the Iymph

Studses of exchange or metabolic breahdown of proteins have generally made
use of variously labeled protem molecules  More careful measurements have
focused attention on the possible difference between labeled and native pro
tein molecules  The information obtamed from many compansons of different
{orms of protem Jabelng strongly suggests that various labels show varous
degrees of adequacy for studying each of these several phenomena  Partally
denatured proteins are removed fram the arculation® or are ultimately metab

olized? more rapidly than are carefully labeled allegedly undenatured protens
Furthermore 1n 3 recent paper® 1t has been pointed out that although todine
labeled proteins and Envans blue Jabeled protewns are cleared from the blood at
aper was supported in part by Grant H 352 from the National
L S e nn’f,':;; st
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Lnneraty of Southern Calfornin colony from the Uninversity of Califorma
colony at Berkeley and from the colony 1t Tobund Institute Unnerstty of
Notre Dame Nottre Dame Ind gve substantially the same re ults (FIGURF 3)

Tante 2
Disarppsr l\CE oF T 1874 reost THE CIRCLLATION OF NORMAL
AD CExu PRFE KATS {(Lontwp Cotosy)

Con t 1 « mt
Cot 1™/m Th ot 1@ mn T timm Th ot vtym
c1 0723 (€] 0 100 AlS 0 365 \16 0175
w3 o 6 0 108 17 0 346 114 0 169
[ (ALY Cc8 0107 113 0 331 12 0 161
cr 0223 i o1 Al 0 346
\ean 0227 0103 0347 0168
Sigma  £0 004 =0 04 +0 013 +0 —
040.
0304
o2¢
o104
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FicLRE 3 Comy él ison of rates of d sappea ance of label d proter s from o culation of
rabhits (SC RCY and rats of the Lniversity of Southern Cnlllorma stramn (SC C) the Lotund
strain (LB C) and the University of Cahfornia strain (L n each case the total height
of the ¢ tumn mdscates the mean € the disappearance ralts (Ut per ce € pe tunute) £ o
crcutats 1 measured 10 a group of no mal ammals He ght of shaded p rton tnd cates
dis pjea ance measu ¢d after pretreatment with Th otrast

The heght of ezch column repre ents the average removal rute from the group
of untreated rat> and the shaded portion of the colum represents the average
removal rate from the Thorotrast treated anmmals

An oppartunity to check on the second abjection to our early exptriments
was afforded us by Harold Tarver of the Department of Biochemistry at the
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vascular to the extravascular compartment started with our findings 1n a series
of studtes where we measured the rate of removal of Fvans blue from the ar
culation of rbbits ® " We found that several procedures that increased the
activity of the RES also mcreased the rate of removal of labeled protein from
the circulation on the other hand bloching the RES considerably delayed the
removal of the lnbeled proten  These studies gave consistent results with a
vanety of simulant and blocking agents However all of these daty were
obtained on anesthetized rabbits of a umform stock, and e xtrapolation to other
forms required caution  Another argument against the vahdity of these meas
urements was the poswtbiity that the Fvans blue was not truly a label for the
native protemn and that we were 1n fact determining the rate at which a for
eign agent namely the dved protem was beng removed by the RES

To satusfy the first objection we modified our technique to measure protem
diappenrance from the arculation of rats  Ammals weighing about 150 gm

TastE 1
RATES OF DISAPPEARANCE OF LABELED PROTEIN 1v RaTs
Noml Thootratpet td
Tl L5 | sy Fima | i s/y
A 0248 0241 0 98> (o) 0 030 — -
B 0 234 0204 0 836 D 0 0735 0 038> 12
I 0 0960 0 0043 0981
r 0245 021 0 983
r 0241 0230 0 956 G 0 0907 0 0846 0934
' H 0 0933 0 0961 103
Mean | o021 0952 0 0867 0 0909 104
Sigra | 0 009 § 0 016 | +0 046 40 009> ) 0 004> | =0 082
Tvans blue
were anesthetized with sodum barbital given mt ily  Appro

priate quantities of dye were njected mto the exposed fumoral ven and the
amimals were prepared for artenal sampling from the abdorunal aorta  Ire
cautions were tahen to prevent cooling and dehydration of the viscera At
20 40 60 80 and 100 mmn after mjcction of the dye 1 m) samples were taken
from the aorta using 26-gage needles and a hcpann ninsed syringe Samples
were transferred to Wantrobe hematocrit tubes centrifuged and then treated
as m the case of our earlier studies on the rabbits ' This method of sampling
proved to be satisfactory In severi senes of rat we ostablished the fact that
the rate at which Evans blue was removed from the circulation between 30
And 100 mun was consistent and easily measured  The rate averaged about
023 per cent/min and was dtmunished to about 01 per cent/min by pretreat

ment with colloadal thonum dioxide (Thorotrast) *  The depression obtained
with Thorotrast pretreatment 1n the rat was about the same 1s that ob erved
in the rabbit (ABLES 1 and 2) Tt 1> interesting to note that rats from the

Obtamned from Testagar & Co Inc Detroit Mich
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fortustously equally foreign  this expenment would support the idea that the
rumoval Fates of Evans blue duning the period that we are using 1> probably
an adequate measure of the movement of nattse protemn certainly, 1t 1s an
adequate substitute for the 5% labeled protemn  We therefore feel more secure
n upparting our ongnal proposttion that the RES 1 important 1n the trans
fer of proten from the vascular to the cxtravascular compartment f

Germ frce ammals were rported to have a morphologically underdeseloped
RES" and the protective functions of this system were mimmum It seemed
posaible that m these 1nimal the RFS might still be involved in protein trans

040.
030
o020l
010 7 %
LBC LB-GF
Fotze 5 G of Exans blue & and germ free

vats  (See capion 1o TIGTRE 3)

port  To check this posstbility the following expenments were performed
Helmut Cordon made available to us a group of germ free and conventional
rats from the Lobund colomes for acute experiments Esans blue removal
rates were determined 1 germ free ammals immeduately after they were taken
from their reaning chambers  The dye for injection was stenlized and all pre
cautions agamst contamination were tahen  Evans blue 1s removed from the
arculation of germ free rats more rapidly than fram controls or from conven
tional rats of the Lobund colony However 1n both the germ free and the con
ventional ammal RES blockade decreased the rate of removal of the labeled
protewn from the circulation by almost an equivalent percentage  All of the
data are given 1 TABLE 2 and FIGURE $  Why the removal of protein from
the airculition of the germ free ammal was more rapid than the control rate 1s
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University of Cahfornia  Not only did he provide us with a supply of punfied
rat plasma protems labeled mternally with §% but he generously placed at
our disposal the laboratory facilittes and the anmals for all the necessary de
termmations m his laboratory The protemns used were prepared by the
method of Ulnich ef al* and probably contained less than 5 per cent labeled
globulin and were most likely not at all denatured

The removal of the 2 types of labeled protein from the circulation was meas
ured simultaneously m individual rats  First Evans blue labeled rat albumin

040y

030]

020]

010

ucc uc-c
Tig24e s 35

FrourE 4 Comganscm of removal rates for Lvans blue and $% laheled proteins  (See
caption to FIGURE 3

and then, to mmmize the possibility of double labeling $* labeled rat albu
min were njected from separate syringes at intervals thereafter artenal plasma
samples were analyzed for both the dye and the sulfur label The rates of
removal of both compounds were almost 1dentical the ratio of the removal
rates of any mdividual ammal deviated by less than > per cent from umity
Pretreatment with Thorotrast had an equal effcct on the transfer of the §%
and Evans blue labeled proten The data given 11 TABLE 1 are summarized
1oure 4 Theres no difference in the rateat w hich the 2 labels are removed
eon he arculation of rats nor i there any obvious difference between the
i?:clt(ofeThom(rast on the removal rates of either the Evans blue or the 5%

1ablejligslsﬁ:)l::“s‘u”ur Iabeled albumimn and the Evans blue labcled proten werc
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half time approaching one hour It 15 not mpos thle that the protein mole
cule hould be removed by a clo oIy refated process with the half times we
have found

It 1> our basic argument that under normal conditions natwve proteins are
tran ported from the vascular to the extravascular compartment to a large
extent as a result of the actny of the macrophages of the KES
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not clear nevertheless, these data suggest that the pathways by which labeled
protein leaves the circulation 1n the normal animal and the germ free ammal
are probably comparable, since they both are blocked to about the <ame extent
bv Thorotrast

If Thorotrast blockade implies an 1mtial uptake of this collod by the RES
and subsequent mterference with the uptake of other agents (in our case labeled
protein) one must conclude that the RES cells of germ free ammals are capable
of piching up colloidal Thorotrast as well as labeled proten

Discussion

The data here presented indicate that (1) the movement of labeled proten
from the vascular compartment of rats 1> depressed when the RES 15 blocked
by Thorotrast (2) the movement of either Evans blue or the internally sulfur
labeled protemn 1s effected to about an equal degree and (3) that this movement
of protem 1s at least qualitatrvely the same 1n germ free and normal rats

Ve stress the fact that our conclusions and our data refer to the particular
arcumstances of the experiments described we do not imply that these labeled
proteins are metabolhized at equal rates or that the RES handles them ina m1
lar fashion except for the mmtial removal from the circulation

It 1s interesting to speculate on the fate of a protein molecule once 1t has
been taken up into the macrophage It 15 poswible that since the molecule s
broken down at this point a new molecule must be resynthesized that contams
the label to account for the fact that many v estigators hav e shown the appear
ance of labeled proteins in the lvmph soon after their admimstration mto the
arculation® or perhaps the protein molecules that appear in the lvmph are
those that have not passed through the RES  In our case about one third of
the protein removal still continues 1n spite of blockade of the RES however
we have no measure of the completeness of the blockade Altermatively
macrophages may be capable of egesting or passing intact protein molecules to
the extravascular side  In this concept the macrophage would act asa wm
dow or transfer system built into the vascular wall to provide means for the
active transfer of the protein molecules from one side to the other Zwefach
cites the suggestion of Jancso' that certain penvascular phagocy tes may have
processes that extend between the endothelial cells to place them 1n direct con
tact with the urculatmg blood  Such an arrangement would al o serve to
move matenials from the blood to the extravascular space  There 1 hittle evi
dence of any hind to help us dewide Among thesc several possibilities and clan
fication of the exact details of the mechanism awaits further studies

1t 1 difficult at the present time to identify the mechamsm by which the
soluble protemns are taken into the macrophage It may be that some special
phenomenon ahin to pmocvtosts' 15 1nvalved or 1t may be that the pro

temn molecules are carmied along with the other «gents that are beng remaved
from the arculation by macrophages  4s we have pointed out before the
relatively long half times and the small dimensions of the partictes being con
idered are not of them elves disproof of phagocytosis  Dob on and Jones”
showed that the nonsedimentable small particle fraction of a mixed chromic
pho phate colloid was removed from the urculation by phagocytosts with a
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observed that over 90 per cent of the dose disappeared 1t an exponential
rate  The greater the lowd of chylomicrons the slower the fractional rate
of drappearance ¥ rench and Morn ™ found thy ta be true al o in rat
Thi agun t the same dynmamics 15 ob enved sith particles known to be
phagocy tized
In the rat rblat and doy, stainable fit can be demon trated n phago-
Guccell of the Uver after a fatty meal and an incret eanhiver hpid i <hown
by amalysis  This wmcrease 1 Iner fat does not take place 1f large amounts
of colloid are njected dunng the time the fed fat 1+ bang tran ported as
chylomicrons %
The extent 10 which the RE <ystem ordinanly tahes up fat as just de-
cnbed 15 controversial It seem  clear however that adipose tisue does
have the ability to remove TG fat from the blood ¥ In this connection
Clement™ has called attention to adipose tiaue a5 oTgINAtng 1n a primary
adipose tissue with a reticuloendothelial structure
The accumulation of lipd from labeled chylomicrons has been observed
 nifro with the L stramn cells of mouse fibroblasts™ and also with the MB
Iistran ¥ these celt later metabolized <ome of ttus lipid during their growth ©
When two different collod are sumultaneously injected the more avidly
phagocytized of them 15 removed from the blood most completcly before
dlearance of the less avidly phagocy tized particle1 begun ¥ I the less avidly
Phagocy tized particle 1 injected first its phagocytost 15 su pended durning
removal of the second type of particle and resumed afterward The dy
namics of this process have been hown by N\eveu ¢f al = 1o apply to the re-
moval of chol ) rabbit hipop and chylomurons from the
tlood of rats French and Morns® found that the dwappearance curve of
chylomicrons rerembled very closely the diappearance of intravenously la
beled morganic colloid  where vanation in particfe size accounts for the com
plewity of the duappearance cutve  Thi 15 becanse maller particles account
for slowly removed tal  while larger particles of the same collo:d are re
moved more rapidly  French and Morns mjected large and small chylom
crons separately ' The large ¢hylomicrons disappeared at a faster rate than
the mall ones  This 1 casy to account for f the RFS took up the particles
but difficult to explam on other baes  For instance imtravascular hydroly
sts or any other enzymatic proces should act more rapidly on smaller par
ticles because of the greater percentage of this molecules exposed on the
surface  Sumilarly 1f chylomtcrons go through the wall of the v er smusoids
by entenng the <paces or holes found therun by Fawncett® maller parucles
should pass through more rapidly than larger ones since they are less Nikely
to hit the boundanies of the hole  Eerhaps only large chylomicrons are phago-
cyuzed while smaller particles pass through' the spaces of Faweeit in the
dal epsthelium and are bolized by p 1 cells
T H Sptet (personal ) has d that the diff 1
ob enved between the dwappearance rate of large and small particles may
reflect the rate of ent not of particles but sumply of mass of materal since
there 1 a very much larger mass per particle (proportional to the cube of the
radsus) for large particles than there 1s for small ones
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In this review I do not propose to prove anythin, but shall merely st a
number of findings mo t of them very recent, which continue to make plaus
1ble the old concept of functional connection betwecn the reticuloendothelial
system {RES) and lipid metabolism

To begin with one of the most recent findings, I aite D1 Luz10’s analysis of
Kupffer’s cells,! charactenzed by an elevated cholesterol concentration i both
free and ester fractions  The two forms of cholesterol were present n the same
ratio as elsewhere  These proportions may be the result of passive uptabe
but they also may have occutred as the result of active metabolism for macro
phages 1n the shin 2 peritoneal cavity ? and sinus reticular cells of the lymph
nodes* have been shown to be capable of estenfying cholesterol 1ngested from
artifiaal uspension and those of the sternal lymph nodes to be also capable
of hydrolyzing ingested ester cholesterol ¢

The capabihity of the RES to ingest ipid has long, been dramatized in the
lipidotic diseases or hpidoses a synonymous name for these diseases 1s reticulo
endothehoses  In particular in Hand Schuller Christran Niemann Paick Hur
ler’s and Gaucher s diseases there 1s proliferation of histiocy tes which become
filled with cholesterol esters ® ¢

RE cells are probably capable of not only accumulating liprd but also of
releasing 1t Lautsch ef af 7 produced prompt transient hypercholesterema in
the normal rabbit by the mjection of colloids  If the injections were repeated
atherosclerotic Iipid deposits could be found in the aorta Similar findings
have been published using guinea pigs,* in which colloid injection was observed
to bring about a rise of both serum cholesterol and vitamin A esters  Caro
tenes and vitamin A esters are fat soluble and collect in ipid deposits ¢ Rrin
sky et ¢ have concluded that the reticuloendothelial system 1s the site for
removal of vitamuin A esters from plasma

Nearly all dietary lipid 1s delivered to the blood 1n a finely emulsified state
1 the thoracic duct chyle the small particles being called chylomicrons
Intravascular hydrolysis accounts for the disappearance of only S per cent
or less of this lipd ¥ There 15 considerable evidence to show that the
chylomicrons can disappear from the serum as a umt®  The liver 1s capable
of removing chylomicrons from the serum and continues this capability even

as an isolated perfused organ # *  Brauer ef af ' have shown that the phago
cytic actvity of the liver RE 15 approximatcly the same in the isolated organ
As 1t happens however the dynamics of the removal of chylo
m serum are fairly similar to the prinaipal charactenstics of the

the RES of particles urculating in the blood  Intravenous
phagoty o by e phagocstized by the RIS durppear from the blood
ctz n exponential rate 7 When Havel and Irednchson”? njected dogs with
2h;2mlcmns sn which the tnglycendes (TG) contained palmetate C'* they
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This revien has been neither objective nor di pa sionate  Esidence con
tradictory to some of the conclusions given has been ignored  However 1t
would seem qute surprising if when at last ¢very thing about fat transport
and metabolism 1» completely known the RES were found not to be imvolved
n any way
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pression 1n the removal rate of these collod as well as a possible altera
tion 10 their organ di tnbution should eccur dunng the time of alimentary
hpemia  The collordal carbon di appearance rate® was studied 1n 9 normal
male dogs 1n a postabsorptive state and n 7 dogs rendered markedly Lipemic
by the feeding of hqufied fard 1n the amount of 45 gm /hg body weight
The normal dogs njected with 200 mg carbon/kg had a mean half time
{t/2) of 122 mun , the bpemic dog> had a mean ntravascular half Ife of 95
min A study of the intravascular half hfe of radioactive collordal gold 1n
dicated that dogs exibiting a hipemia due cither to lard or olive oif feeding
had a sigmficantly enhanced removal rate (TaBrf 1) No differences were
observed 1n the organ uptahe of radiogold in the lipemic group  Thus de-
spite the mynads of chylomicra present ro competitive inhibition of phago-
cytic function was noted and a shght enhancement 1n phagocytic function
may well have occurred in the lipemic group

VWith the development® and improvement” of a techmque to teolate a pos
sible representative sample of hupffer s and parenchymal cells a more direct
method was available to deterrune the relanve role of hepatic cells mn hpid

Tapie 1
Couromat Gowp DistrisrTion IV Mol avo Liresic Docs
c b A mp| Rfum Lor Lung Splee
Normal 10 123 905 038 13
Lipemic ohve oil fed 7 924 865 019 138
Lipermic lard fed 8 88§ 88 017 107

Y alues are expressed as per cent of the injected dose per total organ

metabolsm  The Aupfer s and parenchymal cell distnbution’ of an I' la
beled triolein emulsion was studied in 7 rats  The plasma dwsappearance rate
and organ distnbution of this emulsion has been demonstrated to be sim
lar to that of native chylomicra  Approuimately 40 per cent of the injected
dose was localized 1n the hiver 15 min following injection  The cellular dis
tribution was 47 per cent 1n the 1solated parenchymal cells and 2 per cent
in the hupffer s cell population The<e data are indicative of a major role
of the parenchymal cells in the removal of chylomicra from blood

Friedman and Byers® and Byers elsewhere n this monograph have re-
ported that Rupfler s cells participate 1n the exclusive uptake of cholesterol
contamng chylomucra  Therr studies on 1solated hepatic cells were conducted
6 and 24 hours following the oral admumstration of CH [abeled cholesterol
It 1s apparent that 1t ts most difficult to determme the precise pathnay of
the hepatic uptake of cholesterol at such periods

The hepatic cellular distribution of a cholesterol lecithin emulsion was stud
ted 1n rats at early and at frequent intervals followiny, its intravenous ad
mimstratton  Plasma samples obtained 1> min after the mjection of the
emulsion shoned 2 mean 900 per cent increase in free cholesterol and a 72
per cent increase i phospholipid  The mean half time of the phospholipid
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Previous studies have demonstrated that the liver 15 not only the major
organ involved in triglycende and phosphohpid metabolism but also that 1t
participates extensively in the endogenous production and excretion of en
di and holl ! The liver has been defined as beng
composed of 61 per cent parenchymal and 33 per cent littoral cellst Al
though 1t 15 of possible 1mportance to the etiology of lipid storage diseases
and experimental atherosclerosis hittle 15 known of hpid metabolic activity
at the hepatic cellular level  Although evidence has been ated for the pos
sible participation of the reticuloendothehial system (RES) and particularly
of the Rupffer’s cells i the normal removal of ingested fat? and cholesterol®
from blood, reticuloendothelial involyement 1n lipid metabolism 15 as yet one of
the uncertawn functions of the macrophage system  In previous studies how
ever <o much importance had been attached to the RES that 1t was considered
an ntermediary apparatus in cholesterol metabolism 4 Rothschild® suggested
1n 1914 that Rupffer s cells are intermediary and Iner the regulatory organ
m chol 1 metabohism. h as they the cholesterol equ
hibrium of the orgamsm through the elimination of cholesterol m bile  The
demise of the concept of reticuloendothelial blockade as a techmque to pro
duce permanent functional depression of the RES has forced a reconsidera
tion of reticuloendothehial particip n hpid bol

The present studics were undertaken 1n an attempt to evaluate quantt
tatively the role of hepatic parenchymal and hupfler 5 cells in tnglycende
and cholesterol metabolsm  Results of the latter studies appeared to mndi
cate a possible role of Kupffers cells in the biotransformation or excretion
of cholesterol If this concept were correct it would be anticipated that
dunng hupffers cell hyperplasia and hyperfunction increased tolerance to
ingested cholesterol should develop as mamfested by reduced tissue choles
terol levels of amimals maintained on an excessive mtake of dietary choles
terol  Additional studies were therefore conducted on the relationship between
hupfier s cell actvity and cholesterol metabolsm particularly the develop
ment of hyperchol ! and chol

Resulls and Discussion

It has been demonstrated that with an 1ncrease in the particle number
of njected colloidal materials a corresponding depression in therr removal
rate occurs® Thus 1t would be antiapated that if trigly certde contanny,
cra were handled 1 a manner aimilar to colloidal carbon (Gunther

!
chylom: C 11/1431a) or collowdal gold (Aurocolowd Abbott) a siynficint de
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The rematning group 9 of winch recened zymosan were fed an athetageme
diet stmtlar to that employed by O Neal ef af * a5 hown i TABLE 3
Daly mer urement were made of body weight and food 1stake  On the

Tastr 3
Couro mon oy ATEROGEMC DiPT FEB 70 18 Rats

FEE R I Pt
Thatt 3T a
Cn m( namin free) 199
18 1
u *hacel {nonnutriive bulh) 91
‘n\( mx USP \IV 73
Cholesterot 45
Thiouracit 03
Choline chion te 62
Vatamn diet forufca n mixture 18
atun cholate 18

Tant 4
INFLUFNCE OF ZxMOsaN on HEpaTic Livms of Norsat anp Crouss7eroL e Rar

! Gt
c » S A o SRR §
F E1
Control 9 17 1{on| ou
Controtsnd £y masan 9 53 2181 @3 68
Cholest ol fe 9 S 360 0S| 3393
Ehmiese o) fod and svmosan 9 71 35 {17200 e

TTLited alugs are ext ressed a5 rmihgrarm per gram of fresh tssut

Tasee §
PLassa  AnD SLEEN CHOLESTEROL CONCENTRATIONS

| P oo [ - - spt
| ¥ ! £ | ol
MUY AUSNY X 1
fontol 1 - 9 o8 09 02 [277]04%
+ 5 02033 110 §336)036
bl o) fed [ 9 1641872] @28 (379123
Choleste ol fed | 9 181]a3s 18 23t

Yl s ats ar expressed as milligrams per cubic cent m ter spA en values a6 mull
grams p t gram

fiiteenth day liver pla ma and spleen lipids were determuned according to
previou fy de cribed procedures 7 In agreement with previous ob enations?? 0
zymosan admim trition mereascd ltver and  pleen weight signaficantly (TABLES
4and 30 T uc kpid weee not s:gmbcamly altered in normal rats gven
zymosan of rats on the e diet profoundly elevated
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component of the emulsion was 3> min~ This value 1s similar to that reported
for P> Jabeled homologous plasma phospholipid ¢ The tmportance of employ
mg bpid emulsions w1th physiologtcal properties has been stressed simnce the
observations of Murray and Freeman °

The 1solation of hepatic cells? and the determnation of the cellular dis
trbution of free and ¢ster cholesterol indicated that an imitral and sustamed
elevation occurred 1n the parenchymal cell free cholesterol fraction at which
time the hupffer s cell cholesterol concentration was not sigmificantly altered
(raBlr 2) The concentration of cholesterol in the isolrted Rupffers cells
60 min followsng its injection showed a mean 10> per cent elevation over
control values  No stgnificant differences were observed in the ester cheles
terol fractton

The results of our studies with trigly cersde emulsions are basically 1n agree
ment with the observations of Murray and Freeman ' \[orns and French !
Woerner,! Waddell ¢f al ¥ and Bailey e/ a!¥ The present results support
the concept® that free permeation of fat into the hepatic parenchymal cell

TABLE 2
Hepatic CHOLESTEROL CONCENTRATIONS FOLLOWING INTRAVENOLS CHOLESTEROL

F e hol sterol I Et hlstr]
me, No imal
Kopfes | P chyml| Kupffss (P hym!
0 6 91 74 41 24
15 6 17 133 19 12
30 6 12 4 19 44 24
60 6 187 147 38 15

Y alues are expressed as mlligrams of bpid per gram of dry defatted trssue

1s the principal method of passage of Lipid into the Iiver from the blood stream
possibly through the sinusodal pores that have been demonstrated ' Our
results question the concept of an exclustve role of Rupfers cells 1n the up
take of exogenously admtnistered trglyceride or cholesterol® (see also Byers
el ewhere 1n this monograph)  Studies on the hepatic distribution of cho
Yesterol however suggested that Rupflers cell mught particpate 1n cther
the botransformation or escretion of iholesteral A previous di cussion of
this possibihity has been entertaned by Stambul® To waluate ths con
cept of Aupfler’s cell partcipation i cholesterol mctabolism  the mfluence
of RE hyperactivity on tisue cholesterol Jevels was studied 1n rats mamn
tamned on normal and high cholesterol high fat diets  If Kupffer s cclls par
uapated 1 cholesterol metabolism increa. ed tolerance to ingested cholesterol
should be fested during reticuloendothehal hyperfunction as indrcated
by lower tisue cholesterol level  The RFS was timulated by intravenous
imjections of the polysaccharide ycast extract zymo an which has previously
been demanstrated to produce RE hyperfunction and hyperplisia 7 % Thirty
male rats were mtially employed 9 normal rals maimntained on Purina
ntrols and recerved saline while 9 others recetved zymosan

S1
Chow served as co
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prevented the desyclopment and arrested the progress of atherosclerosis while
stimulating phagocytosts  In the zymosan treated rats we have not observed
an increased cholestetol content of spleen that Constantinides observed in
rabbits treated with manuronate

In view of our findings and the known mode of cholesterol excrenon which
m the rat 15 an array of bile acds the hypothesis shown graphically m ric-
vRE 1 can be proposed  IMis concept delineates the possible mechankm
whereby zymosan inhibits the accurulation of Iiver and plasma cholesterol
and the possible etiology of hyperchol 1 m the d rat

Flevated dietary cholesterol
T1 vated kiner cholesterol

hupfler s celf excretion of cholesterol

Normal  treated rat Zymosan t cated rat (Kupfier s cell hyper
(escretory ability of Rupfler s cells sur plasia and byperfunction)
passed)

|
Enhanced  bibary cholesterol and bile
Reluced bilary cholesterol and bile acd aadlesvels
Tevels {relative to intake]

|
Enbanced bilary excretion
Reduced bil ary excretion

Reduced Liver cholesterol
Flevated liver cholsterol

Gmpasred Rupfler s cell acuvity?) Reduced {lasma cholesterol

1
Elevation 1 plasma cholesterol Possble decrease 1n atherogenesis

Hypethpemia
Atherogenesis

Frcowr 1 Schematic d agram of 2 proposed cor cept 1o delineate the poss hle mechamsm
wherel y 2ymosan intubits the accumulation of hve and plasma cholesterol and the possible
etiology of hypercholesteremma in the untreated rat

This hypothesis 15 presently baing evaluated  In view of the role of zy
mo<an 1n immunological mechanisms host re 1stance and the functional com
pleuty of the RES the protective action of zymosan could concervably
msolve other phases of reticuloendothelial acivity  The present findings
however not only indicate a metabolic function of the Rupffer s cell tn cho-
lesterol metabolism but also suggest a new concept 1n the regulation and
prevention of hypercholesterolemia hepatic ipidosis and cholesterosis through
activation of the RES

Summary

Dunng altmentary lipermia mduced n dogs by the feeding of either satu
rated or d fats no occurred i phagorytic
function as indicated by the rate of clearance of collodal carbon or gold
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ester cholesterol fractions of liver, plasma and spleen The intravenous ad
minmstration of zymosan i 10-mg amounts on alternate days to rats mam
tamned on the atherogemic diet induced a comparable increase 1n hver and
spleen werght Zymosan treatment markedly reduced the accumulation of
{rec and ester cholesterol and neutral fat of hver and produced a significant
decrease m plasma cholesterol  Zymosan was without effect on the elevated
ester cholesterol fraction of spleen

The effectiveness of zymosan n inhibiting hepatic cholesterosis at lower
Tevels of dietary cholesterol intake was also studied  Six male rats were parr
fed a Purma chow diet that contained 1 per cent cholesterol and 0 5 per cent
sodium cholate The rats lost a mean 9 per cent of their imitial body weight
In the untreated cholesterol fed rats the hver ester cholesterol concentration
was markedly elevated (TABLE 6) As previously observed a sigmificant re
duction occurred 1n the liver ester cholesterol fraction of rats that were 1n

TasLE 6
LrrecT OF Z3M053N oN LivER CHOLESTEROL LEVELS oOF P Feo
Ts 0N A 1 PEr CENT CHOLESTFROL Dier

P ce tbodyw ght Chot ste 1
G »p
Lier Spl en Free Ester
35 016 190 032
Normal 31 022 191 018
29 022 3 17 15
Cholesterol fed 29 on iu ne
Cholesters! fed + zymosan | H [ i I

Y alues are expressed as mulligratus per gram of fresh tissue

jected daily with zymosan mn the amount of 5 mg /day begmmng 1 day be
fore the start of the feeding penod

It appears that a major determinant to elevated tnsue cholesterol levels
of rat> mamntained on high cholesterol diets 15 the functional status of the
RES and speafically the number and activity of hupffers cdls  The hm
1ted evidence for hupffer s cell involvement in the biliary excretion of cho
lesterol or 1ts degradation products has been previously presented by Stambul
Turther support of ret thelial )} tin
1s suggested by the observations that experimental hypercholesterolerma and
atherosclerosts become mamfest only after the mnfltration of cholesterol
1 organs esentizlly comprising the RES and particularly the liver®
Brown et al % have tated that the integnty of the RT'S 1s important in cho
lesterol metabolism  The accumulation of hipud in Kupfer s cells was re
ported to be most marhed 1n diabetes ™ a condition associated with tmpared
RF actnity ? hyperhpem:a and an increwsed nadence of atherosclerosis
The possible tendency of rabbits with less active RLS to develop higher

cholesterol levels dunng periods of dictary cholesterol excess has been

sf,‘;;:\[ed 2 Consersel Constantimdes™ reported that sulfated alginic aad
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The t1 sue distnibution of colloidal gold was unaltered i lipemic dogs ~ Studies
on the cellular distribution of intravenously administered tnglycende and
cholesterol emulsions indicated that the major site of removal of these hpids
15 the hepatic parenchymal cell  The subsequent elevation i Kupffer s cell
cholesterol content appears to be mdicative of a metabolic or excretory func
tion of these cells n cholesterol metabolism In support of this concept
reticuloendothehal hyperplasia and hyperfunction were mduced by repeated
intrivenous injections of zymosan in rats mamtaned on normal and high
cholesterol diets Rats with induced hyperplasia and hyperfunction mam
fested a profound lowering of hiver and plasma cholesterol  Spleen hpids
were unaltered  These studres indicate a reticuloendothelial participation 1n
evperimental hypercholesterolemra and a preventive action of zymosan
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ngection wn the tal ven While the time nterval betw een injection of ra
ogold and hepatectomy 1 not cnfical a 24 hour mterval was used 1n order
to purout recovery of the ammat before the next aperative procedure  As
the second step (11}, partial hepatectomy (63 to 70 per cent) wa dane under
siher anesthewia following e< Latilly the techmgue of Higgns and Ander
son? The hver peamen removed by hepatectomy was weighed homoge

X intracardiac Injection of Collordal Radiogold
2 hrs
i Partial Hepatectomy

{0

0= Original Liver
{0 ©

H = Hepatectamy Liver R~Residual Liver
H~3s0 R~%0
Weight » A Gm
Radiosctivity » N, CPM
% days

jud Sechifice

S=Sacrifice Liver

- m
Radioactvity - N, CPM

i metho for the estimation of b er

viet T des gn of the 1sotoy
regenecation  Ste text for detasled explanation

nuzed with formamde according to the method of Tabern et al ** g sub
sected to liqud countimg 1n o Ceiger Muller counter  This procedure yielded
the radwctivity of the hepatectomy speamen  designated as NCPM Ob-
viow y the arte activity per gram was ala present 1 the tumuning hver
s ue {residusl hiver)  After hepatectomy the rat. were acnficed at time
mtervals ranging from { to 14 days (1Y) and ther fners were removed
vweghed and bomoyemzed  The homogenates prepared from the entice jner
1 order tu avad snhamogencities in distribution of radiocoliod 10 different



STUDIES ON RETICULOENDOTHELIAL FUNCTION
IN RELATION TO GROWTH PROCESSES*

Kurt Stern

Departments of Pathology Clicago Medical School Vount Sinas Hospstal and Vount
Sinas Medical Research Foundation Chicago 1N

Three prinaipal functional actwvities of reticuloendothelial tissues phago-
cytic, immunological, and metabolic have formed the subject of mformative
p mn ths h  One cannot help being impressed by the
fact that phagocy tosis represents the most commonly employed methodology
for study and evaluation of reticuloendothelial function while immunological
phenomena furnish at present only indirect and incomplete informatton about
reticuloendothehal acttvity  Metabolic processes, presumably involwing the
reticuloendothelial system (RES) and concerning steroids, hipids, and proten
may be said just to have entered the first phase of serious mvestigation I
admit therefore to being exceedingly vulnerable to the cniticism of preco
cousness 1 attempting to correlate reticuloendothelial function with growth
processes  Obviously evperimental approaches to this problem are by no
means defimtive  The situation 1s rather comparable to that of a shipwreched
person who tries to gather «witable matenal for building a raft that may
carry him across an uncharted body of water to a settlement or place of res
cue

Having made this apologia pro t1la sua I propose to discuss the first expent
mental approach m which the phagocytic activity of hepatic macrophages
has been utilized as a tool for assessing a speafic growth process namely,
restoration of liver tissue after partial hepatectomy in the rat The essen
tial background of the expenimental design 1s based on the three following
considerations (1) intrav larly arculating radiocollod 1s removed up to
80 to 95 per cent by macrophages i the liver and remans there for at least
several weeks although later redistnbution may occur ' (2) when portions
of liver tissue removed by partial hepatectomy are assayed for content of
radiocollord results of these tests also establish the radiocollod
tion m the hepatic tissue left behind in the body (the residual hiver ) and
(3) since the hver present in an ammal sacrificed at a specific time after hepat
ectomy 1s made up of the restdual Iner plus the regencrated hver and stll
contatns the same amount of radiocollord as was ongmally present i the
Jiver tissue left 1n the body at the time of partial hepatectomy this permits
calculation of the dilution of the radiocollord by the newly formed lver tis

sue
Ficure 1 illustrates the general design of the expeniments for which in

bred Lews rats 21 to 5 months old and of both seves were used The
first step (I) was ntracardiac mjection of collowdal radiogold nto the anes
thetized rat this techmque was preferred to intravenous injection becau e

1t gave greater assurance for intravascular deposttion of the radiocolloid than

s paper was sup ported m part by grants from the Il nows Chap-
“The work reported i e D00 2 e Fevhema Rescarch Foun ation an | the Fvelyn
oo e A for Concer Rescarch all of Chicago 1l

152
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of hepatectomy lver multiplied with the waght in grams of the resdual
Iner (FieLRF 1) Thi n turn pomats olution for and caleulition of the
uohnown waight of the remdual Iner (step 1) Since at 1s wel) known that
a regencrating I cr has 2 hugher water content than a resung one the amount
of <olid per gram wis determined 1 both hver portions 1n cach ¢xperiment
and correction neces ary becau ¢ of the difference i solid  were incorpo
rated an step IT Tapally knowledge of the woghts of residual and hepat
ectomy liner permit  cateulation of the weight of the ongmnal liver thus en

TasiE 2
Restets or [ ororic Diuticy TFOHVIQUR TOR T TiaTion oF
TtvER RFGFAFRATION AFTER I ARTIAL HEPATFCTOMY

L
S faed
day t s Nt P t fsol 1 P toeg t
h patectomy

M * SD M + SD

0 3 L 100 296£09 —

¥ 1 2 MW7x12 -
1 N 8 2t +15 38L63
1 8 69%23 $59+36
2 A 15 24514 NTx56
t 13 BTx21 3891126
3 M | 14 22009 01464
1 | 11 BI1x11 23453
5 A u 2933 2168
F 11 266x18 766%85
7 AL 13 26+13 76£89
| 1 1" 2819 817 £104
m N 17 21 x11 968477
1 16 272x14 1060 + 108
1 | A u BRx 1 931+ 112
F 12 260x11 | 1032%189

abling one to calculate the percentage of regeneration ob erved n a given
ammal at a given time by correlating weights of sacnfice and origimal liver
(step I

Taete 2 summanzes data obtarned by this method on 89 male and 83 fe
male Lesis rats 100 male and 85 female rats served as control for deter
mination of concentrations of sohds m the mntact iver Since these data
n general compare well with those available 1n the literature from similar
studies only a few comments appear 1n order (1) comparative radia say
carried out after hepatectomy and tmmediate acrifice yielded radioactivity
values for residual and hepatectomy liver tt sues that agreed within 42 per
cent (2) attention 1s called to the conderable range of values wmithin each
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partions as potentul source of error, were radiassayed, yielding NaCP\l as
radioactivity of the hver at time of sacrifice This actnity can be assumed
to be 1dentical with the activity present 1n the ressdual iver  In other words
if no new Inver tissue had been formed between hepatectomy and sacri
fice the radioactivity per gram of liver would be 1dentical 1n residual and

Tapie 1
CaLcuLatiON OF LivEr REGENERATION By Isororic Ditution TECHNIQUE

Weight of hepatectomy hver (1) 8gm
Radioactnty (%) 10 H £00 000 cpm
Radwoactivity/gm of 100 000 cpm
Radioactiaty /gm of residual hver (R) (100 000 cpm)
Weight of sacrifice liver (S) 10 gm
Radioactsvity (3 ) $ 400000 cpm

Radioactvity 1 H
Weiht of 7
or

Rad iy mn S =

X Waght of R

A
A\g=TI‘gm X Rgm

or
3
R=2x Hgm 0}
N
Correction for differences wn waler content
51 = sohds per gm of I = 025
+ Ziohd porgm of § =020
P (corrected weight of residual hver) = [% xLixn gm] @
3
Colenlation of per cent of Is er regeneration
Onginal hver (0) = R + X
s
Per cent regeneration = [R i wo] @
40000000 . _ .,
Eumple B =S558 X G2 X 8= 37 gm
O=R+MH=12gm
10
Regeneration = 7= X 100 = 89 3 per cent

Tor example 7 days posthepatectomy

sactifice Iner  Comversdly  the more new liver tissue has been formed
the greater will be the decrease of the radiowctivity of the sacnifice nver as
compared with the hepatectomy pecimen

Taper 1 presents the method for caleulavion of quantity of newly formed
Iyer e by means of a hipothetical experiment 311 values Iisted are

ults of actual determinations with the excprion of the radioactvty per
s £ residual iver which 15 mferred to be sdentical with the radioactinaty
L of hepatectomy Iver Thi assumption permits the cquation of
{’:Z lg;:‘: radioactivity 1n the sacrificc Iiver with the radioactivity per gram
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while an increase of questionable sigmificance was noted 1n male and female
rats 8 days after operation no differences at all were detected 16 days after
hepatectomy  Sumilar results were obtained with male VWistar rats hepatic
uptahe was elevated 3 but not 1> days after hepatectomy and splemic up-
take was increased 1n rats tested at both time intervals

Benacerraf and his co workers” 1n 1955 reported accelerated blood clear
ance of intrarenowsly njected India ink after parhal hepatectomy and in
terpreted these findings as reflecting chiefly the increased rate of blood flow
through the reduced volume of Iner In our expunments in which absorp~
tion of intrapentoneally injected collowd extended over a period of 24 hours
1t 15 not hkely that such changes i blood flow could be the decntve factor
Furthermore conclusive evidence for assocation of posthepatectomy states
with increased phagacytic activity 1n the hiver has been presented by Leong
and his associates® 9 Since these authors used the elegant techmque of re
moviag the liver at vanous intervals after partial hepatectomy of rats and
perfusing them tn tafro with suspensions of 17" labeled chromic phosphate
they were able to control the rate of flow through the Liver and elimnate
this vamable In this manner they demonstrated a threefold mcrease 1n
phagocytic activity by 72 hours after hepatectomy and interestngly 1n
creased phagocytosis was observable wath this method for a period of as long
2s 90 days after hepatectomy  From the results of these independent studics
wing different techniques one may infer that the growth process expressed
as liver restoration following partial hepatectomy 1s accompanted by sigm
ficant increases m phagocytic function  From our studies one notes that
this 15 not confined to the liver but also involves the pleen In this con
nection 1t 15 worthy of note that we found moderate splenomegaly to occur
after hepatectomy as shown m TaBIF 4 Leong and his co-workers® alo
showed that while the total number of littoral cells 1 regenerating liver
did not increase there was a sigmficant increase 1 the relative proportion
of actively phagocytic cell as judged from uptake of India ink The effect

on liver may be also 1n this connec

non Higgins and Priestley’® reported m 1932 that simultaneous splenertomy
and partial hepatectomy accelerated shightly the rate of liver regeneration
They noted m splenectomized rats a greater increase of histiscytes m the
residual liver fragment than 1n rats with intact spleens  Perez Tamayo and
Romero™ recently confirmed these results masmuch as after splenectomy
liver regeneration during the first 12 days was slightly accelerated Since
this effect occurred to the same extent when the spleens were removed 10
days prior to or 1 with the h the authors concluded
that alterations in blood flow could not be responsible for enhancement of
fiver regeneration

The folloning points also may deserve comment

(1) The maxumal increase in phagocytic activity after parual hepatectomy
coincides with maximal mitotic activity and the peak of increase in the se
rum beta globulin fractions!  This may be more than coincidental

(2) Throughout our work with hepatectomized rats as well as mn other
studies concermng phagocytosts in rats we found sigmficantly higher uptales
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group as indicated by the standard deviations This indicates the biological
vanability of liver regeneration which makes 1t desirable to have available a
direct assay of regeneration such as the one offered, 1n preference to the
assumption that 65 to 70 per cent of the liver 1 removed by the techmque
of Higgins and Anderson? (3) There seems to be a somewhat faster and
greater rate of regeneration in female than in male anmals  Since no de
tailed statistical analysis of these differences has as yet been performed no
conclusions can be drawn at present

TaslE 3
T'rrects oF HEPATECTOMY ON PHAGOCYTIC ACTIVITY
Pr Atol oy tedd s
™
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ép <005 > 00t

Turning now to studies of speaific nterrelations between phagocytic func
tion and growth reference 15 made first to observations concermng one of
the most active nonneoplastic postnatal growth processes namely restora
tion of liver tissue after partial hepatectomy ~ We have studied the uptake 1
hver and spleen of colloidal radiogold njected it ty in rats fol
lowing hepatectomy 3¢ As shown in TABLE 3 1n male Lews rats radioac
tivity per gram of lner was increased significantly 3 and 8 days after hepat
ectomy as shown by comparison with sham operated controls In female

ats this increase was less p:‘onouncetg “Smeexl\ days iafter hepateL‘tor;‘)

was not dist i hivers of exp
phegocy ucali&u;‘:;)ml * Splenic uptake 1n hepatectomized rats was increased
:i‘;?ﬁ—(c):l:::ly 1n male but not in female Lewis rats 3 days after operation
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while an increase of questionable sigmficance was nated 1 male and female
rats 8 days alter opcration no differences at all were detected 16 days after
hepitectomy  Simdar results were obtamud with mate Wi tar rats hepatc
uptabe was elevated 3 but not 15 days after hepatectomy and splemic up
take was increased in rats tested at both Lme intervals

Benacerral and s co-wothers? in 1933 reported 1ccelerated blood clear
ance of intravenously myected India ink after partiad hepatcctomy and m
terpreted these tindings as reflecting chiefly the increased rate of Llood flow
through the reduced solume of Inver  In our expenments i which absorp
tion of intrapenitoneally wyected collowd extended over a penad af 21 hours
1t 15 not hiely that such changes in blood flow could be the decisive factor
Furthermore conclusive evidence for assotiavion of posthepatectomy states
with increased phagocy tic activaty n the Iner has been presented by Leong
and his asociates? * Since these author used the elegant techmicque of re
moving the fver at varou intervals after partial hepatertomy of rats and
perfusing them 12 1atr with  wspensions of TP labeled chrome pho phate
they were able ta control the rate of flow through the hver ard el munate
s varsable In this manner they demonstrated a threcfold increase m
phagecytic actwaty by 72 hours after hepatectomy and snterestingly m
ereased phigocvtosis was ob ervable with this method for 2 penod of as long
as 90 days after hepatectomy  Yrom the results of these indeperdent studies
1 mg, different techmques ore may mier that the growth process expressed
as hiver restoration following partial hepatectomy 1s accomparued by sigm
ficant wmcreacs in phagocytic function  Trom our studies one notes that
s 1s not confined ta the hver but &lso nvolves the spleen  In this con
recuon 0 15 worthy of note that we found moderate splenomegsly to oocur
after hepatectomy as shown in TASLE 4 Leong and his co workers? alsa
<howed that while the total number of lttoral ceils 1 regenerating, lner
i mot dncrease there wos & sigmficant mcrease in the relative proporbon
of actively phagocynic cells as judged from uptake of India ik The effect
of splenectomy on liver regeneration may be also cortideted in this connec
tion  Higgins and Priestley' repotted 1n 1952 that sunuitaneous splenectomy
and partial hepatectomy accelerated shghtly the rate of liver regeneration
They noted 1 splenectorized rats a greater mcsease of histocytes m the
residual liver fragment than 1n rats with ntact spleens  Perez Tamayo and
Romero tecently confirmed these results imasmuch as after splenectomy
tver regencration during the first 12 days was siightly accelerated  Since
ths effect oceurred to the same extent when the spleens werc removed 10
days prior to or stmultaneouslv with the hepatectomy the authors concluded
that alterations m blood flow could not be recponsible for enhancerrent of
liver regeneratian

The followiny, points also may deserve comment

(1} The masunal increase in phagocvtic actvity after partind hepatectamy
comaides with maximal mutotic activity and the peak of increase m the se
rum beta globubn frachions ™ Thrs may be more than cowraidental

{ ) Througheut our work with hepatectomuzed tats as well as m other
studies concerning phagocytoel 1 rats we found sigmbcantly higher uptakes
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group as indicated by the standard deviations This indicates the biological
vanability of hver regeneration, which makes 1t desirable to have available a
direct assay of regeneration such as the one offered, 1n preference to the
assumption that 6> to 70 per cent of the liver 15 removed by the technique
of Higgins and Anderson  (3) There seems to be 2 somewhat faster and
greater rate of regeneration in female than in male amimals  Since no de
taed stauistical analysis of these differences has as yet been performed, no
conclusions can be drawn at present
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Turning now to studies of specific interrelations between phagocytic funt
tion and growth reference 1> made first to obscrvations concerning one of
the most active nonaeoplastic postnatal growth processes namely restora
ton of Iner tissue after partial hepatectomy ~ We have studied the uptake in
iner and spleen of colloidal radiogold njected int fly in rats fol
Jowing hepatectomy 58 As shown in TABLE 3 1n male Lewis rats radioac
tivity per gram of Iiver was ncreased signtficantly 3 and 8 days after hepat

tomy as shown by comparison with sham operated controls In female
« il ncrease was less pronounced  Sixteen days after hepatectomy
wats the 1 ctivity was not distinguishable i livers of expenimental and
phagocytic t:d amﬁm, Splenic uptake 1n hepatectomized rats was increased
sh;:lfzf::ﬁ 1 male but not m female Lewrs rats 3 days after operation
t
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the increa ed phagocyto 15 (ven more  On the other hand splemc phago-
©ytoss decreased when cxpressed per gram of spleen while due to the pres
ence of con derible splenomegly uptake of the entire organ was depressed
to a Jewar degree  Studies of two other groups of investigators Hafpern
e ol *¥n Pans France and Old and Clarke®™ ® 10 New Yotk \ Y em
ploying blood clearance of intraxenously injected colloid indicated that growth
of certain mou ¢ and rat tumors was assoctated with increa ed phagocytic
actiwity  Additional data on this subject are presented 1n the paper of Old

Aule8 '—‘
Gm ot Liver
@
5 .
4| i
a3 19| 1325
3
]
Ll220]*
2 6 . Control Male O (6)
99| . Tumor Mole  m (16)
o Control Female o (6)
| 122 L L_‘ Tumor Female e (10)
Mean ‘B
P —

Fietme 2 Uptake of adi g 14 1m 1 ver of control and 1y mphoma rats

e al el ewhere m thi> monograph  Returming to our work 1t may be sig
mficant that the increa ed phagocytic actrvity in hiver was much more pro-
nounced and constant 1n rats with tran planted lymphomas than 1n ammat

with Walker carcinoma  Furthermore 1n lymphoma beanng rats phagory

10 1> was not affected until tumors reached a certain size and metastatic
spread had orcurred  Hence 1t would appear that either generalization of
neoplastic growth or entry into the host system of products of tumor growth
1 responsible for bringing about changes m reticuloendothelal phagocy tosts
Such an assumption would fit 1n well with the findings of Hafpern and his
a sociates™ that intravenous but not subcutaneous noculation of Ehrhich
rarGinoma tnto mice was followed by accelerated reticuloendothelial clearance
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of radiogold 1n hver and spleen of female than mal¢ ammals This possibly
may be based on hormonal factors, especially 1n view of the observations
of Nicol and Helmy®™ and Heller" on stimulation of phagocytic activity rc
sulting from admmstration of estrogens

(3) Frmallyv 1t 15 of interest that not only phagocytosts, but also another
function mnvolving reticuloendothelial cells, namely, immune responses wert
shown to be increased after partial hepatectomy Havens el al ' reported
that injection of sheep red cells immediately after hepatectomy produced
significantly higher hemolysin titers 1n expenmental than in control rats

Tasie 4
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* A 3 days after operation B 8 dayvs after operation C 15 16 days after operation

Since clsewhere 1n this monograph Old ef af dealt primanly with phago
cytic activity 1n relation to neoplastic growth I shall summanze only bnefly
some rather unexpected findings encountered m our laboratory a few years
ago™® 1% when we tested hepatic and splenic phagotytosis 1n rats with trans
planted lymphomas by means of radioassay of Iner and spleen after ntra
peritoneal injection of collmdal radiogold  Trom some datn tn the hteraturce 7
as well as from our own observations on reticulocndothelial functions n mice
free of tumors but prone to tumor devilopment ™' onc might have wus
pected tumorous growth to be as euated with depres jon of phagocytosss
As shown m FICURE 2 however there was char cut evidence for incrcred
adiocollord m the liver of tumor beanng amimal T'his was the
he percentage of wnjected dose was calculated per gram of liver
patomegaly occurred  the organ as a whole reflected

uptake of
case when tl
and «ince marked hej
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<nbeategory of evogenous antigeme matenn! sucha bacteria and heterologous
red cells that are respensible for the ¢ of antibady f

{?) Macrormolecules that encompass a wide range of exagenous substances
among them are soluble antigens with the <penific ability to nduce anti
body formation while substances relea ed from homogralts are responsible
for the homograft reaction It 1» i this category that one also may place
the hypothetical growth factors tepresenting endogenous products subject
to phagocytosis  Subsequently they may be refeased ether 1n covtrolied
amounts destroyed or converted from growth promoting into growth whibst
ng factors, of vice versa

{3) The final catcgory of autologous protein 13 obwiowsly a specinc n
stance of the action of macromolecules Although at prescnt we have no
knowledge of the chemical natute of growth factors it may be that mac
romalecules belong 1 this category The presence v renculoendothelial
cells of autologous protem has been demonstrated by Jancso® Hyman™ and

Taetr §
RETICUIOENDOTHELIAL PiAGOCY1OstS

Bbtre ES 1

T Particufates Storage
Anupens Antibody formation

I Macromolecules Stors.e
Soluble antig ns. Antibody Formation
Homograft Homograft reaction
Crowth factors Growth regulat on

1 Autalogous protein Cataboh m and anabolism

Githin™® ¥ the latter mvestigator wterpreted the presence of globulm and al
bumn in haupfier < cells a5 evidence of eatabohic processes ™

Although at Fresent the hypoth l } function
with growth processes 15 admittedly temuou I shall refer in conclusion to
six experimental observaltions that appear to be compatible with 1t

(1) Regenerg'ive grouth  The tncreased phagocytic activity following par
ual hepatectomy may represent an adaptive proess inttiated by the release
of large amounts of growth promoting substances

{2) Wourd teahing  This process has been reported to be accelerated in
gunea pigs injected mith  anurebievlocytotoxe serum (ACS) *®

{3) Spleen and growth Reference has been made fo the shght accelera
tion of early stages of hver restoration obrerved 1n splencctomized ammals
subjected to partial hepatectomy'® " Inireased mutotic activity foliowing
splenectomy of rats has been reported to oucur m utenne deciduoma a find
mg thought to indicate iwhibitian of growth by some plemic elements ® The
same nterpretation has been apphed to the depression of hematoporest as
aciated itk hypersplent my

{4) Veoplastic grouthk Lxamples of mncreased phagotytoss m tumor ho ts
have been presented  One must heep i mind that this phenomenon 1 not
2s ociated consistently with neoplasia and that it may be mamest only 1n
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of intravenously injected collond In general differences in species 1n types
and stages of tumors, m collod, and 1 the methodology used for assay of
phagocytosis are probably important variables that may account for dner
gent findings recorded 1n the literature concermng phagocytic function 1n
tumor hosts Nevertheless, 1t may be permssible to propose some tenta
uve nterpretations of the observations made by Halpern ef af 2% 0ld and
Clarke,” <* and i our laboratory  Some stages of neoplastic growth are as
sociated with the release of substances that affect phagoecytic function in
Iiver and other sites  While hepatic macrophages show increased actvity,
this may not hold true for other reticuloendothelial tissues since in our ex
peniments splenic phagocy tosis was not increased and was possibly even de
pressed  Furthermore, Old and Clarke? and wet observed depression of
another reticuloendothelal function namely antibody formation at the same
time that increased phagocytosis was demonstrable in tumor bearing anmals
In the final and admuttedly speculative portion of this presentation I offer
the hypothesis that growth processes are imtiated by, or associated with,
release of macromolecular substances that may be designated as growth regu
lators and that are capable of some interaction with reticuloendothebal cells
Most likely there are enbancing as well as inhibiting factors, especially 1n
relation to self hmited growth such as wound repair or restoratron of liver
tissue after partial hepatectomy In neoplastic growth 1t has been surmised
for some time that a disturbed equilibrium between promoting and mnhibiting
growth factors may be one of the citical factors It 1 also likely that mm
mat amounts of growth promoting and growth mnhibiting substances are pro-
duced more or less constantly 1n connection with the attrition of tissues
In one specific growth process namely liver restoration after partial hepat
ectomy presence of humoral growth promoting substances has been demon
strated 1m the form of mcreased mitotic activty resulting from parabiosis
of mtact with hepatectormized rats®$ 2 as well as from injection of serum
from hepatectomized amimals " ® One may speculate that presence of these
humoral growth factors may bear a relationship to the considerable changes
m plasma proteins that occur 1n rats following partinl hepatectomy specifi
cally the consistent increase of the beta globulin fraction 23 Interestingly
sumilar though less pronounced changes occur after sham operation and wound
healing' and hence may reflect growth in general In thiy connection at
tention 1s called also to the recent observations of Ramrn® who reported
stniking increase 1 beta globubin . parablotc rats  The possible connec
tion of these findings with reticuloendothehal function 1s provided by ample
ob ervations on plasma protemn changes assoctated with disturbances of the
reticuloendothehial system such as the chimcal condition of macroglobulinema
of Waldenstrom™ and expenimental studies i which admimstration of mac
romolecular compounds such as methylcellulose resulted 1n <evere dysprotan
emia with ncrease of globuhin fractions ®
"This concept and 1ts place within the framework of the phystology of re
ticuloendothehal phagocy tosis are indicated 1n TABLE 5 One may arbitranly

hagocytosis 1nto three categorics
dl‘zll‘ietl‘)art%cul):nc matter both exogenous and endogenous with the speaific
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some specific sites and at some stages of tumor growth as we have noted
mn rats with transplanted lymphomas

(5) Somatic grouth Crossing the border line separating autologous and
homologous substances, one may refer to effects on growth dependent on

logical pt that are med y reticuloendothelial tissues

In this category one may place the old observation of atrophy of certam
organs that frequently develops 1 one ammal of a parabiotic pair® and to
the recently described runt dmease ¥4 a severe stunting of growth pro
duced by the moculation of newborn amimals with 1mmunologically compe
tent cells of homologous origin

(6) Fmbryomsc grouth  Teratogenic effects have been produced coneistently
when pregnant rats and mice were mjected with trypan blue at certain stages
of gestation ¥ # The exact mechamsm of this action 15 as yet unknown
It has been shown that this condition cannot be reproduced by other unre
lated macromolecular compounds subject to reticuloendothehal phagocytosis
and that the dye probably acts directly on the fetus Interestingly trypan
blue and to a lesser extent dyes with lesser teratogenic activity were found
1o be taken up by epithelial cells of the yolk sac placenta

None of these 1nolated observations by themselves Justufy any far reaching
conclusions  Taken together however they mmpart a degree of probability
to the hypothetical assumption that normal and pathologic reticuloendothehal
function may be involved 1n regulation of growth processes As 15 the cse
with any such hypothess 1ts main value 1s heurstic that 15 1t provides
ncentives for further etpenimental work aimed at confirming observations
already available explaming their mechan ms and testing the compatibility
of new findings with the oniginal hypothesis

Summary

An isotopic dilution technique has been presented 1n which phagocytosts of
wtravascular radiocollord has been utilized for estimation of liver restoration
n partially hepatectomized rats

Experimental data have been discussed from which 1t 15 apparent that 1n
creased reticuloendotheltal phagocytosts 15 assoctated with a nonneoplastic
grouth process namely liver regencration after partial hepatectomy and
with some stages and forms of neoplastic growth

A hypothesss 15 offered concerning a possible role of reticuloendothelial tt
<ues 1n regulation of growth presumably by phagocytosss of and action on
humoral grow th factors
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and spleen  Since approumately 90 per cent of the injected carbon localizes
1 these organs modifications n their weight are cotrelated with changes
1 rates of cirbon clewrance '*

Alterations 1n the phagocytic properties of the RIS duning the growth
of the transplanted tumor Sarcoma 180 1n Ha/ICR Swiss mice are ilustrated
mFIGURF 1 Values of A for a dose of carbon (16 mg /100 gm body weight)
as well as grow th of the tumor and 1its effect on Iner <pleen and body weight,
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Alterations 1n the phagocytic capaaity of the RES duning growth of Sarcoma
180 1n Swiss mice.

are plotted in this graph each point represents an average of 5 to 10 nuce
Dunng the first 4 days following tumor moculition no alteration in phago
cytic capacity from the normal K of 0024 £ 0008 can be detected How
ever on the fifth day an abrupt but modest r.e occurs 1n the rate of collod
clearance that reaches a maximum and 15 maintamed from the seventh to
the twelfth day A pont beaning emphasis 15 the early and impressive nse
m reticuloendothelial activity at a period when the tumor 18 still quite small
With progressive growth of the tumor and deterioration of the condition of
the host this marhed phagocytic capaaty of the RES dummishes to a nor
mal or subnormal level By contrast the clearance rates mn those am
mals regressing their tumors remain elevated A twofold increase in spleen
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A question of central importance to mvestigators in cancer research con
tinues to be whether the host possesses erther 1n a functional or latent state
an active capacity to nhibit, delay or 1in any fashion control the de
velopment of autogenous tumors Many mmvestigators have been mtrigued
by the possibality that the reticuloendothehal sy tem (RES) may be mvolved
in the host response to the neoplastic process, and numerous results can be
found 1n the literature suggesting that the RES does exert some regulatory m
fluence over the course of tumor devel A prek review of
efforts in this area prior to 1942 has been made by Stern and Willherm ! Many
of these studies however, are dufficult to interpret due to the common prac
tice of ascnibing functions to the RES that have not been demonstrated and
of wnplying rather than measuning alterations in RE activity following ex
perimental procedures More recently the enhanced phagocytic capaaity of
the RES durning the growth of vanous transplanted tumors has been estab-
lished 24 In addition certain agents active on the RES have been found
to alter the development of 2 number of expenmental tumors Ene Fast
Rubine a sulfonated azo dye ® Thorotrast ® zymosan 7 ® and bacillus Calmette
Guenn (BCG) infection® ¥ appear to inhibat the gros th of a group of trans
planted tumors i the mouse and rat Erne Fast Rubine® and zymosan™
have been reported to delay the appearance of carcinogen induced sarcomas
and Thorotrast and colloidal 1ron oxide™ have been observed to inhibit hepa
toma formation by carcinogenic azo dyes

In general we have employed two approaches to an understanding of the
relationship of the RFS to experimental tumor growth (1) determination
of the functional activity of the RES m terms of phagocy tic capaaty durng
the grow th of vanous transplanted carcinogen induced viral and spontaneous
tumors 10 mice and (2) an attempt to alter the growth and lethality of tu
mors by agents hnown to produce reticuloendothelial hyperplasia

The phagocytic capacity of the RES has been determined by the clear
ance of a dardized pre of carbon of h particle size
Under these conditions the rates of clearance (A) follow an evponenual func
won of tme according to the equation A = [(log (1 — log Ca}/(T3 — T))
where Cy and Ca represent carbon concentration in the blood at trmes Ty
and T2 Provided a sufficient xmount of carbon 1 wnjected to challenge all
avatlable reticuloendothehal cells the value R 15 a measure more speaficatly
of the phagocytic capacity of the reticuloendothehal elements of the hver

4 in this paper was supported in part Ty the Smerican Cancer Soctety
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During the growth of thi tumor modest enlargement of both liver and spleen
occurs  As with Sarcoma 180 the maumal activation of the RES occurs
before the tumor has reached an appreciable sizc

With the S180 asciles tumor even more strihing alterations occur in re
uculoendothclial function (FicURe 4)  Here the correlation between increa e
in liver and spleen weiht and increa ed phagocytic capaaity of the RIS 1s
more enident  The cluarance rates reach a maximal level by the fifth day
a progres wve diminution in phigocytic actnily then occurs over the next
several days  The splien increases approumately threefold in size whereas
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the Liver weight increases from an average normal value of 12 to 165 gm
duning the early phases of ascites formation It should be noted that ter
mnally there 15 a sigmficant depression m colloid clearance associated with
a return to normal iver and spleen size

The effect of 2 virsants S16 and 118 of the Ehrhich ascites tumor on the
rates of carbon clearance and hiver and spleen weights 15 represented m Fic-
URE 5 The parent tumor was recewved onginally from George Klen of the
Rarolinsha Insutut Stockholm Sweden sn 1950 and bas been pa sed n
Swiss mice by 2 investigators at our istitute ¥ Whereas F18 causes no al

516 and F18 represent the sisteenth and eighteenth transplant gen at on_respectively.

1n our | boratory of the § hme obtawned from Ranematsu Sug ura and the F e of tamed
£ om Charlotte Eniend of the Fhri ch ascites tumor
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weight and essentially no increase n liver weight occur durng the period
of maumal reticuloendothelial activity but both the liver and spleen un
dergo diminution 1n size during the terminal phase of tumor grow th
Individual rates of carbon clearance were determined 1n a roup of am
mals noculated with Sarcoma 180 (S180) 9 to 11 days previously and then
followed for survival (FIGuRE 2)  The widespread difference 1n reticuloendo
thelial response to the growmg tumor 1s evident and the question naturally
arnes as to whether there 1s any correlation betw een the degree of reticuloendo

INDIVIDUAL RATES OF CARBON CLEARANGE
9 11 DAYS FOLLOWING S180 INOCULATION
ANIMALS FOLLOWED FOR SURVIVAL

TUMOR
REGRESSION
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MINUTES
FiGure2 Vanation In rates of carbon clearance among Sw1 s mice beanng Sarcoma 180

thebal stimulation and ultimate survival of the host 1 terms of tumor rc
gression  However regression of tumors was observed in ammal with both
marhed reticuloendothelial activation as well as ammals with only a shght
elevation above normal clearance rates

The same general host response 1n terms of phagocytic activity can be
een during the growth of transplantable Adunocaramoma 755 1 a Cs7BL
wvbrid mouse* (FIGURE 3) The rate of colloid clearance increa.es duning
{he early phase of tumor grow th reaches a miuimum that 1s mantained for
a penod and then falls 10 normal levels prior to the death of the ammal

Produced by ] J Dattner Unmversty of Minnesota Minneapol s Minn
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Data concerming the actvity of the RES in ammals beanng spontaneous
tumars are Wjustrated 1n TaBtr 1 For this study the rates of clearance
1 old Swiss breeders with spontaneous mammary tumors were compared to
rates n breeders of sumilar age but tumor free  The average A of 0023 for
the tumor bearers 15 omewhat above the A of 0015 &= 0004 for the con
trols  The liver spleen and frequently the lymph nodes are appreciably
enlarged 1n many of these tumor bearers and attempts are currently under
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FIGURE 5 Companson of 2 vanants F18 and §16 of the Fhrlich ascites tumor on the
phagocvticact  ty of the RCS

way to determine the reason for alterations 1n these particular organs  Since
spontaneou tumors appear in older animals and only a mimmal elevation
of clearance rates in response to the tumor 1> observed the capacity of the
RES of older animals to respond to sumuli that provoke reticuloendothelial
hyperplasia in younger mice was studied  Esghteen to 20 days following BCG
nfection young Swiss mice develop rates of clearance that are increased 4
to 1> times above normal The phagocytic capacty in old tumor free and
tumor beaning mice following BCG infection 15 also increased but to a lesser
extent than in younger ammals It should be stressed however that am
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teration 1n rates, growth of 516 1s associated with a considerable hyperac
tiity of the RES By day 6 when both S16 and F18 have caused essen
tially similar enlargement of the hver and spleen this difference mn host
response to the moculated cells 1s stil maintamned  Attempts to find bacte
nial contamination 1n either tumor have been unsuccessful

With a first generation transplant of cells from a spontaneous ARR leu
kemia into 1sologous ARR muce we have attempted to evamumne a trans
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Ticure 4 Alterations 1n the phagocytic capacity of the RI § duning growth of Sarcoma
180 asaites in Swiss mice

plantable system related as closely as possible to the spontaneous disease
Young ammals inoculated with leuhemic tissue survive approuimately 15 to
20 days and develop marked enlargement of the Liver spleen and lymph
nodes In the expenment represented m Frcurt 6 1 very shght elevation
1 carbon clearance could be detected at 4 or 10 days following noculation
of a su pension of leuhemc cell (average A values control ARR A = 0012
4 days A = 0017 and 10 days A = 0019) A point of interest 1s the lower
rates of carbon clearance 1n normal ARR mre as compared to random bred

Swiss mice



Old ef o} Relationship to the Neoplastic Process m

nfected 9 month-old Sia ymce can be accounted for partly by the smabler
fner and splecn waights relative to body nesght m these elder ammal  How
weer wher K 1y catrected for this factor 1t v sull apparent that older mice
have both lower basat function and a restnicted capactty to respond to BCG
miection

The actination of the RFS us measured by collmd clearance dunng the
gronth of svanous tran planted tumors appears most o ely related to
the foretgnness of the tnoculated 12 sue since the Mghest stimulation occurs
with hommalogous tumors w the random bred Sw: s mouse whereas only 2
questionable respan e wa ehicited by a first generation tran. plant of an a1 olo
gous lewhenma  The heghtencd phagocytic activil) wm zeponse 0 mocy
Iated Sarcoma 180 or Carcinoma v33 at a time when the tumar s barely pal
pable would 1end to rulL out non peafic stimulation by praducts of hemorrhage
and necro 1 from the developing tumor  The fact that spontaneous tumors
of Sn1s mue frequently show evienave central necross xnd mas e of he
malyzed blaod while hosts beanng these tumars do not <how 8 high degree
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of reticuloendothelial actvation lend support to this assumplion The
urea ud phagocs e activity may reflect partictpatian by the RES in the gen
erat homagraft reaction of the bost to these tran planted tumors  That the
effectivene » of this response s not ysually evident 1 tertss of tumor regres
son s due to the cnormous growth potential of the tumor although it s
po ible that the tumor possesses an inherent capaaty that renders it rela
trvedy more ressstant fo rejection by the host  The gmficance of the shightly
fa. ter dearance rates duting grosth of spontanesus mammary adenocarcinomas
m Swiss mice cannot be evaliated at present We have al 0 seen 2 shght but
sariable {up 10 twofold) average mtrease 1n rates of dearance m a study of a
Sumited number of ammalks wah the following tumors Caraimoma 755 grenn
the 1 ologous CoTBL host first g of 2 (3H marmar
adenoaranoma 1 wologous mice spontanepus ARR leuhemia and sorcoma
mduted 1 Swass mice by !> mg methylcholanthrene admimstered intramus
wlarly  Ne alterauon wn dlearance rates could be detected dunng the time
prior to tumor development @ ammals njected with meethylcholanthrene
Carefut study of a greater number of ammoi at muluple ume intervaly follaw
mg tumor noculation or appearence will be necessary to establish nhether
first ge pt p or ¢ gen induced tumors con
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maks with tumors an <timulated by tht infectious proces to about the ~ame
degree 1s tumor free mice of similar age  An expenment to explore the dif
ference 1n renculoendothelial function 1n old and voung Swis mice 1 rep-
resented in Tanek 2 The Jower rates of clearance in botk control and BCG-
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tnfected 9 month-old Swis mice can be accounted for partly by the smaller
Tiver and splecn weights relative to body weight m these older ammal  How
ever when A 1s corrected for this factor 1t 1s still apparent that older mice
have both lower ba al function and a restricted capaaity to respond to BCG
nfection

The activation of the RES as measured by collod clearince duning the
growth of vanous tran planted tumors appears most clo ely related to
the forugnness of the inoculated tisue =ince the highest stimulation occurs
with homologous tumors 1n the random bred Swiss mouse whereas only a
questionable response was ehcited by a first generation tran plant of an 1 olo
gous leuherma  The heightened phagocytic actiity in response to mocu
lated Sarcoma 180 or Carcinoma 735 at a time when the tumor 1 barely p:Al
pable would tend to rule out nonspearfic \ by products of b
and necro 15 from the deseloping tumor  The fact that spantaneous tumors
of Swi s mice frequently show extensive central necrosis and masses of he
molyzcd blood while ha ts beanng these tumors do not show a lgh degree

Tasie 2
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of reticulocndothelial activation lends support to this assumption  The
creased phagocytic activity may reflect partiopation by the RES in the gen
eral homograft reaction of the host 10 these transplanted tumors  That the
effectn eness of this response 15 not usually evident in terras of tumar regres
10n 15 due to the emormou growth potential of the tumor although 1t 1
pos tbie that the tumor possesses an inherent capacty that renders 1t rela
tively more rc 1stant to tejection by the host  The lgmﬁcance of the shightly
faster clearance rates during growth of mammary
1n Swiss mice cannot be evaluated at present We have al o seen a shight but
vanable (up to tnofold) average increase 1n rates of clearance 1n a study of a
lirmited nurmber of anumals wath the following tumors Catamoma 753 grown m
the 1ologous CS7BL host first lant of o C3H mary
adenacarcinoma 1 1sologous mmice spontaneous ARR leuherma and sarcoma
mnduced 1 Swiss mice by 15 mg methylcholanthrene admumstered intramus
cularly  No alteration in clearance rates could be detected dunng the time
prior to tumor development i animals mjected with methylcholanthrene
Careful study of a greater number of ammals at multiple time intervals follow
mg tumor \nocuhuon or appearance will be necessary to establish whether
first P or carcinogen nduced tumors con




272 Annals New York Academy of Sciences

sistently induce enhanced phagocy tic activity of the RES  Whether this actt
vation ts 1n response to some unuque property of the tumor or 15 secondary to
the necrosis hemorrhage and infection commonly assoctated with progressive
tumor grow th also must be determined

FRIEND VIRUS LEUXEMIA (SWISS MICE)
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Froure 7  Alterations in the phagocytic capraty of the I'LS dunng development of the
Friend virus leukemia in Swiss mice

Alterations 1n the phagocytic capacity of the RES accompanying develop
ment of a leukerma nduced by the Friend virus'® have been among the most
remarkabte that we have observed (Frcure 7} Within 24 hours following
intraperitoneal moculation of infected splecn homogenate there 1s a conststent
depression m the rate of colloid clearance from an average normal rate n thrs

of A = 0026 to A = 0013 This reduction of phagocytic ca

of mice
g bserved m mice injected with homogenate prepared from normal

pacity 15 not 0
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mouse spleens  Forty eight hours following 1afection the rates return to nor
mal and by the fourth day they are elevated and continue o mctease untit
the sccond weeh when 1 mavmum rate of collowd clearance  reached A
<low but progressive fif 1n clearance rates occurs dunng the <ubsequent weeks
but even as Iate as 8 wechs following infection phagocytic activity is consist
ently elevated  During the pha e of depressed carbon clearance 24 houts fol
lowing noculation of infected <pleen no Alteration m lver or spleen weight
could be detected  Yrom the third to the scventh day the spleen and hiver un
dergo a progressive mcrease msize  Tollowing this the spleen increases enor
mously whereas hepatomegaly is mote modest until the advanced stage of th
leuherma when the hwer also undergoes massive enlargement  The decrease in
casbon clerrance during the fatter phases of the leukemic proce s most probably
reflects estensive infiltration of the hiver by leulemic cell 7 Gro sly and
myctoscopreally  the organ primanly responsible for the mercased yates of up
tahe of the mjected colloid 1s the hver since the spleen contains only occasional
cells with catbon  The localization of carbon 1s a consequence of the very
rapd rates of clexrance observed in these ammals and does not g e indication
as to the phagocy tic potential of the spleen  Sections of hners from mfected
mce reveal a prominent increase 1 the number of carbon containing cells
liung the widely dilated sinu oids  Each reticuloendothehal cell has only a
fraction of the carbon seen in normal Kupffer s cells since the fixed amouat of
injected carbon 1s now distributed among an mereased population of actively
phagocvtic cells  No carbon has been seen in the charactenstic leghemic retic
wlum cells widely mfiltrating the liver and pleen  We have ohserved the pres-
ence of round basophilic cytoplasmic masses n a mall number of hepatic
reticuloendothelial cells (FIGURE 8)  These mas es are characteristically found
singly have a pale homogeneous center and are almost inyvanably associated
with carbon particles mn cell having the typieal morphology of hupffer s ele
ments  They are however clearly ewident n sections of hivers of infected
ammals recewving no carbon
In view of the enhanced phagocy ic potential of these leukermc ammals we

deaded to other host ch that have been thought to
mvolve m some way the reticuloendothelial system such as response to bac
tenial challenge abiity to form anubadies and endotovin senatnity \TaBLy
3) In general the response of the leukemic ammals duning the second and
tinrd weeks of infechon 15 1n comrast to that seen 1 ammals with potentiuted
reticuloendothehal activity mduced by other means  Lipopolysacchandes 5 1
zymosan ** and infection with BCG *° all of which cause profound reticuloen
dothehal stunulation enhance resistance to bactenal challenge * # and increa e
the capacity of the host to form antibodies™ ® In addition BCG infection

and zymosan increase the sensitivity of the anmmals to endotoxin?® The
findings of a normal response to Alebmlla preumomae challenge and Escher
1ch1a cols end: aswell asd )} titers are opposite to what
one might expect wn anumals with such sharp\y increased reticuloendothehal
function  Thus even though hyperplasia of retsculoendothehal cells with
phagocytic potential has occurred other functional properties of these celis i
particular and the RES 1n general have not been altered correspondingly
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The findimgs of (1} sy, mficant depression of carbon clearance 24 hours follow
ing mitistion of the tafecuon and (2) marked and progressive strmulationt of
phagocy tic capacity during the carly phase of the diseast as well as persistent
reticuloendothelial stimulatton throughout the course of the lcuherma tend to fo
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FictRe 8 Kupfler s cell containing {rominent cvtoplasthic mass (arrou) and aggregates
of carbon in the liver of a Swiss mouse with Friend virus Jeukernia  Hematoxyhn and eosm
stan X 1000 {approx}

TaBLE 3
RESPONSE OF SWISs MicE witi FRIEAD ViRus LEUREMIA To BACTERIAL CHALLENGE
Extoroxie Anp Sere Reo Brow Ceirs DURING trE Puase oF MV
PrscocaTic AcTiviTy

Yaaltered
1 Bactenal challenge with Klebstells pner monsae
2 Endotoun sensitavity (Esche schia cols)
\j

v ;ergjecrca&d hemalysin formation {sheep ted blood cells)
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us attention on the mature reticuloendothelial cell as a posuble site for 1mtial
virus focahzation and propagation  The pleen wath 1 large complument of
phagocytic cell  might be expected to show the catliest effect of infection but
since splencctomy has been shown not to alter bawically the course or nature
of the di ea e the virus undoubtedly finds suitable environment for replica
tion 1n other cells pos ibly the hupffer clemants of the liver and other retic
uloendothebial cells di tnbuted throughout the body  The relationshup of the
hyperplasta of reticloendothehial lemuint to the apparently nonphagocytie
Yeukemic reticulum el found infiltrating the vanous organs and the abnormal
mononuciear celis 1n the penpheraf blood 1 at pre ent unknown W hether thys
Tepresents scparate Tespon es of various ¢l 1ypes to the Triend agent or the
di ea e state induced by this agent or alternatively whether 2 virus induced
prohferation of reticuloendothehal cell oceurnng throughout the course of
this disea ¢ lead to the formauon of cells with neoplastic potential but facking
phagoeylic capatity are but two of a pumber of minguing po sibilities

Since growth of various transplanted and spontaneous tumors 1> associated
with activation of the RES 10 a v imable extent an attempt to alter the devel
opment of expenmental tumors by agents pos ©5 Ing a common tapatity 10
induce reticuloendothelial hyperplasia has been made  In these efforts we
have found BCC 1nfection and various preparations of zymosan to be most
ueful  Endotoxins from a variety of bactersal sources have hown only sug
gestive activity 1n enhincng resistance to tumor grow th

Ficure 9 lustrates the effect of BCC infection induced by tntravenous
injection of the live orgam m on clearance rates and on the weight of the liver
and spleen  Nuther morbidity nor mortality attnbutable to this mfection
was observed despite exten wve probicration of granulomatous levions 1n the
hver and spleen  The peak m phagocy lic activaty assocated with marked en
largement of the hiver and <pleen otcurs fourteen 10 eighieen days followang
mtiition of the BCC infection  As late as four month following infection
these organs are sigmificantly larger than those of control

The growth of Surcoma 180 in normal Sw1 s muce 15 usnally associated with
an 8> to 90 per cent mortality 1n 2 to 5 weehs  The remainder of the ammals
undergo a spontaneous regression of their tumors  Ammal inoculated with
Sarcoma 180 seven days or longer follawing BCG infection appear to be highly
resistant to tumor growth (TanrF 9 If the tumor and the infection are im
tiated withinone day of each other no protection 1 obrerved Concerming this
pomt simalar results have heen obtained wath zymosan  Intravenous mjec
tions of 1 mg zymosan one week priot to Sarcoma 180 imoculation yields better
protection than zymosan injected on the day of tumor challenge  The centra)
mportance of host factor 1 mediation of the protectne ffect of BCC 1
evident from expeniments we have performed with growth of $arcoma 180 1n
C>7BL hybnd mice  Tourteen days following BCG moculation at a time
when Swivs mice were found to be completely rec tant to Sarcoma 180 growth
mfected Ca7BL hybrida were as suscepuible as control to progres e growth
of the tumor  The fact that Ca7BL hybrids do not attain as high a degree of
renculoendothelial activation as Swiss mice following BCG infection may be
of importance i explaimng the difference 1 the reaction to tumor growth in
these two hosts
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FIGURF 10 represents the growth of the Ehrhch asates tumor in control and
BCC infected Swiss mice  Under these conditions BCG infection sigmificantly
prolongs survaval time  The average survival in controls was 14 days, whereas
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Fioure 9 Alterations n the phagocy tic activity of the RES and hver and spleen weights
duning the course of BCG mfection 1n S viss mice

TABLE 4
MorTALITY FOLLOWING IMPLANTATION OF SarcOMa 180 IV Swiss Mice AT
arrous INTERVALS ArTER BCG InNFPECTION

Dyvsb tw BCG ) fect d ¢um elt
]
1 7 14 19 25 67
%‘g’;";‘s 13/15 ’ 312 ‘ o/12 J 9/30 ' 078 I 0/9

‘Mortahty/number per group

the BCG mfected ammals hved 27 days on an average  Simuar but somewhat
Jess protection was obtamned with zymo an injected prior to ascites moculation
An appreciable retardation n the growth of Carcinoma 75> mn the C57BL
hybrid and 2 significant 1crease 1m time of survival are evident in the BCG
m};ected ammals (TaBLE 5)  The effect of BCG 1nfection on the grow th of the
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same tumor 1n1sologous C5TBL mice 1 symitar but sliyhtly less marked (p1ovre
11} The growth of the tumor 1 inhibied ang the apimabs surtive longer than
the contyols  The difierence 1n BCC effect in these two hosts 1 probably e
lated to the greater genetic foreignness of th, tumor in C>7BL hybrids than
in the sologous C>IBL ammals

e have al o studied the growth of a first generation transplant of 3 C3H
adenacarcinoma 1 mologous hosts  No alteration 1n ether tumor growth or
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time of death occurred m BCC imnficted mice Two cxplanations may be
offered to account for the difference in 1vologous tumar growth in Ca7BL and
C3H mice

(1) The Ca 755 my have been altered genetically durnng sts multiple pas
sages and therefore unbhe the C3H first generation transplant may present
antigens foreign to the host

(2) The response of the host animal to BCG infection as expressed by tumor
retardation may differ con rderably It has been reported that the C3H mouse
18 immunologically inferior to the C57BL ammal in 1t» capacity to form hemag
glutinins® and anttbodies to tetanus toxord ®  In addition we have observed
that C3H mice re pond to BCG with far less increase 1n spleen weight than do
C57BL ammmals  To explore these possibilities further we are studying 10l

Co T35 INPLANTED 22 DAYS FOLLOWING BCG INFECTION IN ISOLOGOUS C57 BI

NUMBERS REFER TO SURVIVORS
.

0. y L I —
e 8 22 26

6 54 i

L i 1
30 335 4z 46
DAYS POST TUMOR IMPLANTATION

Fiure 11 Lffect of BCC infection on growth of Carcinoma 75 i 1s0logous C57BL muce

ogous tumor growth :n hosts with varying ability to form antibody and to re
spand to reticuloendothehal stmulation

The two agents BCG infection and zymosan which we have found most
useful 1n protecting agamst tumor challenge have 1n addition to their ability
to induce hyperplasia of the RES ! © the capauty to enhance the host response
to antigemc timulation ® ® and to protect agamnst challenge with vanous bac
teria® ®  As with bactenal challenge effective protectton 1> afforded best when
these agents are gIven prior to tumor moculation  However it appears that
conditions successful for enhancement of reststance to bactenal mfection are
msufficient to protect agaimst tumors even though the lethality of infections
1s usually measured n days whereas the tumor ruquires several wechs to kil
Whether different mechanssm are mvolved or whether the tumor merely rep
resents a more formidable challenge + not clear  Ore poss:bility that cannot
be excluded at present 1> that zymosan BCG and certatn transplanted tumors
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Possess common antigemc components <o that antibodies formed in vesponse
to the microbsal products ¢ro  react with these tumors & more hkely ex
phnttion to us would be that pretection agun t bacten) infction follaning
endotoun zymosan or RCG represents an increased efficiency of mndwidual
phagcytes and incrensed numbers of phagocvies to mgest and destroy bac
teria as well as possibie alturations 1n non peafic opsome factor * ¥ whereas
Tesistance to tumor chaflenge insolves an nhanced capaaty of the host to
respond by an accelerated or heghtened homoprait reaction  The tumor
protectnve action of zvmosan or BCC infection thu could be visuah ed 2
being due to a proliferation of stem ¢l that have the capaaty to differenbate
tnto 1 browd spectrum of cell types including those mvolved 1n antibody for
mation and in the process of smflammation  The central wmportance of the
TFS in these reacttans however cannot bu accepted without reservation
aince thesc ag, nts mo t certamly produce widespread ph y sw0logreal alterations
any one of which may play sometole  Neverthele  the probferatn e rerction
of the RFS and to a les er extent its phagacytic capaaity as measured by car
bon clearance apperr to have sigmficant value in predicting the efficacy of an
agent 10 enhanCing tumor re ) tance

Expenments are in progre s tomvestigate the capaaty of BC G and zvmasan
to affect the growth of carcnogen induced and  pontaneous tumors  One
difficulty m attempting, to modify the established wumor 15 that the tumer
teacher comderably prop before foendothelint hyperpla 1 can be
mduced and mamtained for any pertod  Voteover stimub that provobe re
ucutoendothehal prohiferation are generally Jess well tolcrated by hosts beating
tumors thn by tumor frec mice  We therefore fucl that a more frunful ap
proach may be found Ly studying the effect of BCG zymo an and other
agents admmstered 1t variu ntervals dunng eatly or adult Lfc prior to the
development of carcino,en nduced or spontancous tumors

Summary

‘The functiond apauty of the RES as determined by carbon clearance was
studied during the grawth of varous transplanted and spontuneous mou e
tumers  Tumors that have been repeatedly tran planted <u b as Sarcoma
140 Carcmoma /5> Lhrlch carcinoma asaites and Sarcoma 180 ascites mdue
charactert tie alteration m retewloendothedial actinsty  Duning the exdly
pha ¢ of tumor development clear itice rates are maumally elevated and reman
wereased throughout the period of rapid tumor growth  With progressie
diterioration of the tumor beaning host reticulorndothelial actuvity teturns to
narm ! or becow normal ksds 4 shight eluvation in dearanet rates has been
obsersed dunng the gro»th of spontaneous mamraary tumors 1 S s mice
Stribing rets uioendothehal byperplasia following a brief pha ¢ of depresed
cubon faran acompanies devdopment of a rbcuhum (el leuhemin m
duced by the S rund virny

n wddition we have myestigated the ¢ffect of treatment v 1th agents such
v zymo an BCG and other products of mucroorgenims on the growth and
U thi'ity of varous ¢xpunmuntat tumor  These agents 1n addition fo thar
sty 10 nduce reticuloendothelial hyperplasia enhance the capacty of the
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