
Lawrence Berkeley National Laboratory
Recent Work

Title
CAPILLARY PERMEABILITY AND LYMPH FLOW IN THE IRRADIATED RAT

Permalink
https://escholarship.org/uc/item/6zx7c7dg

Authors
Graham, Michael Moore
Dobson, Ernest L.

Publication Date
1973-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6zx7c7dg
https://escholarship.org
http://www.cdlib.org/


.. 

LBL-2449 

l' . \ 

CAPILLARY PERMEABILITY AND LYMPH FLOW 
IN THE IRRADIATED RAT 

DONNER LABORATORY 

Michael Moore Graham * and Erne st L. D~jft E I V t;. i..; 
LAWRENCE 

RAnIA nON lA80RATORY 

November 1973 
JAN 2 1974 

LIBRARY AND . 
DOcUMENTS SECTION 

Prepared for the U. S. Atomic Energy Commission 
under Contract W -7405 -ENG-48 

*Filed as a Ph. D. thesis 

For/Reference 

Not to be taken from' this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



00 ('~ v o o 2 6 

TABLE Oli' COKTENTS 

Abstract • • • • • • • • • • • • • • • • • • • • • • • • •. • • • • * • • • • • • • • • • • • • • 

Introduction . . . . . . . . . . . . . . · ...... ............... . 
Literature Review •• '.* ••••••• ' •••••••••••••••••••••• 

Current Concept of Radiation Effects on 

Capillary peromeability ••••••• •. * •••••••••••••••••• 

Theory •••••••• ~ ••••••••••••••••• o ••.•••• o ••••••• 

Materials and Methods ............................... 
Results · .................... . 
Discuss:Lon • e •••••••••••••••• · ..................... . 
Conclusion .................... " .................... . 
Appendix 1 

Albumin Kinetics in the R~t · ........... .......... . , 

AppencHx 2 

Extracellular Space Tracer Kinetic~~n the Rat 

Chron:i.c Cannulation of Carottd Artery and 

Jugular Vein of the Rat ......... .................. 
Appendix Ij 

Computer Programs ................................ 
Bibliography ... . " ................................. . 

Page 

1 

3 

7 

16 

21 

28 

32 

1~4 

50 

52 

60 

73 

80 

85 

A ckn O\'l~ e dgrne (1 t B •••••••••••••••••••••••••••••••••••• 8 92 

i 



' .. 

Abstract· 

Total body capillary permeability - surface area prod-

uct (P·S) and total body lymph flow in Sprague-Dawley rats , 

were estimated using plasma disappearance curves of 3H inu-
l 

lin and 131r human serum albumin. Blood was collected from 

conscious rats using a~semi-automatic blood sampler and 

counted using liquid scintillation with energy discrimina-

tion .. The data Viere analyzed using a two compartment model 

for albumin kinetics including plasma volume, interstitial 

volume, lymphatic return and excretion. The plasma volume 
,t 

and intersti t1al volume weI'e determlned from in1 ti.al dilu-

tions bfalbumin and tnulin respecti vcJy. Captllar'y p. S 

and lymph flow were determined using the model, the initial 

dl~appearance rate of albumin and the final equilibration 

concentration of tracer albumin. Because of the high per-

meability of hepatic capillaries albumin equilibrates very 

rapidly with hepatic lymph. Therefore the liver capillary 

P·S and lymph flow are not included in the calculated es-

timates of total body capillary P·Sand lymph flow. As a 

first approximation capilla~y P·S is proportional to the 

initial'dls<.lppearance rate of albumin. Similarly lymph 

flow is inversely proportional to the,calculated steady~ 

state concentration of albumin in the interstitial fluid. 

A high lymph floVJ \'lOuld tend to maintain the protein con­

centration of the interstitial fluid at a relatively low 
, 

level. The actual analysis vms somewho:t more complex than 

.this since there is an interdependence of the two param-

1 



etersi The data were actually ~nalyzed using the model and 

a PDP-12 computer. 700 rads whole body BOCo gamma irradia-

tion increased capillary p. S by J+7r;i;and increased lymph 

flow by 1240, 48 hrs following irradiation. 1000 rads 

caused an increase of capillary P·S of 98% but did not 

change lymph flo\,1 from control values. '}'he latter resul t 

may have been due to the relative dehydration and immobil-

ity of the 1000 rad group. In addition it was found that 

rats drinking large quantities of 5% dextrose + 0.7% NaCl 

solution did not increase lymph floH meEu:iUrably above con-

trol levels. This is in contrast to reports in the liter-

ature that rats with thoracic duct cannulas, drinktng the 

saille solut:Lon, exhi bi t enormous increases in lymph flov/. 

The -difference is ascribed to the :!.nabiJU~y of the tracer 

system to measure hepatic lymp11 flo\-./ and ~o the enormous 

diuresis that occurs in the intact rat. 

2 
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In tr'()~l1.l c t:L on 

'l'tlC s~~udy of capillar'Y pe:cm(;~Jb:U:i. ty began in 1896 io'lflen 

star'.llng proposed that the movement Dr f.1.uld across capil-

lary vwll S ViaS dependent on the relative impermeabil i ty of 
" 

the capillary walls to protein ~nd the resulting oncotic 

pressure: At the arterial end,of the capillaries the hydro-

staU.c preEj:;;urc exceeds thE! oncotic pr'CSGure and Hater 

leaves. the capUlal'Y. fit the VenOUi] end the net pressure is 

ln~ard and woter reenters the capillary. Since the capil-

lar'1es I1re not totally :i.rnpe;:>l"ncuble to proteln 11 small amount 
" 

diffuses through the capillary ~alls into the interstitial 

space. TIlls protein and interstitial Hater are returned to 

the Circulation via the lymphatics • 

. ' 'rhe pCithogene 81 s of both edema and infJ.amma t:l.on is r8-

lated to disturbc:mces in capillary peI'meabi1:Lty or lymph 

flm-l. 'rhese tv-fO problems have provided much of the impetus 

for the study of capillary permeability and lymph flo\'J in 

the past and at the present time. 

Shortly after Roentgen's discovery of X-rays, it was 

noticed that irradiated skin became erythematous several 

days ~fter irradiation. This erythema, like sunburn, ~s 

caused by dilatation and increased perfusion o~ the capil-

laries in the skin. Further studies have shown that in ad-

dition there is an increase in G~pillary permeability fol-

lowing irradiation. 

There have been many experj.ments in radtation induced 

changes in caplllary permeability. The work has largely 
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been an effort to defin6 the etiology and timJng of the 

cno.nses af':; ";,el1 as their place in t11e total p-:i.ctuI'e of ir-

radiation injuI'Y. 

Tile tec:lmlques employed for measul'ing capilla17 perme-

ability usually involve the injection of the material of 1n-

terest, labeled with radioactivity or a dye, into the blood-

stream and observing either its rate of dlsappeardnce from 

the blood or its rate of ~ppearance in a particular tissue, 

The rate of movement of a substance from the bloodstream 

into the interstitial fluid in a particular piece of tissue 

depends on tIw c3vailable capillary SllJ:--face area as v[ell as 

the permeab:i.l i ty of the capiLLary wall. 'J.'herefore in almost 

all the expc:r·:i.ments observing changes in "capj.ll':-lry permea-

bility", the possibility exists that capillary surface area 

has changed instead of or in addition to changeS in the pe1'-

meabjlity of the capillary wall. 

If the capillary area can be m~asured independently of 

the measurement of the capillary permeab:i.llty surface area 

product, P'S, then the possibility of measuring capillary 

permeability alone exists. An example of this is LancHs' 

experiments with a single capillary in which he measured the 

rate of movement of wate~ out of the capillary down a hydro-

static and osmotic gradient and independently measur~d the 

size of the capillary and thus its surface area. 

The present work does not distinguish between pennea-

bility and area, but utilizes some improvements in t\'Jo rel-

atively recent techniques for measuring capillary permeabil-
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i ty-area P::-'OCLlct in intact animals. 

O!le E1p~;r()ach to the measurement of c2pll1o.ry P' S of 1n-

dividual tissues is to inject radioactively labeled test ma-

ter1.al (such as iodinated albumin) intravenously and then at 

a specified later tim~ kill the animal and count the various 

tissues to estimate the accurnulatiorl ·of activity. The major 

problem is that much of the activity remains intravascular 

and must be corrected forr One technique that has been used 

is to label red blood cells in addition to the tracer ma-

terial and use the RBC activity to estimate the plasma vol-

ume .in the tissue sample. Hematocrit docs liot.I'emain con-

stant from tiGsue to tissue and therefore ml~.f)t itself be 

corrected for, which may lead to additional error. A tcch-
, . 

nj.que devel(~ed previously (Gtaham ].971) avoids the problem 

of hematocrit variation completely by usl.ni.~ hiD types of 

labeled albumin, 131t and 1251. The albumins are identical 

except for labels and were found to behave identically. By 

injecting them at different times, it is expected that pro-

portionally more of the first. injected albumin ':In.l be ex-

travascular·. 'l'hen simultaneous equations can be set up and 

the amounts intravascular and extravascular in a tissue sam-

pIe can ·be calculated. This technique was used to measure 

capillary p·S in the rat at various times after irradiation 

and evaluate tbe effect of an anti-serotonin, anti-hista-

mine drug on those changes. 

The technique reported here measures average tot~l body 

capillary P·S as well as lymph flow in the rat. Plasma dis-

5 



appearancE.~ curve s for simul taneou.sly in j ec ted 13l I ('d bu,r;in 

were obtained usins a semiautomatic blood 

sampler. l'he 3H inulin dilution volume VIas assumed to be 

the extracellular volume. The equilibrium albumin concen-

tration was obtained by carryint the plasma curve out for 3 

days after injection. '1'h1s data made it pOf5s:lble to e3t1-

mate the concentration of albumin in the extracellular pool, 

l].'h13 concentratton is inversely proportional to lymph f'loH 

since rapid lymph flo"'-! tends to clear the extracellular 

fluid of protej.n and return it to the circulation. This 

technique VIas used to rneasure capillar>y permeabili ty and 

lymph flov! after irradiat1.on. Slnce L,locl:.age of lympha'ej_c 

return has been hypothesized to occur 2.S a re~3UJ.t of i1:'1'a-
.... 

cHation, :Lt is inr;-)ortant to determjne :i..1' J.yrilph f1()w ch;:;nges 

after irradiation. 

y 
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LITERATURE REVIEW 

Capil131'Y pn'mcc\bilit;{ and its Chi.HlgGS follm':ing irra-

di.etion and (jther fOPIns of' trauma have been studied by nu-

merous investigators for many years. 1~ls peview is an at-
'. 

tempt to cover tbe pertinent techniques currently used and 

the current under-standing of what happe!Jf:l to caplllary per-

·meahility nfter irradlation. A mo~e extensive review ,of 

techn:i,ques used in the study of ca.pillary permeability can 

be found in the p:eoceedings of tl1e Pdfreci Benzon Symposium 

II (1969). 111cCutcheon 's (1952 )·paper is an early review of -. 
radiation effects on capillary permeability and Harris' 

(1965)isa more recent review. 

The 'techniques used to measure capillary permeability 

foliowing irradiation have invariably used macromolecules 

as the tracer. Techniques exist for measuring capillary 

permeability to small molecules'but thus far have not been 

applied to irradiated animals. There are three major ways 

used to measure pe~neability of capi11aries to macromole-

aules: appearance rate in tissue, disappearance rate from 

the blood, and lymph/plaslna ratios at equU.ibrlum. These 

techniques will be considered in order. 

I. Appearance rate of macromolecules in tissue. 

Dyes such as Evan'S blue and Trypan blue, when injec­

ted intravenously immediately bind to plasma protein. Such 

dyes have been used td qualitatively show increases in cap-

illary permeability. For instance, when skin is irradia-

7 



and plasTna prote.Ln leaks out :i.nto the jnt(n.~~:;tj_ t181 fluid of 

the skin. Hhen Evan's blue has been injected intravenously 

the irradi2ted reGion of skin turns blue. This technique 

has been used on rabbits (Jolle8 and Harrison 1966) and on 

mice (Hasegawa and Wang 1971). 

Willoughby (1960) used the appearance of trypan blue 

in the intpstinal waJl of the rat to s~ldy changes in cap-

illary permeability. He was able to measure the degree of 

bluing visually and V-las able to show an increase in perrnea-

bility with time ~fter irradiation. 

Nakhillnitskaya (1962) used the fluorescent dye, 

fluor'escetn, injected tntravenously into rabbits. He, mea-

sured the appearance rate in the anterior chamber of the 

eye photometrically and was thus able to quantitate the . 

changes in permeabiJ.ity quite nicely. 

The major problem with the use of dyes as the tracer 

material is the difficulty in accurately measuring their 

con~entration in the tissue. Radioactive tracers are an 

obvlous way to solve this problem. 82Br dibromotrypan blue 

was one of the first radioactive tracers used to study cap­

ill~rypermeabllity (Moore and Tobin 1942). A Geiger coun-

ter "Jas used to measur'e the accumulation of radloactivtty 

and they showed an increase in activity in an inflamed area. 

Mount and Bruce (1964) injected 1251 labeled rabbit 

serum albumin into a rabbit and counted the activity in the 

ear with a scintillation detector. By simultaneously tak-

8 
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ing plas!n~ sD.mples., they were able to correct the count and 

measure the n.rte of accumulation of al bUlllin in the extra-

vascular fluid of the ear. Using this-technique, they 

showed an lhcrease in capillar~ P·S beginning 5 to 10 days 

after 8000,rads of local irradiation. 

Song et a1 (1966) u.sed '~25I guinea plg serum albumin 

to measure capillary permeability in guinea pig skin fol­

lowing P irradiation. They ~xciised a piece of skin one 

hour after- intravenous lnjection of the labeled albumin and 

counted the sample.- Intravascular activity was corrected 

for by mea r:;uring p la sma acti vi ty and plasma content of skin 

in another animal. 

Another technique for measuring acc~lm'J.la t lon ofal bu-

mln j.n sk1n v18s developed by Baumg8.rten et al (1967). rehey 

used 32p labeled bovine serum albumin. Since the· 32 p 0 

particles have a relatively shorat range, they considered 

counts detected outside of an animal must have originated 

vIi thin the skin. They were able to demonstrate increased 

radioactivity at the site of an intracutaneous injection of 

histamtne. No attempt vlclS made to corraect for intraavascu-

lar albumin in the sl{in or bremstrahlung radiation from the 

rest of the body. 

One of the major problems in accurately measuring the 

extravasation of macromolecules is how to 60rrect for the 

intravascular tracer. The ideal way to do this would be to 

use two tracers, one which remains in the blood and the 

other, a macromolecule that leaks out. Th~rehave been 



several attempts to use this technique ~ith SlCr labcJed 

red blood cells as the intravascular tracer. Dewey (1959) 

used thistechnlque in the rat to measure exchange rates 

for albumin and globulin. He determined the hematocrits 

for each tissue of interest in a separate group of rats and 

used this data to estimate the intravascular content of al­

bumtn. or £;10bu.1in tn other rats at d:Lffcl'cnt times after 

in<iectlon. 

It is important to correct for hematocrit changes be­

cause they can vary widely from ttssue to tissue by as much 

as a factor of three. Studer and Patchen (1971) did a sim­

ilar study but were even more careful in their correction 

for hematocrit. Their animals were frozen in liquid nitro­

gen .at the termj.nation time to minimjz8 red cell and plasma 

loss from the tissues as may have occurred in Dewey's ex­

periments. Their results, h6wever, were essentially the 

same as Dei-ley IS. 

In a previous study (Graham 1971) it was possible to 

completely neglect changes j.n hematocr'lt. 1251 and 1311 

albumins were injected 20 minutes apart and the rats were 

s~crificed 30 minutes after the initial injection. Assum­

ing zero order kinetics, Shown to be valid for the time 

scale of the experiment, it was possible to calculate re­

sidual plasma volume and exchange rates for albumin in sam­

ples of gut and muscle. 

There is one group of experiments that measure appear­

ance rates of macromolecules without having to correct for 

10 
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in trava sCtl1ar acti v 1 ty . In two (SulJ. t van 1961 J iloril sey and 

Hedges 1969) the appearance of 1311 polyvinylpyro1idone 

(PVP) in the gut contents is measured. Unfortunately in 

irradiated animals the cells lining the gut begin to slough 

off. Since the PVP has to traverse at least two cell. lay­

ers" the capillary endothelium and the intestinal epithe­

lium, the loss of one layer is sure to increase the trans­

fer rate vJhether capillary permeability increases or not. 

Therefore the results of these experiments can not neces­

sarily be v1evled as evidence that capillary permeabj.lity 

has changed following irradiation. 

. The last experiment 1n this section avoids some of the 

problems mentioned above. Harris (1965) measured the rate 

ofp:ppearance of 131r album1n in the peritoneal fluid of 

rats following intravenous injection. Th~ peritoneal fluid 

can .be regarded as an accessible sample of interstitial 

fluid. Although molecules from the capillaries have to 

traverse at least 2 cell layers to get to the peritoneal 

fluid, there is no sloughing of one set of cells as in the 

gut measurements mentioned above. Thus the appearance ratG 

of tracer albumin in the peritoneal fluid should be approx­

imately proportional to capillary permeability of peri to­

newn, mesentery, omentum, etc., in the peri toneal cavity. 

Unfortunately such a technique can not be extended to other 

tissues. 

II. Disappearance Rate of Macromolecules from Blood 

The same dyes used in appearance rate measurements 

11 



have been used to estimate changes in t.otaJ body capillary 

permeability. This is done by measuring the rate of disap­

pearance of dye from the plasma following intravenous in­

,jectlon. Benditt et a1 (1950) used Evan's blue for such a 

study and demonstrated the effect of hyaluronidase on cap­

illary pe0neability. 

Szabo et al (1958) used Evan's blue as well as 1311 

allJumin in dogs :trradiate.d Hi th 500 to C(OO R of X irradia­

t:l.on. rrhey SEtH no ch<=mge In rates of CH[lappearance from 

the blood in irradL:l,ted dogs. 

Wish et al (1952) using 1311 homologous and heterolog­

ous plasma in rabbits showed that the disappearance rate 

increased eight days after 1000 R whole body X irradiation. 

Shaber and Miller (1963) injected J311 fibrinogen into 

rats intravenously and measured the ratio of plasma activ­

ity to whole body activity at various times after irradia­

tion. '1'11e ratio remained relativel'y constant in the con­

trcil rats but in the irradiated rats dropped by about a fa~­

tor of three, several days after irradiation. This indi­

cates that there is a shift of fibrinogen out of the plasma 

presumably into the interstitial fluid in the irradiated 

ariima1s. This shift is probably due to an increase in cap­

illary permeability although Szabo et al argue that it may 

be due to lymphatic blockage. This point will be consid­

ered in more detail later. 

III. Plasma-Lymph Ratios 

Consider the relatively simple model of capillary per-

12 
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meability and lymph fl0VJ in Figure (1). If 1311 a1bl.unJ .. n 

has been injected a long time ago so that complete mixing 

has occurred, then the equation defining the rate of movc-

ment of albumin aeross the capillary membrane VIill be: 

(1) 

4 1s the flux of albumin in moles/minute and P·S is the 

pcrrneabiljty of the capillary membrane times trw area 

available for exchange. Cl - C2 i3 the dIfference in con-­

centration across the membrane~ 

At the same ttme lymphattc return is providing an 

equal but opposite flow of albumin into the plasma compnrt-

mente 

== L C·") 
( .. (2) 

If we set the tvro terms equal, VIe can obtain the follmllng 

equation defIning the lymph/plasma ratlo, H: 

f.... p·S 
R - Cl P'S+L (3) 

This equ'ation is the basis for calculating capillary per-

meability by measuring the equilibrium concentration of 

tl"acer macromolecule in plasma and lymph and measuring 

lymph flovl.Renkin (19611-) has derived thi.s equation and 

shows that it is valid as long as the permeability of the 

capillary wall to the molecule of interest is very·much 

lower than for water. This is definitely the case for the 

various macromolecules used by the investigators using this 

13 
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Fig. 1 

A simplified model for radioactive albumin kinetics. Vl and 
V 2 are the volumes of the respective compartments. C]_ and 
C2 are the concentrations of radioactive albumin in tile hvo 
compartments. p·s is the exchange rate between the two com­
partments for albumin. L is the lymph flovl from the extra­
cellular fluid into the circulation. 

14 



,r 

teehn:Lquc. 

This technique has been used by Garlick and Henkin 

(1970), by 1·1ayerson et al (1960) and by Chien et a1 (1964). 

None of these groups has looked at the effect of irradia­

tion. Chien et al (1964a) have used th:Ls technique to show 

that capillary permeab:Llity incrcaseG consi-derably follo\'[-

ing inje~tion of E. Coli endotoxl.n . 

. i 



PC~l'lilea bill ty 

Since exchange of matefial through the capillary walls 

is essential for existence, disturbances in that process 

are of considerable interest. Jenkinson and Brown (1944) 

have suggested that the ckmge tn cap:L1J.ary permc-;abil1ty 

·after irradiation is the primary i~jury leading to the var-

fous syndpoiilc S seen later. 

More specifically, Ross et al (1952) have suggested 

that capill~ry fragility arises from the changes in capil­

lary permea biJ.i ty. ~l'his fragiJ. i ty ,in t.ur'CJ, leadfJ to gen­

eralized hemorrhage that can cause death. Thus measure­

ments of captllary permeability may be u;:;c:ful in predictl.ng 

the occurrence or the hemorrhagic syndrome. 

There 1.s some evidence (Doyle et a1 1971) that early 

incapacitation and unconsciousness following very high 

doses of trl"ad:i.ation are mediated by the increase in bra:Ln 

capillary pcrmeabj.lity. This point is of particular inter­

est to thG military since it is important that a pilot does 

not become jXJcapaci tated lmmediately, even if he has re­

ceived a super lethal dose of irradiation. 

The study of capillary penneability changes after ir­

radiation has progressed from the demonstration that it did 

indeed change, to measurement 0; the time course of that 

change, and fina1ly to an attempt to understand the mecha­

nisms behind the change. 

Most investigators in the field agree that capillary 

16 

'. 

./ 



'.' 

", 

n 1.• t" ~'lr ,-" a . ~~.tl.-o.J c showed that there i.s em tncUrect effect of' irl'adi-

ation of the hypothalamus that would be overshadowed by di-

rect effects during \lJhole body irr'acliatJorl. He implanted 

small BOy rods into the hypophysis and found an increase in 

capillary penneability in the eye. However direct irradia-

tion of th8 eye caused a much larger iDcrease. 

Szabo et 81 (1958, 1967) suggest that impaj_red lyinph-

atic return is the problem and that the increased clearance 

rate of macromolecules is due to this .hlockage. This is a 

p08sib:L1:i_ty t113'L: has often been overlooked but could indeed 

explain many of the experiments Without recourse to 1n-

cr,eased cnpillary permeabil i ty. On the other' hand, "Bigelow 

et a1 (1951) found an increase in thoracic duct lymph flo\'1 

in the dog from two days after 350 Rwho1e body irradiation 

until atl 1(1]-16 as 17 days post irradiation. 

If we_ignore this controversy for the moment, we can 

go on to consider the time course of changes in capillary 

penneability following irradiation. Most studies have been 

conducted at a single time after irradiation and so do not 

givc much :i.nformation about hO,\,I captllary permeability 

changcG in time. It ts virtually imposstble to compare the 

various experiments becausc of variations in species, 

strains, techniques and doses of irradiation. Harris (1965) 

measured capillary penneabilityat various times after 1r-

radiation in the rat using the technique mentioned in the 



was increa2~d wlthjn two hours after 750 R whole body jrra­

diat:Lon, rei.urned to normal levels at 12 hours and then in­

creased again by 48 hours after irradiation. This observa­

tion was confirmed (Graham 1971) wj.th rats irradiated with 

Boo rads fast electron 1rradiati.on. Capl11ary permeability 

of gut lne.cea~3ed \',:ltllin 30 minutes tlfter trrc!cHatloh, re­

turned to norma1 at 1+ hours} VIas elevated at 2LJ· hours, and 

remained elevated for several days. Such blphasic responses 

have been repoJ."'ted before (VI:i.lhelm 1962, Haley et aI, 1952). 

This blphasj.c pattern suggests that either a cyclic 

phenomenon or' hI0 separate pllE~noli1ena are tnvolved. ~eVIO 

techniques have been used to investigate the mechan:i.slf1S be­

hind1the observed increases, phaDf10cologic and microscopic. 

The pharmacologic approach is typified by Willoughby (1960). 

He used antihistamines, antiserotonin, antiesterases and a 

variety of other drugs. Antihistamine and the antiester­

ases were effective at 24 hours after 1500 R local X irra­

diation to the gut. Antihistamine was not effective at 48 

and 72 hours, but the antiesterases were. Willoughby in­

terprets this to mean that hlstamine is at least partially 

responsible for the increase at 24 hours but that esterases 

or proteases are responsible later on. In previous work 

(Graham 1971) an antihistamine-anti serotonin was shown to 

be effective in suppressing t~e j.ncrease seen immediately 

after irradiation but was not effective 48 hours later. 

Harris tried an antihistamine in his experiment and found 

18 



no effect at 6 hours after irradiation enG Jo11e3 and Har-

rison found no effect at go minutes in the rabbit. 

The microscopic approach to discerning mechanisms is 

to observe the responses of capillaries to various chemical 
'\ 

and physical trauma by direct observation. Zweifach and 

Kivy-Rosenberg (1965) showed that EDTA had a pronounced dis-

ruptive effect on the capillaries until at least 10 days 

after' 750 R \,lhole body ir-radiatiorl. 'This VIas interpreteel 

to mean that the basement membrane was \·Jea.l/.ened during this 

time interval. 

One last factor of importance is 'the thrombocytopenia 

that occurs several days after whole body irradiation. 

Thromboc~Ttopenia has been shm'/n to correlate with the onset 

of ' the hemorrhagic syndrome (Cronkltc ct a1 1952). Nore re-

cently Johnson et al (1964) have shown that capillary cndo-

thelial cells continually ingest platelets and incorporate 

them into the ir cytoplasm. During experirnental thrombocy-

topenia the endothelial cells gradually shrink, leaving 

gaps between adjacent cells. '1'his "'10uld be expected to re-

. suIt in an increase in capillary permeability and frag:L1ity. 

When we try to put all of the above factB together in-

to a single picture of what happens to capillary permeabili-

ty after irradiation and why, a certain degree of confusion 

results. This is probably due to the variety of animals, 

irradiation doses and time of observation after irradiation. 

The f011m'1ing summation might be expected to apply to rats 

or dogs' exposed to mid-lethal doses of X irradiation, since 



Apparently capillary permeabiljty lncreases shortly 

after trradlation, returns to normal levclE, a few hOUl'S af­

ter irradiatlon and then increases and remains elevated, 

without further increase, for several days. 

The very early increase secm;::; to be: due to h1.stamine 

and serotonin in the rat. In addltion, histamine seems to 

be at least parU_cdly reBponsiblc for the elevated permea­

bility seen at 24 hours after irradiation. The jncrease 

seen after 2)1 hour;:; seems to be due to El.t least three fac­

tors that ovor<Lap one another 30 that thc::y are not secn as 

~eparate phases. Estcrases or proteascs appear to be a 

per'tl.nent factor 2 to 3 days after irradiation. IJ'hen a de-­

terioration of the basement membrane and a progressive 

shrinking of the endothelial cells maintain the j.ncreased 

permeability for several days until the animal either dies 

or recovers. 

It is not clear where to put the reduced lymph flow 

hypothesis in this scheme. If it is of significance in the 

explanation of increased accumulation of macromolecules in 

the extravascular space, it is probably so only after sev­

eral days. However the question of the relative importance 

of lymph f10\'! change~} is still ~L.li te open. 

The present study is an attempt to measure the changes 

in capillary permeability and lymph flo1;J after irradiation. 

c!O 
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In addition to the c)Y'teries, vulns) Clnc1 capi.llal"ic:~; 

which make up the main circulation system in mammals, there 

is a ly~~hatic system, which consists of a large number of 

thin v-Jalled vessels with many or5e 'day valves that return 

interstitial fluid to the circulation. There is a contin-

ual movcm~nt of fluid from the main circulation across the 

capillary endothelj,um hlto the intersti ti.al space and tack 

to the blood:3tr-carn via the lYlOpl1atics. 'rhe: lympbRtic sy6-

tem is essential fOr" preventing the accumulation of fluid 

in ,tissues "LlwouglJOut the body. This t::; accompltshed by 

bulk transport of fluid which maintains the protein concen­

tration of the intersti t1al flu:i.d a t, a 1evel belo'.'i that of 

plasma. Since the permeability of the capillary walls to 

proteins is relatively low, the continual lymphatic drain-

age is able to keep the concentration of protej.n in the 1n­

terstitial fluid at a relatively low level. The osmotic 

gradient is tben toward the plasma and most of the intersti­

. tial water, lost from the circulation due to hydrostatic 

pressure, goes back into the circulation directly through 

the capillary walls. In rats, the concentration of albumin 

in the plasma is 3.5 g/IOO ml and is 1.5 g/IOO ml in the 

thoracic duct lymph (Yoffey and Courtice 1956). Lymph is 

used as a representative sample of interstitial fluid by 

some investigators (Renkin 1964). 

The ratio of plasma albumin concentr-ation to that in 

the lymph depends on both the rate of lymphatic return and 
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the rate ·at which iL diffuses across the capillary wall 

into the jnterstltinl fluid. This observation can be quan-

titated and the resu1t1ng lnoc1el can be u;:;cd. to estlmate to-

tal body movement of album1n out of the capillaries and the 

rate of return of albumin to the circulation via the lymph. 

Because of the relatively high permeability of the 

hepatic c2pill2.Y'ies to alburrrLn, the ;·wpat:ic extracellulDr 

spaee comes into equilibrium with respect to the plasma 

quite rapidly (within one hour). Thereafter the effective 

plasma volume includes the hepatic extracellular volume. 

Thus the calculated average total body capillary permeabil-

ity and lymqh fJ.oill do not include any ccmtributlorJ from the 

liver. (See also appendix 1). 
I 

; Consider the model for albumin kinetics shown in Fig-

ure 2. The differential equations for thJ.s model are: 

(1 ) 

. 
V2C2 - +P·S Cl - (p·S+L)C 2 (2) 

where CI and C2 are the concentrations of tracer albumin in 

the plasma and interstitial fluid respectively, VI and V2 

are the corresponding volumes, p·S is the average permea-

bility of the capillary walls to albumin times the area of 

those walls available for exchange of materials, L is the 

lymph flow and a is the removal rate constant of tracer due 

mostly to breakdown of the albumin. 

The simultaneous equations (1) and (2) can be solved 

22 
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DBL 7211 5559 

Fig. 2 

The model of radioactive albumin kinetics used in the theo­
retical analysis. VI and V2 are the volumes of the two com­
partments. Cl and C2 are the concentrations of radioactive 
albumin in the two compartments. p·s is the exchange rate 
between the compartments for albumin. L is the lymph flow 
from the extracellular space into the circulation. a is 
the excretion rate of radioactive label from the plasma. 
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by set t ins up the j'c)110w1ng dete rnJin3nt. 

- 0 (3) 

Expanding the c1eterr;]:I.nallt g:i.ves the Ch[H'acterist1c equation: 

A + 

The tHO roots or the equa tlon ape /'1 and I'?~ and. the form of 

the so.lutloil fOI' C1 is: 

vre cfan ahw say from equaU.on (11) that: 

and 

p. S·+·L 
V2 ( 6) 

(7) 

B1 and B2 must sum to the initial concentration, at t = O,of 

tracer albumin in the plasma~ Cl (0) 

(8 ) 

" 

The other initial condition is that C2 (0) = O. Then from 

equation (1) at t = 0 

(9) 

"",' 
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(10) 

combining (9) and (10) 

(11) 

. Now we ha"8 three equat:ions 6, 7, anll 11 anel thrce unkno\'Ins 

p,. Land 0,. (1.'l)e un}.;nov:ns are easIly so1ved for especiaLly 

if VIC simpllfy the equations to: 

P·S+L ::: A := --'iJ;-- (12) 

(13) 

(14 ) 

(l~) from (12) yields 

A - C ( 15) 

(13) divided by (15) yields 

a == ("-1L) V A-C 1 ( 16) 

(14) then converts to 

p·S := CVl - a (17) 

and (15) converts to 



J" -- (r r' ) 'r . p~' "J' .. - \ r\ ,.'. \j \. 2 -. .. ;) ( 18) 

Converting ba d:: to the orjglnal varia 'ole s, 

0; == (19) 

(20) 

(21) 

131- '~nd B can be esti.rnated from the plasma c. - 2 

disappearance curve for albumin after ,resolution into its 

cornr)onents (Fig. 3) and since Vl can be estimated us:Lng the 

initi~l album:Ln dilution and V2 can be estimated using ini­

t:La1, tnulin d:Uution, (these assumptions are discussed at 

leng{h in J\pgendJces land 2) a., p. Sand Lean he calcula-

ted. 
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Radioactivity of 20 ~l plasma samples following injection 
of 131 I albumin. In the lower part of the figure the curve 
has been resolved into 2 components by subtracting the ex­
trapolated final component from the points at 1 through 6 
hours after injection. The early part of the curve shows 
that there is a third component that was not resolved 
since it is not used in the calculation. 
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MateriaJs and Methods 

l~nh(jals 

Hale Sprague-Davlley r'ats vJeighlng 1:)0-300 grns Here 

used. The rats \'ieee housed in groups of l~, in plasttc 

cages with wood shaving bedding. Following cannulation 

(see appencHx.3) they \lJore housed incHviciually. One group 

.was gi~en 0.9% NaCI and another 0.7% NaC] + 5% dextrose in-

stead of water. All the ~ther groups received water. They 

vlere allmwd fr'ce access to food and flulc1, except for 24 

hours after irr~diation. Both irradiated and control rats 

were denied food during this period. This is because any 

food eaten by rats after irradiation, remains in their 

stom~chs undigested for at least one day. 

IsotopicalJy labeJed tracer materlaI 
. - -------_ ... -----_._--_ .. _--------,----
1311 human serum albumin (Albumatope1-l31 E.R.Squ1bb) 

in a volume of 2 ml was diallzed at 4°C against 1 liter of 

0.9% NaCI for at l~ast 24 hours. 

3~S04=' 14C sucrose and 3H inulin (all from New Eng-
I 

land Nuclear) were used at different times to measure the 

ext~acellular volume in rats. Each of these tracers was di-

luted to about 50 flCi/m1 \'1i th 0.9% NaCl and mixed with 131r 

albumtn prior to injection. 

~251 bovine serum fibrinogen (New England Nuclear) was 

I1cleared" just prior to its use, by injecting about 200 ~!Ci 

into a rat. The heparinized plasma from this rat was used 

as the source of 1251 fibrinogen for subsequent injections. 

2~3 
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source. Tr1e dose rate via. s 30 r'ild/m1n. In one experiment 

the rats r(;ceived 700 rac1L") and in [:illothcp, 1000 Pads + 5%. 

Dosimetry was done with a Victo~een ionization chamber, 

calibrate!d fop GOCo ipradiation. 

l?lood f:',2mpJeD \\'e1'8 taken from the r(:ts at regular In-

tervals folJmdrJ[; intravenous lnject:Lon of the isotope m1x. 

Thi samples were taken with a semiautomatic blood sampler 

(Graham 1971a), Each sample was drawn into a 60 ~l hepari-

nlzed capillary tube, flame sealed, and ccntr1fuged. r]1he 

capillary tube was then scored with a diamond pencil just 

a~9ve; the [.luff:; coat and br-oken carefuLLy. Uslng an auto-

mattc pipette (Eypendorf), 20 f-ll of plasma was withdra\'m 

directly from the tube and mixed with 0.1 ml heparinized 

water (5 un:its/ml) \\'11ich v:as in a scintiLlation vial. One 

ml NCS (Amersham-Searle) was added to dissolve the protein, 

and the vial was placed in a water bath at 50°C for 10 min-

utes. The vial was cooled and 18 m1 scintillator solution 

(6 g PPO/lU:.er tOluene) was added. The saliiples were COUll-

ted by energy discrimination with a liquid scintillation 

counter. No difficulty was experienced in discriminating 

between 131r and 14C or between 131r and 3H. 

Exeer:tmenta1 12I'oeedure 

Chronic polyethylene cannulas were placed in the ca-

rotid arteries and jugular veins of the rats 4 days before 
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tep the carJll;;J~ltj()n and thus dr'i:HJl: the new ~)()JuticJlls for ~~ 

days befor'(' til(: expcY'ilrrent began .'l'he ll'l'udlated I'ats VJcre 

irradiated 2 Cbyti 't':;cf'ore the rncasuPcrncnt. of pE::Y'meabLLity 

and Jyrnph rlO\'l lJegan. Corl trol s v·!c: r'c run :.:J :Lmul 'cancously 

\'.J1th cach c>:pcl'imental gY'(1).p cxcept:tng t.he saJ:Lne + dex-

1,r'08C drinldng I'atf3. Sharu :l.rracl:Lated cC(ii.:r'oJs Viere used 

'.'Itt}) the lO()() road [;rCJup. AlI the contI'ol grcup~c; Vlerc simi-

lar tn final caJ.culated parameters and so were included in-

to one grou,p. 

On tile (ic,y of the:: bq;inning of the Lic:::asUreJiicnt proce-

du:cc J 5 rats I'.'c:re :Lnjectcc1 via the JUe;U1cH' cathc;t.er \,li th 

tilE:! isotope mixtul"c: in 0.1 ml rJonn: l l :JulIne. 'Ihis I'ms 

washed l.n \'a tIl O.~? 1111 saline and the r(Jt,~i Here subsequently 

sampled at reGular intervals via the caroU.d catheter, 

using the blood sarnpler (Graham 1911a). The inJectton and 

sarnpl:Lng tj.wes for the vartous rats V.Jel'C jnter'vIOvcn so that 

it Vias feasible to 1'un 5 ruts siloul taneously. 

Analysts of data 

The disappearance curves were p10tted on semtlogarith-

mic paper and analyzed as described in appendices 2 and 3 

and the theory scct:Lon. 

The significance of differences bctw~cn groups was de­

termined twing the one tail r,lann-Hhltney U ~\est (stegel 

1956). The P values mentioned are the probability that the 
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tHO groups have the S2JI18 mean. 
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Results 

Figures it, 5 Rnd 6 shov! dtsappearanee eurves for 1311 

a1bumtn and 3II t1'1\)1in from th(~ pla;.~ma of contl'ol, 700 rac1, 

and 1000 rae) ).r-r'adi.ated r-El ts re specti vely . ~\he cHff.'cren co s 

between the curves are not readily apparent, but are sum-

marized t1'1 the rci110wlng figures. 

'].'he f:Lve [.:eoups of rats are: (1) Rats that htid been 

drinlcLng ~ __ 9':;2-.tL?_gJ. in i'vate·r for l+B hours prior to the :i.1'1-

jection of the isotopes. Th:Ls was an effort to increase 

the totaJ. body Hater of the rats and to incl .... ease the J.yrnph 

fJ.ow. Their water consumption was about the same as that 

of control r'ats. (2) Hats that had been c12i.nking 0.7(~.JJaC...:l 

±-5 __ O';2..J1e~.~~.~.<?~e 1n water for 1~8 hours prlol .... to the in je e­

tion'of ~he isotope. Thts was a further effort to increase 

lymph fJ.ow. 'rhQi.:C' vlater consumpti.on I'laS 5 to 10 times 

greater than control rats. (3) 9.222.~~01 rats. (II) RatfJ that 

received 1000 rads Cobalt-60 irradiation 4B hours prior to 

the injection of isotopes. All of these rats died within 6 

days after irradtation. (5) Rats that received 7CLO rads Co­

bal t-60 irradtat:Lon lt8 hours prior to the tnjectlon of iso­

topes. I\10st of these rats also dted I-'lith1.n 6 days after 

irradiation. The survivors at that time were mortbund and 

,(lere sacrificed. 

Figure 7 shows the average plasma volumes for each of 

the five groups. Plasma volumes were calculated using the 

extrapolated initial 131r albumin dilution (see APpendix 1). 

The only group with an average plasma volume different from 

., 
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131r albumin and 3 H inulin disappearance curves from plasma 
of a control rat. 
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131 1 albumin and 3 H inulin disappearance curves from plasma 
of a rat which received 700 rads 48 hours previously. 
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131r albumin and 3H inulin disappearance curves from plasma 
of a rat which received 1000 rads 48 hours previously. 
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Plasma volume vvas determined using the extrapolated initial 
131 r albumin dilution. The groups indicated are explained 
in the text. 



contr'ol is the 1000 r2el group. Tlle dtff(;penc:e Ul S:lc;rLLfi.-· 

cant at the P < 0.001 level. 

Figure 8 shows the average extracellular fluid volume 

(including plasma vOlume). Extracellular fluid volumes 

~erei calculated using the extrapolated final 14C sucrose 
J . . 

dilution (in the first 2 groups and their accompanying 000-

troIs) or 3H inulin dilution (in the irradiated groups and 

their ~ccompanying controls) (see AppendJ.x 2). The 700 rad 

group shows an increase in extracellular fluid volume sig-

nificant at the P < 0.01 level. 

Figure 9 shows the average total body capillary per-

meability-area product exclusive of hepatic capillaries 

(plasma albur:l:i.n equilibrates vlitr) the hepatic extracellular 

sp~ce sorap:i.dly that hepatic capiJ.lary permeability cannot 
I 

be measured). This global permeability was calculated as 

described earlier in the the6ry section.· The 700 rad group 

shows an increase of 47% (P = 0.025) and the 1000 rad group 

has an increase of 98% (P < 0.001). 

Figure 10 shov!s the calculated total body lymph floVl 

exclusive of hepatic lymph flOi'J. This \·18S calculated as 

d~scribed in the theory section. The 700 rad group had an 

increase in lymph flow of 124% (P < .001). The other groups 

showed no significant change frofu the control values. The 

increase seen in the saline drinking group was due to one 

ra tV-li th a calculated lymph (low of 56. L~ ml/hr/kg body 

weight. This is about 4 times higher than the other rats 

in that group and is probably not typical of that group. 
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Extracellular volume was determined using corrected inulin 
dilution (see appendix 2). The groups indicated are explained 
in the text •. 
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Average whole body capillary permeability-area product was 
calculated using formula (20) on page 26. The groups indi­
cated are explained in the text. 
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Whole body total lymph flow (excluding hepatic contribu­
tion) was calculated using formula (21) on page 26. The 
groups indicated are explained in the text. 
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Figures 11 and J.2 show the calcuJ.ated lymph/plasma con­

centration l'at,io of' albumin and the per'cent of albwnin tll9.t 

ls extravascular. Both parameters were calculated using the 

calculated valuer:; of permeabLLi ty and :lymph flow. rrhe par­

ameters are calculated in much the same fashion so it is not 

surpris:Lng~ that the~T behave similarly. In both cases the 

700.1"ad grol.l.p is about 25;[, beloN contY'ol (P < 0.01) and the 

1000 rad group considerably above cDntrol values (P < o.OOD. 
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The equilibrium lymph/plasma concentration ratio was calcu­
lated using eq. (3) on page 13. The groups indicated are 
explained in the text. 
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The fraction of albumin that was extravascular was calcu­
lated using the model discussed in the theory section. The 
groups indicated are explained in the text. 
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Ycfi'cy ::~ nei COD !:'t 1c 2 (I~ 56) observed Uu. t in ra t s ~-n tll 

cannulated tilol·'acic ducts, Jymph flo'd increa~ed enormously 

when the rats drank saline or a mixture of saline and dex-

trose. The results of the present study indicate that. in 

intact rats there is only a modest increase in lymph flow 

even \';hen thE! rat,f:' arc dr-inking a large Dlii(lUnt of water. 

If \'Ie aecept both studies as valid,. hov! Cein this be· CX~ 

pIa in ed? ~i'he e [.:;sent ial d i ff'erenee betv:sen the t\\'O experi·-

ments is that the thoracic duct is intect j.n one case and 

not in the other. In Yoffeyand CouI'tlce IS observation the 

volume removc.'cl vta the thorac1c duct alrno~;t equalled the 

excess con;;~.l)nption, \'rtth only a sllght incl'ease in urine 

output. S~.nce the thoracic duct was bein[~ dr-aJned,the net 

drivtng pressure in the lymphat1c systeJrl is greater and 

would be expected to result in an increase in lymph flow 

above normal levels. f1'11is probably actually dehydrates the 

rats and only vlhen \'lCtter intake is constcJerably above llcr-

mal are they at a normal level of hydration. 

In the intact rat there are several mechanisms opera-

tlng simultaneously that can explaln the maintenance of 

lymph flow near control levels. The rats drinking 0.9% sa­

line d}dnot increase water consumption, so would not be ex-

pected to show increased lymph flow in any case. The rats 

drinking 0.77,; sal ine + 5jb dextrose showed a large increase 

in Vlater consumpti.on and at the same time exhibited an 
/ 

equally large increase in urine output. The dluretic rcs-
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ponse in the rat is apparently so accurate th~t by the time 

the experiment began, JIS hours aftel:' starot.ing to drink sa-

'line + dextrose, p1asma volume and ext.rac;E;llulal' volume 

were almost at control levels, 

Most of the increase in thoracic duct flow seen by 

Yoffeyand Courtice prolJably originates in the J.:Lver since 

hepa U.c cap:L11 aric: s are mOr'e permea bJ e than any others :i.n 

the body and plasma is about in equlJ_ibrium with the extra-

cellular flu1.d in the liver. In the preLlcnt exper>iment, 

because of the rapid equilibration of plasma albumin with 

hepat:l.c -extracellular fluid albumin, hepoti.c lymph f10\,1 is 

not included in the calculated lymph flow. Thus any in-

crease in hepatic. lymph 1'10\'1 \'!Ould not have been seen. 
, " 

'. The increase in calculated capillary permeability-area 

product seen in both irradiated groups has been seen indi­

rectly before. This increas~ has been inferred from the in-

creased disappearance rates from the plasma of albumin and 

fibrinogen. HOVlever the technique reported here seems to 

be more sensitive than simply looking at disappearance 

45 

rates. A comparison of Figure 13 with Figure 10 shows quite -

obviously that there is a more pronounced difference between 

irradiated and control groups in the calculated permeability 

than in the t 1/2 1 s of the second component of the albu.min 

plasma disappearance curve. In addition, the dose response 

of capillary permeability to_irradiation 1s not apparent 

from the t 1/2 1 8. The reason for this contrast is that 

other Parameters than capillary permeabllity change at the 
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Half times for the equilibration (second) component of 131 r 
albumin disappearance curves. The groups indicated are ex­
plained in the text. 
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same time. Slnce the slopc of thc dtf;'iJPp2ar~·tr1ce curve (\c·-

pends on a (~ombin.at.Lon of permeabilIty, lymph flO',·J) and the 

volumes of pJa!,ma 2nd Gxtrar.;ellula:e f]uid, j.t is not sur-

pr'ising ti"wt it does not cOr'relate vep] \'Je11 wi til only one 

of the pararnetcrs, permeabil i ty. 

An increase in capillary pe~neabillty to proteins would 

normalJy be expected to couse an lncre':'lse tn lymph flm'!. 

'1'he tncreasecl l!10'leliJCnt of .proteins aero.:;.;;:; t.he capillary wall 

should c~use an increasc in the concentr2tion of protein in 

the interstitial fluid. This would cause a drop in the 

tr~nscapillary-wall osmotic pressure and less water would 

be returned to the Circulation across the capilJary walls. 

Assumtng the lymphatics are operating properly and are not 

bloc}::ed and that the animal is active enouGh to provide the 

pumping action on the lymphattcs, then lyrnph flow should in-

crease. 

This apparently happens 1n the· 700 radgroup. However 

the increase in l]D~h flow is greater than would be expected 

from the above argument, assumtng a linear relationship be-

tVleen caplllary permeability and lymph floVl. If the above 

explanation was correct then there should be a slight ex-

pansion of the extracellular space and a slight shift of 

protein out of the plasma into the j.nterstitial fluid. 1n-

deed there l's an increase in the extracellular space but the 

increase in lymph floVl is so great that the protein concen-

tration of the extracellular fluid decreases. This is pos-

sj.ble since the movement of albumin through the capillary 



v;all[~ is 1ndcpendent of vIater movement. '.I!lUS an increase 

:i.n vmter- fILL;':: thr'ough the capillary vralI:.; I'LL tll0~Jt:8.n (::qu:lvn­

lent increa~)e :i.n peI'meClbi11 ty to albumj,n wlll 1'(;[3'\).1 t J.n an 

increase tn,lyml1h flo\'! and decrease 1tl the,concentration of 

a1bUlilin in the interstitial flu:i.d. rrhe pe1ationship be-

t\'Jecn extracellular volume and lyrn~h f101'/ may h,ave quite a 

steep slope, i.e. a small increase in extracellular volume 

ca.tJ.ses a l;=n"ge change :i.n lymph flc\<!, Ce:ctutnly dlU'in[; cJe-

hyC'J.r'ation, \'Jhen 1Ylnph flow almost dlsappc::.'.Ps, there is only 

a small decrea3~ in extracellular volume (Yoffey and Cour­

tice 1956). It then seems reasonable that the increased 

flow of water through the extracellu~.ar space is responsible 

for the increase in extracellular volUlne. 

Surprising1y, the pj.cture ts quite different in tr;c 

1000 rad group. Lymph flow is calculated to be at control 

levels. However this group also shows an elevntedplasma 

volume as well as an elevated extracellular volume. These 

elevated v01umes could be due to release of intrace11ular 

water and protein due to radiation induced cell death 

(Szabo et al> 1967), or may be a form of starvat:i.on edema, 

although the latter seems unlikely only 48 hours after ir­

radiation. 

The generalized debilitation of these animals may be 

iesponsible for the unexpectedly low lymph flow. Since the 

1000 rad lrradiated animals were relatlve1y qulet compared 

to controls, there is less pumping action on the lymphatics. 

This would account for the expanslon" of the extrace11ular 

ita 



space vICU.lcl. favor' an (l eculllula t:i. on of pr'ot.cjn and tllen Via ter 

in that sp2ce. 1~e increased plasma volume docs not seem 

to be explc1:i.na.ble in the scheme but nev(;l'tbeJess Clppears to 

be peal. <"1.,(,'1··1 oJ' ncr"e' "c"" I.) .1\. ~ .! ... ~l b ., ~.l in plasrncJ vol·u.rnc !lave been repor-

ted earl ler' (G ilbert et 81, 1961) al t!lOugh therc: are con-

f1i c t ing:c(;':~) ort. ~3 ( S ",·~ l~ t· 
'- •• J_ ~ 



Concluslon 

r['he ser':iCfJ of expej.'::.llj(mt~} reportod iJere V.Je1"e desiGned 

to look at the changes in lymph fJ.ow following acute whole 

body irradiation. It seemed probable that increased capil~ 

lary p<:~r'meab:iJ.j_ty would result in an increased fJ.ux of pro­

tein which jn turn would lead to an j.ncrcased flux of water 

out of the caVll1aries. This protein and water would have 

to be retur'ned to the circ\llation vi.a the lYlilpha tics. Vlhlle 

Szabo et a1 (1967) have suggested that there is actually a 

decrease in lymph floVJ fol} ov.,ring irradtation, the results 

of the present vmrl:-. support the concept of increased lymph 

flow. 

Hovrever, Szabo t s experjment~3 and the experime,nts l'e-­

ported he1'e are not str:i.ctly cornparabJ.e. Szabo et a1 used 

dogs 3 to 25 days following 500 to 700 R total body x-irra­

diation. By then the dogs had lost an aver'age of 16jj of 

body weight and may have been considerably dehydrated. At 

this dose and time after irradiation diar1"hea and dehydra~ 

t10n are probable (Bond et al 1965). Under those c1rcum­

stances 1 t is reasonabJe to expect a decreased lymph flo\'J. 

Because of the wide spread in the time after irradiation 

when the exper1ments were conducted, it is possible that the 

capil1ary pcrmeabil1ty may have returned to normal in some 

of the dogs. This is supported by a study that showed that 

in the rat J small intestine capi11ar'y permeabil i ty returned 

to norma11eve1s 9 days after 700 rads whole body irradia­

tion (Graham 1971). 
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The present work shows that in rats at ~8 hours after 

flow i~ increased or remains at control levels but does not 

decr'Case. 

An unexpe(~ted result of these experlments concerned 

the changes in lymph flov.f in rats consum:i.ng large amounts 

of dextrose and saline solution. Hh811 lymph is collect8cl 

from a thoractc duct cannula, fltdd adminlstration causes 

an enormous increase in lyn0h flow (Yoffey and Courtice 

1956), but in the intact animal there appears to be vir-

tua~l:ly no chc(nge in lymph flo\'l. 
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APP(:!ld:Lx 1 

f\lbumin Kl11e~ .. ics in the ru)t 

Hadlo2ctivc: iodinated album:Ln (rUl\) has been used· as a 

tr>acer for jnc}:ic(1toy.' di.lut:i.on deterrnjnat10rl of plasma vol""-

ume for years. In this study it was used to measure plasma 

volu.me and, in addition, was used to rnea;;lUPC cap:i.1Jary per-

meabi.lity (;l.nd Jym1Jh flow. Obvt01..wlJ it L3 important th2t 

each part of the d:L~)Clpp8aranee curve j.B understood and used 

in the prop8r context. 

Figll.re Ill" 8110'llS a r'epr'esent3t:Lve disappearancf:; curve 

for RIA from the plasma of a rat. There is an initial rapid 

drop in activity With a half time (t 1/2) of about 15 min­

utes, followed by a slower portion with a t 1/2 of about 4 

hours, and finally the last portion with a t 1/2 of about 18 

hours tllit lasts for several days. 

The final portion is almost certainly due to breakdown 

of the RIA and excretion of the radioactivity. Terres, 

Hughes and 1'Jolins (1960) in a ~3tudy Vlith rrilce,using hu.man 

RIA, shov.red tlwt the pla;)ma ac'clvlty curve paralleled the 

whole body activity curve after B hours with a t 1/2 of about 

15 hours~ This indicates that the final part of the disap­

pearance curve in mice is definitely due to excretion and 

this is probably the same. in rats. It is unlikely that it 

vwuld talce about 8 hours for albu.min to equilibrate in the 

mouse and take more than 4 days in the rat. Campbell et al 

(1956) observed that equilibration of homologous iodinated 

albumin in the rat occurred within 48 hours with a final 
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Radioactivity of 20 ~l plasma samples following injection of 
131 I albumin. In the lower part of the figure the curve has 
been resolved into two components by subtracting the extrap­
olated final coraponent from the points at 1 through 6 hours 
after injection. The early part of the curve shows that 
there is a third component that was not resolved since it 
is not used in the calculation. 
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llzed );10re r21lJtdly than hc)m(>logous albumin (\Hsh et (11952). 

The rapid lnitial portion (t 1/2 = 15 min.) of the RIA .. -

cHsappcardnC8 cU.J:"'vc irnp1ies that thel'e :1.8 a space vl:L til VJhlch 

plasma albumin can exchange relatively rapidly. There was 

VOlume) and 

therefore it 'vras not llf:.cd in the calcu1attons of' pcrrneabLl-

i ty and lymph 1'10\'/. rrl1is space is prob:-loly the extracel1u-

lar space In tIle 11ve1'. H:Lnchell etal (19611_) 8hm'! that in 
I 

dogs, following intravenous injection, nI~ appears in hcpa-

t -l'C lV[I]r)\.--. ".)"-1. "t Jjr) of' ,·,t-c'-';- -'0 ""l'n'lt--" \) . 1:- II 'V'" lJ J.l (",1,. ~ ¥ c. . u.) Jl,4, v..) J I, .I. l... (:; 0 • It is lmm-m 

meablltty ts muc:h l1i.ghel' than for oUler tissues. '1'l1us it is 

probable that the liver accounts for the rapid early portion 

of the cu:cve. 

The extrapolated j_nterc:ept of the second portion of the 

album:Ln d:L:=';c!PPc2r'anc:e curve vms used as a measur-e of effec-

tive plasmCl volume. rrilis volume probably inc1udes the 11e-

patic interstitial space. During the first minutes after 

injection the plasma conc(!ntration of tracer albumin is rel-

atively high. A similar phenomenon occurs with extracellu-

lar fluid tracers) such as inulin, resulting in a dispro-

portlonal excretion during the first few minutes after in-

jection (APpend:i,x 2). In the case of tnulin correction is 

necessary for the excess loss, but because of the relatively 
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tor rn:i..nllnlzlng any epr'or introduced by the rapid in1.tial 

component, is tll"t the pate of excretion cf album1n is prob-

ably not propGPtlonaJ. to i.ts plasma concentrat1on, but in 

some way depend;) on li.ver' activlty. Em'rever', if' it is as-

Burned that ;)]tum:i.n iB broken den'Ill only :j,n t}v;; p18.sma, 8. 

vvor's t ca S(' 8. S sumpt J.on, the re Gul ts of a ~Olilputer s ~.muJ.a U.on 

should incHcDte the largest error eXi)(!ctecl to ar-ise from 

thit3 problem. A three compartment model \','as used to set up 

the differenee equations for the computer simulat:i.on. The 

resultu of the simulation are shown in Fie. 15. In one 

case, plasmti mixes instantaneously with the hepatic extra-
, .! 

ce llular COlTI1)8r'tmcnt, and ~n the other, lnjxc sat a real is-

tic rate. fJ'he er'por involved can be seen to be approximate-

ly 3% and can be considered almost negligible in the face of 

the observed experimental variation. 

The slope of the second portion has often been consid-

erec1 to represent the equilibration. of albumin in the plas­

mawith albumin in the interstitial fluid. This is only ap-

proximately true since the slopes and intercepts of the sec-

ond and third components all combine ih the calculation of 

perrneaoillty as seen in the theor'Y section. Since the 

slopes and intercepts used in the calculation do not include 

the hepat~c compartment, the resultant calculated permeabil­

i ties and lymph flm'ls are exclus:i.ve of any hepatic contri-

bution. 
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Results of a computer sinulation of albumin disappearance 
curves for the bIO models shovm. ~1odel 1 assumes instantan­
eous mixing of plasma with the hepatic extracellular fluid. 
Model 2 has the hepatic extracellular fluid as a separate com­
partment. The excretion rate used was about equal to that 
found in the actual experiments. The program was written 
using difference equations for the 2 models with a step incre­
ment of one minute. The theory for the calculation of permea­
bility and lymph flow assumes that the presence of a rapid 
early component has little effect on the rest of the albumin 
ulsappearance curve. This simulation shows that to be the 
case to within 3% after one hour following injection. In the 
actual calculations, points earlier than one hour after in­
jection were ignored. In modell, Vl includes plasma plus 
hepatic extracellular fluid. In model 2, Vl is plasma vol­
ume alone. (See program #2, Appendix 4). 
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burnln for pLl~3ma volurnc detcnn:inatlons. F:i.brlLogen was cbo-

sen as a tr-acel' thcit nii.ght e;:L ve a lilor€:: ac{:urate estimate of 

plamoa V01WflC, 'chOil albumin. It \'Jas thouCht that; since fi-

brinoGen (lioo.; 000 IV}('J) is sornuch 18 rgel' than a1 bumin 

(69,000 l'n)) 1. t ~'l1ouJ.d le'ak out of the pl':(Sl'l3. more s10\'.[J. y 

th<:m alb1..unjn. 1.l'llis sl1uu16, make 11, easler to extpClpo1ate the 

initial p.:.~!'t of the cli.sappearance cu.rve bad:: to zero time. 

125I-bovinc; se:eurn f:i br-tnogen (NevI England JJuclear) \'las used. 

Bef'or'e inj(]ct:Lon in the test anlmals it \'las"cleared" by in-

jecting 200 ~Ci into 8 rat intravenously. After 2 hours 

blood was v.;lthdl'Clvm from tent. rat using a heparinized syr-

inge and centrifuged. The resul ttng pJaSl!18 \<las then used as 

th6~sourc6of fibrinogen and was used within one hour of 

collcc tion . 131 I hmnan se rum al burnln (E. R. Squibb) 1Nas dia-

lized against saline for 24 hours at 5°C and mixed with the 

1251 fibrlnogcn containing plasma. The approximate concen-

tration of .isotopes in the injection mixture was about 20 

~Ci/ml for each isotope. 0.2 ml Has injected into each of 

3 rats via the jugular cannula and washed in with 0.2 ml 

heparinized saline. Blood samples were then taken at regu­

lar intervals. The results can be seen in Figure 16. 

In each case there is a rapid early component vIi th a 

t 1/2 of about 15 minutes. rl'he calculated average plasma 

volumes are about 6.2% higher using the initial extrapolated 

values of the albumin curves than those of the fibrinogen 
\ 

curve s. '1'11 1s dtfi'erence could be due to a small compartment 
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Simultaneous plasma disappearance curves for 13l I albumin 
and 125 I fibrinogen from 3 different control rats. The 
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curves are not normalized for injected dose. If they were 
they would overlap to a greater extent than shown. The plasma 
volumes calculated from the initial albumin dilutions were 
an average10f 6.2% higher than from the fibrinogen dilutions. 
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that albwnin has rapid access to but that fibrinogen does 

not. Anothc:Y' possible explanation is that SOllie of the al­

bumin (about 6~) is partially denatured j and is removed 

frrnn the circulation very rapidly. 

This difference is of no importance in the present 

stuo.y s 1nce any errol'" introduced by us inc; al bumtn instead 

offibr-ino€:~:cn vwuld be consistent. CompZl.:"isons betvreen 

gJ.'OupS should still be meaningful •. 

This experiment showed that there is only a slight dif­

fer~nce between" fibrinogen and albumin in estimating plasma 

volumes. However both mater-ials have ·8 pJasma disappear7 

ancB cur-ve that has a rapid early component, probnbly due 

to the high permeability of hepatic capillaries. This could 

cause larBE errors in estimates of plasma volume if the 1n-

itial pOints were not taken during the first 5 or- 10 min­

utes after injection. 
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Appendix 2 

Extracellular Space 1'racer' ICinetlcs In the Hat 

A variety of materials have been proposed as tracers 

for the determ:Lnatlon of the extracelIular volume \.l.sing tn­

dicator dilu.tion techniques. Some are: j.nu.ltn J sucrose, 

manitol, thj.osulfatc, sulfat~J thiocyanate, chloride and 

sodlum (Pitts 1963). They all give different estimC1tes of 

extracellular volume for 8eve1'al reasons. Sodlum and chI or-

ide ions exist intracellularly to some extent and so tend to 

give an enlarged estlmate of the extracellular volume. 

LarGer molecuJ.es such as sucrose andinulln pass into the 

transcellular spaces, such as the cerebrospinal flUid, very 

slowly and so tend to give a smaller value . 

. In the present study, 35S04= was tried initially as the 

extracellular tracer. 804- is reabsorbed by the kidney and 

so has a much slower disappearance curve than the other sub­

stances such as inulln or sucrose which are not reabsorbed. 

This makes It much easier to extrapolate the semilog plot 

back to the time of injection. 

However, the reason for an extracellular tracer in this 

study waB to measure the size of the extracellular space 

that albumin enters. A relatively large molecule such as 

inulin or sucrose would be expected to define the albumin 

space much better than a small molecule such as 358°4=' 

Therefore either inulin or sucrose was used as the extra­

cellular tracer. 

Inulin and sucrose were found to behave similarly in 



the rat with sucrose giving a slightly larger volume. Both 

tracers are metabolized very slovJly, if at all, and are 

eliml.nated almost exclusively via the kidneys. This is ap-

parent frrnn figures 17 and 18. Figure 17 shows the simul-

taneous dis,Jppearance curves for 14C Gucr'ose and 3H inulin 

from the plasma of a nephrectomized rat. The disappearance 

curves for both inulin and sucrose are made up of at least 
'-

three expoocnt:Lal components. '1'I1e f1r'st component is very 

rapid Hi th a tl/2 of less than one minute. rrhls component 

usually ca~ not be seen explicitly, but if the initial con-

centration of tracer' in plasma is calculated using the ini-

tial albumin space, then the first cOlnponent can be esti-

mated. The first component probably represents· the equ:Lli-

bration of the tracer \'J1th the extr>acelllllar fluid of hj.gh-

ly perfused tissues throughout the body. 

The seeond cOlnponent is· interpreted us equilibrat10n 

with extracellular fluid in muscle. The t 1/ 2 of the second 

component is about 15 minutes. It is interesting that the 

slope of the second component is approxlmately the same for 

both sucrose and inulin. This implies that the phenomenon 

r~sponsible for this component is not simple diffusion since 

capillary endothelium is about 10 times more permeable to 

sucrose than to inulin (Landis and Pappenheimer 1963). 

Hippensteel has shown that at any given time only a small 

fraction of the capillaries tn muscle are open, and until 

all of the capillaries have opened at least once, equilib~ 

ri.um with muscle extracellular fluid will not be achieved. 
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Fig. 17 

Simultaneous plasma disappearance curves for 14C sucrose arid 
3 H inulin from a nephrectomized rat. Nephrectomy was per­
formed about 1 hour before injection of the tracers. 
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Fig. 18 
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DBL 7211 5562 

Simultaneous plasma disappearance curves for l~C sucrose and 
3H inulin from a control rat. The curves are not normalized 
for injected dose. 
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Tn adell t1on, the:: r'eTa ti vcly large VU1Uiii8 of fl1usclc combined 

\'litll ["llo';; pcr'i'usion help~) to account for the lensthy equil--

ibrati6n tjrne. This may tBke 30 minutes or longer and may 

explatn the presence of t11c second compcnent. Such phenom-

ena vwuld not necessarily lead to an exponentiaJ. curve. 

However, if the capillary openings 'uc!:e P3ndcll:l in time, the 

curve vlOuld be exponentl.al. T'he result::> indicate that the 
/ 

open j,r~g~l apc pro[)ab1y reaf.:;onably randorn. 

rrhe til ird component, \'Ji th a t 1/ 2 of appro~-:ima tely 15 

hours, is probably due to slow metabolism of the tracers, 

but pinocytosis, or diffusion into the Gut or into trans-

cellular spaceG f3uch as the cerebrospinal flutd may also be 

involved. 

Figure 1(3 :::;110Y1S tile s irJHll taneouc disappeal'an ce curves 

for l'1C f:lUc:ro~:;e and 3rr lnul:ln from th('; pl<j~;)(]a. of a normal 

rat. The twoc:urves are very similar, each having a con-

tinuous posItive curvature and each plateauing near 1% of 

the extrapolated initial concentration. The curvature re-

mains even if the apparent plateau values are subtracted. 

There are several possible explanations for the presence of 

the plateau. It may represent metabolic products of the in­

jected materials, contamination of the injected material, 

or metabolic products of contamination. The resultant prod­

uct may attach to plasma protei~ and thus stay in the cir­

culation. 

'l'he coni:,inuous curvature of the di3appearance curves is 

expected fpom the data from the nephrectomized rats. The 

GIl 



cu:eves, vl£18n Gombjncci '.'litl1 an excI',;~t:Lcme()mponent., should. 

give a continuously bend:i.ng C1.).rve partlculElrly du:r·.ing the 

first hour. In the actual experiments, data for the extra­

cellular tracer was obtained only for the first hour be­

cause notsc due to the prcDence of 1311 in the sD!!lple be­

came too great at the low count rates of 14C or 3H there­

after. 

During the first hour the disappearance curve should 

be an initial rapid exponential followed by a slower two 

component portion due to excretion arid equilibration with 

muscle. The contrtbution of the plateau and the slov1 com­

ponent seen in the nephrectomized rat would be relatively 

small and have to be tgnored in (lny cc:u:;c f,j,nce they are in­

acessi ble frOlrl the available data. 

A compu.ter program was written to fi t tvJO exponentials 

to the d~ta from 10 mtnutes to 60 minutes after injection. 

This was usually four points at 10, 20, 30 and 60 minutes 

after injection. r:I'he program started from a least mean 

square fit to a single exponential, then split it into two 

exponentials with equal intercepts and sltghtly different 

exponents. Then. by making small random changes in the four 

parameters and measuring a weighted square error after each 

trial, the program slowly approached a fit to the data. In 

trial runs with data derived .from the sum of tvlO exponen­

tials, the program achieved a fit with less than 1% error 

on the initial sum of intercepts and initial slope in about 



400 random trials. This took about ten mj.nut~s. AlthouGh 

the progr-am 1;Ji1S o.b1e to fit the data quite \'.'011> 1 t did not 

come very close in estimating the tndivldual components of 

the curve. Apparently when the data is this sparse and the 

curvature is so slight, a large number of solutions fit the 

data equally well (Berman 1956) . 

This means that it was possibJe to estimate the inter­

cept following the first, very rapld component but that the 

diffusion of tracer into muscle could not be separated from 

excretion. Thus the final estimate of extracellular ~ol­

ume may not include a portion of the extracellular volume 

of muscle. This mi.ght lead to an underestimation of total 

extracellular volume of up to 25%, based on the curves from 

the nephrectomized rat. In addition. this may have intro­

duced err6rs into the other calculations made in this study; 

in particular 1ymph floVi may .have been underestimated. HOi'J­

ever any errors introduced because of the underestimate in 

extracellular volume should be consistent and therefore com­

parisons betvleen groups should still be valid. 

The intercept extrapolated back to the time of injec­

tion can not be used to directly calculate the extracellu­

lar volume. This is because during the initial equilibra­

tion period a disproportionate amount of tracer is lost 

from the plasma via the kidneys. Thus once equilibration is 

reached, it is as if less tracer had been injected initiall~ 

This is illustrated using a mathematical model of the two 

compartment system shown in figure 19. Figure 20 shows 4 
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PLASMA 
P·S EXTRACELLULAR 

VOLUME p·S - VOLUME 

V = 10 V = 40 

r 

E 

DBL 7211 5557 

; " 

Fig. 19 

Model used to write a computer simulation for the extra­
cellular tracer plasma disappearance curves shown in Fig. 
20. p·s is the exchange rate between the two compartments 
for the tracer in ml/r.lin.' and E is the excretion rate from 
the plasma for the tracer in ml/min. The volumes are given 
in mI. The initial conditions are: the concentration of 
tracer in plasma is 10 units/ml, the concentration of tracer 
in extracellular fluid is zero. (See program #4, Appendix 
4) • 
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SIMULATED DISAPPEARANCE CURVES 
FOR AN EXTRACELLULAR TRACER 
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Fig. 20 DBL 7211 5560 

Results of a computer simulation of plasma disappearance 
curves of an extracellular tracer such as inulin. Note that 
the zero time intercept depends on the excretion rate of the 
tracer. 
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Uwt model. OnJy the o)zcrction 1"128 been (~,h,:::ngeJ. tu yteJd 

the various curves. ~rhe j.lJtercE:pt ("nv:Lou~~ly c.hanL';(~s cons:i.d-

orably as a function of the excretion pate. 'j'f)is lili[~ht seem 

to be a mi.nor correction fae-tor but for some rats the cor-

rection was as much as 40%. 

'J:l1e :i n;:tblJ j, ty to re~:301 vo the mUf)cle component from the 

excretion conV0h8nt tends to ihttoduce another error here. 

Since the Oi :::;pr'OpOl'L lona te los [j of tracer :i. s only via the 

kidneys, the'. contrtbub.oll of dtf~usion into musc1e should 
, 

not be included in the second component for tl1is part of 

the calculatton. Hm'Jever since it is lmpoGsible to sepa-

rate the hlO components, 'they are used toe;ether as if Uw 
. .~ 

syst<::;m ";las a s:i.mp1e two compartment system such c s shown in 

figure 19~ Any error introduced by this simpllftcation 

should be conslstent from rat to rat and therefore compari-

sons between groups should stl11 be valid. 

Sapir~tein et al (1955) considered this problem and 

solved it for cr~atinine in the dog. Hls derivation was 

somewhat dtfferent from the following but the results are 

the sarile. 

Consider the tv-Io compartment system In figure 19. The 

differentia1 equations describing. it are: 

. 
VlC l = -(P·S+a)Cl + p·SC2 (1) 

. 
V2C2 -- P·SCI (2) 

The solutton of these eq~ations is similar to the solution 
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of U1e a1 bun1n kLnei.,ic equations on page 15. 

The determinant is: 

- 0 

Yielding the chnracteristic equation: 

" (p ·S+o, A"'- + ---V--- + 
1 -

C) , . 
,~ -. 

- 0 

" , i.;.) b 

(3 ) 

I " ) \ ..,-

The roots of the equation are Al and A2 and we can say that: 

P·S+a -- ------ + V1 ( 5) 

and 

The form of the soJution for Cl J.s: 

The initial conditions at t =0 are: 

(8 ) 

C :::; 0 
2 (9) 

X is the total amount injected. 

Using equations (7) and (8) 

(10) 

'(0 
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Using equatJoll;:; (8), (9) and (1) 

(11) 

and from ('7) 

(12) 

Combin ing PO), (11) and (1~) 

(13) 

We now have three equations (5), (6), and (13) that are now 

simplified, defining A, Band C: 

p·S+(t. p·s !\ 
:::'A1 A2 -Vl '- + V2 

::: A + 

P'Sa 6 

VI V2 
.- B ::= 

"1"2 

P'S+a: 6 
Bl "l + B2A2 == C ::= 

V1 
.., 

B1 + B2 

To solve for V
2 

subtract (16) from (14) 

p·S = A - C 
V2 

Substituting (17) into (16) yields 

B 
a== V1 • A C 

Then fro~ (16), (17) and (18): 

(14 ) 

( 15) 

( 16) 

(17) 

( 18) 



(19) 

And finally nubstltutlng into (17) 

(20) 

It is convenient to leave the solution in this form and 

~olve for V by substituting the calculated valueD of A, B 2 

and C using the observed parameter's of' the curve: /\1' "2' 

B1 , and B2 and using equati.orw (1}+), (1~)) and (16). 
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!\ppendix 3 

Cl1ronlc canj-HJ.J.ation of carotid artery and jug~lla.r Vein of 

the rat 

The advantage of chronic indwelling cannulas in rats 

1s that blood s8mp1es can be taken and :Lntpavenou~J injec-

tions made \'!i th mlnimal dtsturbance t.o the animal. The use 

of such cannu1as ts by no means nevi. The most vlidely quo-

ted paper on the 8ubjett seems to be Popovic aod Popovic 

(1960) although they rnentlon earlier efforts along the same 

line. 'llhe pr'ocedure descrtbed here j.B more detailed than 

any found i.n the 1 t terature and conta'tns sever'sl novel tec:b-

niques that sllOu.ld prove useful. 

The, catheters are made fr'om a crnnbination of PE - 50 

poly"ethylene tubing and 0.020 in. I.D. 0.037 in O.D. Sj.la s­

ttc tubing. 'rl1e polyethylene tubing is bent 180 0 at one 

end. in near boiling water. The radius of curvature ts about 

4 mm for the arterial cannula and about 2.5 mm for the ven-

ous one. The Stlastic tubing is cut In 35 mm lengths and 

soaked in toluene. 'I~e toluene causes the Silastic to ex-

pand al10\'/:Lng tt to be slipped over the polyethylene tubing. 
, 

After drying the Silastic shrinks back to its original stze 

forming a t:i.ght seal to the polyethylene. Then the tip of 

the.Silastic tubing is cut at about 45°. A dtagram of a 

completed cannula can be seen in Figure 21. The bend is 

helpful in preventing kinking of the tubing since this is 

the form the tubing takes in the rat. 'l'he completed cannu-

las are soaked in 70~ ethanol for sterilj.zation until use. 



Fig. 21 

t 
\; 

0.020 in. 1.0. x 0.037 in. 0.0. Silastic tubing 

\ 0-

I 
PE..:50 Polyethylene tubing 

DBL 7211 5556 

Catheter used for intracarotid and intrajugular cannulation 
in the rat. 
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During the cDnnulo. clon proced'..u'(! th(:; eanrJ11.L)~; 0.1'2 rinsed 

with a 23 gau.ge hypodermic needle ~'J:t thout a point. The 

syringe and needle are left affixed to the cannula dur:Lng 

the procedupc to keep blood from escapJ.nc via the cannulas 

and to test that the cann'-.llas are properly placed rmel t;1at 

blood flows well. 

The rats are anesthetized with 60 m&/kg 8odil~ pento-

ba rot tal (Ncinbutol) int:raperi tor18ally . /I,bsoJute stcril i ty 

is not necef.>sary in I'at surgery but gener'al cleanliness is 

advisable. The rat is placed on his back and his neck is 

shaved for 3 cm superiorly from the clavicle using Phisohex 

and a singl~ edged razot. A one cm incision is made with 
; , 

heavy scissorf5 about 8 mIn right of and parallel to the mld-

11ne starting about 5 mm from the clav:i.cle. and extending. 

sUperiorly. By carefully grasping successive layers of 

faSCia and fat with forceps and cutting off the held portion 

with scissors and using blunt dissection,the underlying 

structures can be exposed. The jugular vein is cannulated 

first. It is found slightly lateral of trle incj.sion ly:i.ng 

on a ~ayer of muscle. It can frequently be seen through 

several layers of overlying tissue because of its character-

istic purple color. rrhe final layer of fascia over the jug-

ular is cut and an opthalmic hook is slipped under it. On 

the other side the tip of th~ hook is forced up and through 

the fascia with the help of the fine forceps and quickly 

pushed through to widen the space under the jugular. De-
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should be ]-:erlt niol ~)t vilth sal:lnc throughout the procedur-e. 

A few inche~ of 1.~ .- 0 silk is p8!3Sed under the vein, pro-

tect.tnc it L('cm cd.n'cwiorl with the hool<. 'The clused tris 

scissors are then placed under the vein to support it dur-

ing the C21mU1Eltion procedure. VlhU(~ p:coviding tract.lon 

v:i.th Oi1C lwnc1 using the; sUk, the other rnakes a hole in the 

veln uslng a bent ;~? e;auge llypoder'nLl.c rJ('.(;cl1e almost parallel 

to the veIn. Another 22 gi:.'l.u2;e needle that han been made 

into a hook by pushing 1t stra1ght dm'ln onto a flat metal 

surface J if-) 1.J.~3ed to ho1d the hole open. The cannu.la js then 

tnserted J \i:i. ti1 a 11. t t1e tvJi st:Lng, unci pu shed in unt il the 

stlastic-polyethylene junction reaches the hole, The silk 

1s then tied tightly around the junction occluding the vein 

distal to the point of cannulation. The cannula usually 

ftlls the hole in the vein adequately so that there is no 

bleeding but occastonally it is necessary to put an addi-

tional tie around the vein proximal to the hole. This tie 

should be tied lightly since the Silastic tubing may col-

lapse if tied too tightly. Finally the ends of the silk are 

cut and the iris sctssors removed, completing the jugular 

cannUlation. 

The carotid artery ts found deeper, lying near the 

trachea. It is most easily reached by dissecting between 

the muscles lying in the midline overlying the trachea (the 

strap muscles) and one that goes slightly diagonally towards 
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carotid Sllould be ;jeCll JyJng along tilerrd.dline lil'l1Gcle unoer 

a thin layer of muscle or fascia. Without dissecting any 

of this aWd;!, the opthalmic hook is hooy~ed under the C8l"'ot-

id along with the accompanying muscle and vagus nerve. The 

.," .. artery is supported with the fine forceps and the muscle 

and nerv~ peeled off usinB the opthalmic hook and a dissec-

ting microscope. Yfuen free, the artery is easily exposed 

for about I em and two silk strands are placed under it. 

The proximal one is relatively long and both ends are 

brought to the taiJ. end of the rat where a hemostat is 

clipped to them and allowed to hang over the end of the rat. 

This provides traction that temporarily closes the artery 

durtngthe :i.nserttol1 of the cannula. 'rhe other silk strand 
.1 

is tied fir~lly around the artery as distal as possible, and 

a hemostat clipped to it to provide traction in the super-

ior direction. The iris scissors are placed under the ar-

tery in the same way as in the jugular cannulation. It is 

important that the artery be kept moist Vlith saline during 

the entire procedure or the cannula will not slide, once it 

is introduced into the artery. The cannula is introduced 

into the artery in the same manner as in the jugular, to-

ward the heart. After introduction, the cannula is held in 

the artery vV't tIl a forceps firmly grasping that part of the 

artery that the cannula is wtthin. Then the proximal silk 

strands are relaxed and the scissors removed. The cannula 

is slowly pushed down the artery with another pair of for-
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cep;:> and held \'iith the i':1..r;,t pair betVJef:n InJ::olwfi. Somc-

tir:,es it Jo nccess,:H'Y to pull the artery lilY arounc'i the call-

nula I'Jh11e pw,l1tng on the cannula and it frequently takes a 

few m1nutes to get the cannula in all the way. If the S1-

lasU.c part of the cannula is soa}:ed in 0.5(,1 1J.1VJeen 80 fo:::' a 
- i 

fei'T r:-Jinutes before introduction it \'JiLL slide in much mo:ce 

easily. Generally, if the animal weighs much less than 200 

gm, the carotid artery will be too small for this size 81-

lastlc tubing. Once the cannula is in to the Stlastic-

polyethylene junctton, the proximal traction is then reap-

plied to keep the cannula from popping out due to blood , 
pressure. The distal silk strands are then tied firmly 

around the junction and the proximal tipd lightly around the 

Silastic within the artery. 

Now the rat is turned over and a small spot of skin is 

shaved at the middle of the base of the neck. A small 1n-

cision is made with heavy scissors,and two 3 1/2 inch, 17 

gauge hypodermic needles are successively threaded subcu-

taneously around the neck and out through the initial in-

cision. The tvJO cannulas are in turn clamped wi th a hemo-

stat~ that has rubber tubing on its jaws to protect the 

polyethylene tubing, and threaded into the 17 gauge needles 

and pulled through. The syringes are then reaffixed, the 

hemostat released, and the cannulas pulled until they lie 

properly. If one syringe is.marked, it is easy to identify 

the cannulas later. It is now apparent why the cannulas are 

made with a 180 0 bend ncar the end, since they lie nicely 

7B 
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\'Jlthout ki.n>~:Lng. rrhe pd.mary lnels10n ts closed vr.Ltl1 '.i()\.md 

c1jpf3 and the :3eccnd one wi tha. single ::>titch of Gille. 

Using the protectj.ve hemostat, the cannulas are cut and a 

short piece of wire (used for clearlng 18 gauge hypodermic 

needles) is lnserted as a plug. The wire in the venous 

cannula is bent slightly for: subsequent identlfication. 

Both cannu} D f::) should be flushed thoroughly vrLth heparinized 

saline before sealing. 

The rats are usually allowed to recover for at least 

2 days before any other procedures are begun. The cannulas 

are usually usable for blood withdrawal for about two weeks 

an~,for injections for at least one month. There have been 

.2 rats out of 50 during recent experiments that showed ob-

vio.us brain clamage probably from an arterial embolism. 

There are probably numerous other infarctions that result 

from the chronic cannulas. Several have been seen in the 

kidneys at autopsy. Occasionally the eye on the side of 

the'cannulatj.on will be partially closed, indicating a dis-

turbance in blood supply to either the ocular muscles or 

that side of the brain. 

These problems were thought to be of small importance 

to this study but must be considered whenever this tech-

nique is used. Because the left carotid leaves the aorta 

dmmstream from the right carotj.d, cannulation of the left 

should result in a lower incidence of cerebral emboli. 
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Appendix l~ 

Computer Programs 

The following computer programs are the main programs 

that were used in the present work. The programs are writ-

ten in FOCJ\L-12 and were run on a Digital Equipment Corpor-

ation PDP-12 computer. 



000 o 

liB.04 A "RAT NUMBER".1 W.I ! ! 
01.06 0 S 

6 

01.07A C1.1C2.1C3.1CC.lOl;O CIA 02 B2.1SS.lTl.1T2.1W 
01.08 0 TIO C 
01.10 T "ALB INTERCEPT #1 ·.·.IC1.1! 
01.20 T "ALB INTERCEPT #2 ".IC2.1! 
01.30 T "ALB INTERCEPT #3 ".IC3.1! 
01.40 T "ALB INJ STO 10 i'lL ".ICC.I! 
01.510 T "ALB SECONO T 1/2 ".I01.1! 
01.60 T "ALB FINAL T 1/2 ".I02.1! 
01.70 T "INULIN INTERCEPT·· ".IB2.1! 
01.80 T "INULIN INJ STD 10 ML".ISS.I! 
01.83 T "INULIN iNITIAL T 1/2".IT1.1! 
1211.86 T "INULIN FINAL T 1/2 ".I T2 .. ! 
01.90 T "tiTEIGHT IN GMS ".I'1;J .. !! 

02.10 S A=.693/01+.693/02 
02.20 S B=(.693/01)*(.693/02) 
1212.3121 S C=«(C2-C3)*.693/Dl)+(C3*.693/02»/C2 
02.40 S vp=10*CC/CI 
02.50 S Vl=10*CC/C2 
02.52 S B1=10*SS/VP-B2 
02.54 S Tl=.693/Tl;S T2=.693/T2 
1212.56 S XA=Tl+T2 
02.58 S XB=Tl*T2 
02.60 S XC=(Tl*Bl+T2*B2)/(Bl+B2) 
1212.62 S V2=VP*(XC/(XA-XC)-XB/(XA-XC)r2) 
1212.70 S AA=(B*Vl)/(A-C) 
02.80 S P=Vl*C-AA 
02~90 S L=(A-C)*V2-P 

03010 T "PLASI1A VOLUME .... %8.04.1VP.I .. t·1L".I100*VP/W.I" % BOOY WT .... ! 
03.20 T "EXTRACELLULAR V ..... VP+V2 .. " t1L .... 112l0*(VP+V2)/'W.I .. % BODY HT" .. ! 
03.4121 T "TOTAL BOOY P*A " .. Pol" ML/HR .... 1000*P/W .... PER KG" .. I 
03.50 T "LYl'lPH FLmoJ .. oiL .... ML/HR .... 1000*L/~1 .... PER KG" .. ! 
03.60 T "EQUILIBRIUM LYMPH/PLASMA RATIO".IP/CP+L) .. ! 
03.70 T "% ALBUNIN EXTRAVASCULAR .. .I100*P*V2/C<P+L)*V1+P*V2) .... %".1 I! I! 
03.90 G 1.04 

* Program #1 

The main program used for calculating the various output 
parameters for each rat. The data were entered via punched 
paper tape. The input data were displayed on the oscillo­
scope rather than on the typewriter because data can be ac­
cepted more rapidly in that mode and the input buffer does 
not overflow. The input parameters are then typed out, the 
calculations are made, and the output parameters are typed 
out. 
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01.01 E 
01.10 S B=.l 
01.20 S P=.03 
01.30 S A=.012 
01.35 S L=.18 
01.40 S Cl=1000 
.01.50 S Vl=10 
01.60 S V2=3 
01.70 S V3=40 
01.80 F K=1~10;D 2 
01.85 S 2=2+10 

l· 

01.90 T 2~C1~C2~C3~! 
01.95 G 1.8 

I 
i' 

02.10 S Cl=Cl+(-(P+B+A)*Cl+B*C2+(P+L)*C3)/VI 
02.20 S C2=C2+B*(CI-C2)/V2 
02.30 S C3=C3+(P*Cl-(P+L)*C3)/V3 

* 

Program #2 

82 

The program used to simulate albumin plasma disappearance 
curves with and without a hepatic compartment. B is the 
hepatic compartment-plasma exchange rate, P is the extra­
cellular fluid-plasma exchange rate, S is the excretion 
rate from plasma, L is lymph flow, VI is the plasma volume, 
V2 is the hepatic compartment volume, V3 is the extracellu­
lar fluid volume. Lines 2.1-2.3 are the three difference· 
equations describing the system. 
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01.01 E 
01.1212 A "N"~N 
1211.1213 S Z=.5678 
1211.1214 F K=I~NJA TCK)~BCK) 
01.05 D 6 
1211.1216 S A(2)=.001*AC1)J5 A(1)=2*AC1)JS A(3)=-1.2*GJS A(4)=~.6*G 
01.07 S Y=.01 
01.08 D 3 
1211.10 S P=Q 
01.26 F J=I~415 CCJ)=AeJ) 
01.28 F J=I~4JD 515 ACJ)=X*Y*ACJ)+ACJ) 
01.30 D 3 
01.'33 1 CFAB5CP)-FAB5CQ»1.36 .. 1.38~1.38 
01.36 F J=I~415 ACJ)=CCJ) 
01.37 G 1.26 
1211.38 S H=H+l 
1211.41 T %6.1212~ lQl01210*P~%5.00~CC 1)~CC2)~CC 1)+CC2)~%5.04~CC3)"CC4), 

01.42,T I/CCC(l)+CC2»/CCC3)*CCl)+CC4)*CC2») 
01.43 T %4.00 .. Gl .. ! 
01.50 F J=I~4J5 ACJ)=2*ACJ)-CCJ)J5 CCJ)=CACJ)+CeJ»/2 
01.60 5 P=QJG 1.3 

03~10 S Q=0J5 Gl=Gl+1 
03.25 S A=A(1)JS B=A(2)JS C=A(3)J5 D=A(4) 
03.30 F K=I~NJ5 Q=Q+«A*FEXP(-T(}O*C)+B*FEXP(-TCK)*O)-BCK»/BCK»t2 
03.4121 R 

05.'10 5 Z=100*FSQTCZ)-FlTRCl00*F5QTCZ» 
05.20 S X=2*Z-1 

06.02 F 
06.10 F 
06.2121 F 
06.30 S 
06.35 S 
106.413 F 

* 

K=l~NJS BCK)=FLOGCBCK» 
K=I .. N15 Gl=Gl+TCK)JS G2=G2+BCK)JS G3=G3+TCK)*BCK) 
K=I .. N;S G4=G4+B(K)f2 
G=I/CCG2*GI-N*G3)/CG2t2-G4*N» 
ACl)=FEXPC-CG2*G3-G4*Gl)/eG2*Gl-G3*N»/1.8 
K=I .. N;S BCK)=FEXPCBCIO);S Gl=0 

Program #3 

This program was used to fit the experimental data of the 
extracellular tracer disappearance curves to the sum of two 
exponentials. Lines 6.02-6.40 make the initial fit based 
on the least mean square fit to one exponential. The expo­
nential is then broken into two exponentials. The parame­
ters of these two exponentials are then altered by small 
random variations, the square error is eva'luated and if the 
error has been reduced the altered parameters are retained. 
In this 'Vvay a fit to the data is slowly approached. Most 
fits took about 5 minutes to complete with 4 points and 400 
iterations. This fitting program was found to be quite 
accurate in its final estimate of initial slope and inter­
cept of the two exponentials (the data of interest) but 
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less accurate in estimating the two individual exponentials. 
3.10-3.40 are the square error determination. 5.1-5.2 is 
the random number generator. 

\ 



01.10 E 
01.20 S Cl=10 
01.30 A "E".IE.I ! 
01.40 F K=l.l10;D 2 
01.50 S T=T+l 
01.60 T T.lCl"C2.1! 
01.70 G 1.4 

02.10 S C2=C2+.5*Cl/40-.5*C2/40 
02.20 S Cl=Cl-(.5+E)*Cl/112J+.5*C2/10 
02.30 R 
* 

Program #4 

This program was used to simulate extracellular tracer 
plasma disappearance curves with various excretion rates. 
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E is excretion rate from plasma, Cl is plasma concentration 
of tracer, and C2 is extracellular concentration of tracer. 
Lines 2.1-2.2 are the difference equations desc~ibing the 
system. 

. 
. " 
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