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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 BH inu-
1in and 31T human serum albumig. vBlood was collected from

conscious rats using a-semi-automatic blood sampler and

‘counted using liquid scintillation with energy discrimina-

tioh.;'The data were analyzed using a two compartment model

for albumin kinetios including plasma volume, interstitial

volune, lymphatic return and excretion. The plasma volume
)

and interstitial volume were determined from initial dilu-

tions of albumin and inulin respectively. Capillary P-S

~and lympn flow were determined using the model, the initial

digsappearance rate of albumin and the final eguilibration

concentration of tracer albumin. Because of the high per-

meability of hepatic éapillaries albunin 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 cepillary P-S -and lymph flow., As a

first approximation capillary P.3 is proportiona1 to the
initial disappearance rate of albumin. Similarly'lymph

flow 1s inversely proportional to the calculated steady-

. state concentration of albumih in the interstitial fluid.

A high lymph flow would‘tend to maintain the protein con-

~centration of the interstitial fluid at a relatively low
level., The actual analysfs was somewhat more complex than

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



eters;‘ The data were actually analyzed using the model ahd
a PDP—iQJcometer, 700 rads whole body 6OvCogamma irradia-
ﬁion increased capillary P-S by 47% and increased lymph .
flow by 124, 48 hré following irradiation. 1000 rads
caused an increase of capiliary P.S of 98% but did not

. change lymph flow from control values. The latter result
"may have been due to the relative dehydration and immobil-
ity of the 1000 rsd group. In addition it was foﬁﬁd that
rats drinking large quantities of 5¢ dextrose + 0.7% NaCl
solution did nof increase lymph Tlow measurably above con-
trol levels. This.isvin contrast to reports in the liter-
atdre‘that rats with thoracic duct cannulas, drihking the
same solution, exhibit enormous increcases in lymph flow.
The -difference is ascribed to the inability_ofvthe_tracer
system‘to measure hepatic lymph flow and tovthe enormous

diuresiS'that oceurs in the intact rat.
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Introduction

.The study'of capillary permeability began in 1896 when
Starling proposed that the movement of f{luid across_capil~
lary walls was deoendent on the relative impermeabllity of
the capillary walls to protein auu the resulting oncotic
pressupef At the.arterial end of the caplllaries the hydro-
static pressurec exceeds the 5ncotié pressure and water
leaves. the capillary. At the venous end ithe nel pressure 1s
inWiard and water reenters the capillary. Since the capil-
laries are not totally impermeable‘ﬁo protein a sméll amount
diffuses through the capilléryfﬂalls into the interstitial
space. Thi protein and lPL(““tlthl water are returned to
the cnrculqtlon via the lymphatics. .

D The pathogenesis of both edema and inflammation is re=-
lated to disturbances in'caﬁiliary.permeability or lymph
flow. These two problems have provided much of the 1mpetuo
for the study of cabillary perﬁeability and lympn flow in
the'past and at the present time,. |

Shoftly afﬁer'Roentgen's discovery of X-rays, 1t was
noticed that irradiated skin became erythematous several.
days after irradiation. This erythema, like Sunburn,'is
caused by dilatation and 1ncreaged perfuulon of the capll—
laries in the skin. Purther StUdlCo have shown that in ad-
dition there is an increase in capillary permeability fol-
lowing ifradiation.

Thére.have beenvmahy‘ekpériments in radiation induced

changes in capillary permeability. The work has largely



been an efforﬁ to define the etiology and timﬁng cf tne
changes as well as their piace in the total picture of ir-
radiation injury. |

The téchniques employed for meaéuring capillary.perme~
ability usually involve the injectién of the material of in-
terest, labeled with radioactivity or a de, intce the blcod-
stream and obsérving either its rate of disappearance from
the blood cor its rate of appeafance 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 the available capillary surface area as well as
the permeabllity of the capillary wall. “Thercfore in almest
all thé experiments observing changes in "capillary permea-
bility”, the possibility exists that cépiilary surtace areé
has changéd instead of or in addition to changes in thé per-
meability of the capillary wvall.

| If the capillary area can be measured indepencently of -

the measurement of the'capilléry permeability surface area
product, P-3$, then the possibility of measuring capillary
permeability alone exists. An example of this is Landis!
experimenté with a single capillary in which he measured the
rate of movément_of water out’of the capillary down a hydro-
static and osmotic gradient and independently measured the
slze of the capiliary and thus its surface area.

The present work does not distinguish between permea-
bility and area, but utilizes some improvements in fwo rel-
atively recent techniques for measuring éapiliary permeabil-

-
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ity-area product in intact animals.
Cne approach to the measurement of capillary P«S of in-
dividual tissues is to inject radicactively labeled test ma-

terial (such as ilodinated albumin) intravencusly and then at

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

tissues to estimate the éccumulation-of activity. The major
problem is that much of the activity remains intravascular
and must pe correctea fbrf One technique that has been uscd
is fo label red blood éells in addition to the tracer ma-
terial aﬁd use the RBC activity to estimaﬁe the plaéma voi—

ume .in the tissue sample. Hematocrit does not remain con-

"stant from tissue to tissue and therefore must itselfl be

copfected Tor, which may lead to additional error. A tech-
nidde'éeﬁeloped previously (G%ahém 1971) avoids the probiém
of hematoérit variation completely by using two types cf
labeled albumin,blSli and *25I. The albumins are identical
except for labels and were found to behave identically. By
injecting them at different times,'it is éxpectéd that pro-
portionally nore of the first injected albumin will be ex-
travascuiar. - Then simuitaneous equaticns can be set up and
the amounts intravascular and extravascular in a tissue sam-

ple can -be calculated, _This technique was used to measure

‘capillary P.S in the rat at various times after irradiation

and evaluate the effect of an anti-serotonin, anti-hista-
mine drug on those chanpges.
The technilque reported here measures average total body

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

. 1
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appearance curves for simultanecusly injected.lSII albuwmin
and SH inulin were obtained using a semiautomatic bhlocd
sampler. The 37 inulin dilution volume was assumed to be
the extracellular volure. The equilibrium albumin concen-
‘tration was obtained by carrying the plasma cﬁrve ouﬁ-for 3
days after injection. This'data made it possible to esti-
mate the concentration of albumin in the extracellular pool.
This concentration i€ inversely proportional to lymph flow
since rapid 1ymph'f10w;tends to clear the‘extracellular
-fluid of proteih and‘return 1t to the circulafion. This
technique was used to measure capillary permeability and
lymph flqw after irfadiatioh. Since hlockage of lymphatic
return has been hypothesized to occur as z result of irra-
diation, it is important to determine'if Jviph Tlow changes\

after ilrradiation.
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LITERATURE REVIEW.

Capiilary permeability ahd its changes following irra-
diation and other forms of trauma have been studied by nu-
merous investigators for many years. This review 1is an at-
tempt to cover the pert;nent'techhiques currently ﬁsed and

the current understanding of what happens to capillary per-

-meability after irradiation. A more extensive review of

techniques used in the‘study of.capillary permeabllity can
be found in the proceedings of the Alfred Benzon Symposium
II (1969). McCutcheoﬁ's (1952)gpaper is an early review of
radiation effects on capillary permeability and Harris!'
(1965) is a more recent review.

The fechniques vsed to measure capilllary permeability
leioWing irradiation have invariably used macromolecules
as the tracer. Techniques exist for measuring capillary
permeability to:small mbleculeq‘but thus -far have not been
applied to irradiated animals. There are three majdr ways
used to measure permeability of capillaries to macromolé—
cules: appearance rate in tissue, disappearénce rate from
the blood, and 1ymph/p1asma ratioé at equilibrium. These

techniques will be considered in order.

I. Appeafance rate of macromolecules in tissue.

Dyes such as Evan's blue and Trypan blue, when 1njeé-
ted intfavenously immediately'bind to plasma protein. Such
dyes have been used tg.qualitatively show increases in cap—

illary permeability. For instance,'when skin is irradia-



ted, cdpillary permeability to‘plasma prqteinsvincreases
anad blasma protein leaks out into thne interstitisl fluid of
the skin. When Evan's blue has been injected intrévenously
the irradiated region of skin turns blue, Thi
has been used on rabbits (Jolles and Harrison 1966) and on
mice (Hasegawa and Wang 1971). | _ _' ‘.
Willoughby (1960) used the appearance of trypan_blue-
in the intestinal‘wall of the rat to study changes in cap-
illafy permeability. He was abie tq meé3‘re_the degree of
bluing visually and was able to show an increase in permea-
bility with time after irradiation.
Nakhil'nitskaya (1962) used the fluorescent dye,
fluorescein, injected intravenously into rabblits. He mea-
sured the appearance rate in the anterior chamber of the
eye photometricqlly and was thus able to quantitate the
Achanges in permeability quite nicely. |
The major problem with the use of dyes as the tracer
material 1s the difficulty in accurately measuring their
concentration in the tissue. Radicactive tracers are an
obvious way tb solve this problem. 82pr dibromotrypan blue
vas Qne‘of the first radiocactive tracers used to study cap-
illary permeability (Moore and Tobin 1942). A Geiger coun- :
ter was used to measure the accumulation of radioactivity ¥
and they showed an increase in activity in an inflamed area.
Mount and Bruce (1964) injected 2°5I labeled rabbit
serum albunin into a rabbit ;ndvcounted the activity in the

ear with a scintillation detector. By simultaneously tak-
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ing plasma samples, they were able to cofrecﬁ the count and
measuvre the rate of accumulation of albumin in the extra-
vascular fluld of the ear. Using this- technique, they
showed an increase in capjllary»P-S begimiing 5 to 10 days
after 8000 _rads of 1oca1 irradiation.

Song et al (1906) used 1251 guinea p]g serum albumin
to méasure capillary permeability in guinea pig skin fol-
lowing P irradiation. They eéxcised a piece of skin one
hpﬁr after‘intPaVGUOUS injection of the labeled albumin and
counted the sample.“-lhtrav scular activity was correctcd
for by measuring plasma activity and plasma content of ukln
in another animal.

Another technique for measuring accme]atjon of. albu-

‘Liv

‘min in skin was developed by Baumbarhen et al (1907); They

used 32p labeled bovine serum albUmin. Since the 22p g
partlcleu have a relatively short range, they considered
counts detected outside of an animal must have originated
within the skin. They were able to demonstrate increased
radioactivity ét the site of an intracutaneous injection of
histamine. No attempt was made to correct for intravascu-
lar albumin in the skin or bremstrahlung radiation frém the
rest of the body.

One of the major problems in accurately measuring the
_extfavasation of macromolecules is how to correct for the
intfavascular tracer. The ideal way to do this would be to -
Qse.twO fracers, one which remains in the blood and the

éther, a macromolecule that leaks odt. There have been



séveral attempts to use this technigue with 510? labeled
red blood cells as the intravascular tracer. Dewey (1959)
used this technique in the rat to measure exchanze rates
for albumin and globulin. He determined the hematocrits
for each tissue of interest in a separate group of rate and
used this data to esﬁimate the intravascular conteht of al-
~bumin or globulin in other rats at different times after
injection.

It is important to corréct for hematocrit changes beQ
causé they can Vary»widely from tissue to tissue by as much
as a factor of three. Studer and Pdtéhen (1971) did a sim-
ilar study but were even more careful in their correction
for hematdcrit. Their animals were frozen in liquid nitrd—
gen .at the termination time to minimize red cell and plasma
loss from.the tissues as may have occurreq in Dewey's ex-
periments. Their results, 50wever, were eésentially the
same as Déwey's. |

In a previous study (Graham 1971) it was possible to
completely neglect changes in hematoerit. 251 and 1S
albuming were injected 20 minutes apart and the rats were
sacrificed 30 minutes after the initial injection. Assum-
ihg zero ocorder kinetics,'shown to be valid for the time
scale of the experiment, it was possible to calculate re-
sidual plasma volume and exchange rates fof albumin in sam-
ples of gut and muscle. 3
| There is one group of experimeﬁts that measure appear-

ance rates of macromolecules without having to correct for

10
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intravascular actiyity. In two (Sullivan 1961, flornsey and
Hedges 1969) the'appearance of *31T polyvinylpyrolidone .
(PVP) in the gut contents is measured. Unfortunately in
irradiated animals the cells lining the gut begih to Slough
off._ Since the PVP hés to travéfse'at least two cell lay-
ers,ithe”capillary endothelium and the intestinal epithe-
iium, the loss of one layer is sure to increase the trans-
fer rate whether capillafy permeability increases or not.
Therefore the4r¢sults_df these experiments can not neces-
'sariiy'be viewed as evidence thét capillary permeability
has changed following ifradiatibn.

The last experiment in this section avoids some of the
probiems mentioned above. ‘Harris (1965) measured the rate
of appearance of 181y aibumin in the péritoneal fluid of |
rats fbllbwing intravenous injecﬁion. The.peritoneél fluid .
can be_regardéd as an accessible sample ofsinﬁerstitial
fluid., Although molecules from fhe'capillaries have to
 traverse at least 2 cell layers to get to the peritoncal
fluid, thefe is no sloughing of one set of cells as in the
gut_méasurements ﬁentioned above. Thus the appearance rate
of tracer albumin»iﬁ the peritoneal fluid should be approx-
imately proportional to Capiilary pefmeability'of perito-
neum; mesentery, omentum, etc;,_inithe peritoneal cavity.
Unfortunately such a technique can not be extended to other

tissues,

II. Disappearahce Rate of Macromolecules from Blood

The same dyes used in appearance rate measurements



have been used to estimate éhanges in total body capillary
permeability.v This is done by measuring the rate of disa§~
pearance of dye from the plasma following intravenous in-
Jection., Benditt et al (1950) uscd Evan's blue for such a
study and demonstrated the effect of hyaluronidase on cap;
1llary permeability.

Szabo ¢t al (1958) used Evan's blue as well as 31
albumin in dogs irradiated with 500 to 700 R of X irradia-
tion.‘ They saw no change in rates of disappearance from
the blood in lrradiated dogs.

Wish et él (1952) using *+°'I homologous and héterolog—
ous plasma in rabbits showed that the disappearance rate
increased eight days after 1000 B whole body X irradiatilon.

Shaber and Miller (1963) ihjected 1337 fibrinogen into
rats intrévenously and measured the ratip of plasma activ-
ity to whole body aétivity at various timés after irradia-
tidn. The ratio remained relatively constant in the con-
trol rats bﬁt in the irradiated rats dropped by about a fac-
tor of three,,several days after irradiation. This indi-
cates that there is a shift of fibrinogen cut of the plasma
presumably into the interstitial fluid in the irradiated
| ahimals, This shift 1s probably due to an increase in cap-
illary permeability although.Szabo et al argue thaf it may

be due to lymphatic bloékage. This point will be consid-

ered in more detall later.

ITTI. Plasma-Lymph Ratios

Consider the relatively simple model of capillary per-
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meability and lymph flow in Figure (1). If 13T albuwin

has been injected a long time ago so that complete mixing

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

ment of albumin across the capillary membrane will be:

G=eesier - o) (1)

Y

¢ 1s the flux of albumin in moles/minute and P+$ is the

permeabllity of the capililary membrane'times the area
available for exchange. C; —.Cé is the difference in con-
céﬁtration_acroés the membraneb

At the same time lymphatic return is providing an
edﬁal but opposite Tlow of albumin into theiplasma compart-

k3

ment.

no
~—

(b = L Co I | (

If we set the two terms equal, we can obtain the following

equation definihg the lymph/plasma ratio;'R:

A Co P.S . 4 _
CR= G T PesiL . o (3)

This equation is the baslis for calculating capillary per-

'meability by measuring the equilibrium concentration of

tracer macromolecule in plasma and lymph and measuring

lymph flow. -Renkin (1964) has derived this equation and

shows that it is valid as long
capillary wall to the molecule
lower than for water. This is

various macromolecules used by

as the permeability of the

of interest is very.much

‘definitely the case for the

the investigators using this
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Fig, 1 )

A simplified model for radiocactive albumin kinetics. V, and
V., are the volumes of the respective compartments. C, and
C5; are the concentrations of radioactive albumin in t%e two
compartments. P-+S is the exchange rate between the two com-
partments for albumin. L is the lymph flow from the extra-
cellular fluid into the circulation.

14
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technique,

This technigue has been ﬁsed by Garlick and Renkin
(1970),‘by Mayerson et &l (1960) and by Chien et al (1964).
None of these gfoups has looked;at the effect of ilrradia-
tion. Chien et al (1964a) have used this technique to show

that capillary permeability incrcases considerably follow-

‘ing injection of E. Coll endotoxin.



Current Cencept of Radilatvion RHiffecis on Capillary
Pérmeabillty

Since exchange of material through the capillary walls
is essential for existence, disturbances in that process
are of considerable interest. Jenkinson and Brown (1044)
have suggested that the change in capillary permeabllity
after irradiation is the primdry injury leading to the var-
ious syndromes seen later.

More specificaliy, Rogs et al (19%2) have suggested
that capillary fragility arises from the changes in capil-
lary permeabllity. Thislfragility, in turn, leads to gen-
eralized hemorrhage that can cause death. Thus measure-
nments of capillary permeability may be useful in predicting
the occurrence of the hemorrhagic syndrome.,

There is some evidence (Doyle et al 1971) that early
incapacitation and unconsciéusness following very high
doses of irradiation are mediated by the increase in brain
capillary permeability. "This point is of particular inter-
est to the military since it is important that a pilot does
not become incapacitated immediately, eﬁen if he has re-
ceived a éuperAlethal dose of irradiation.

The study of capillary permeability changes after ir—
radiation has progressed from the demonstration that it did
indeed change, to measuremenf o. the time course of that
change, and finally to an attempt to understand the mecha-
nisms behind the change.

Most investigators in the field agree that capillary

16
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permeability incrcases locally after local irradiation and

gencraliy after wihole body irradiastion. However, Naxhil!'-

nitskaya showed that there is an indirect effect of irradi-
ation of the hypothalamus that would he overshadowed by di-
rect effects during whole body irradiation. He implanted

small ®°Y rods into the hypophysis and found an increase in

.capillary permeability in the eye. However direct irradia-

tion of the eye caused a much larger increase. -

Szabo et al (1958, 1967) suggest ﬁhat impaired lymph-
atic return 1s the problem and that the lncreased clearance
rate of macromolecuies is dQe to this blockage. This is a
possibility that has often been overlobked but could indeed
eXplainrmany of the experiments without recourse to in-
cneésed capillary permeability. On the other hand, Bigelow
et al (1951) found an‘inéréése in thoracic dQct lymph flow
in the dog from two days after 350 R'whble body irradiation
until as long as 17 days post ifradiation.

CIf we ignore this controversy for the moment, we can

“go on to consider the time course of changes in caplllary

perméability following irradiation. Most-studies have been
condudted at a single time after'irradiation and so do not
give much information about how capillary‘permeability
changeeo ih time. It 1s virtuaily impossible to compare the
various experiments becéuse of variations in species,
strains, techniques and doses of irradiation. Harris (1965)
measured capillary permeability at vérious times after ir-

radiation in the rat using the technique mentioned in the
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previous cectlon.,  He showed that capillary permeability
was increaszd withjn two hours after 750 R whole body irra-
diation, returned to normal levels at 12 hours and then iﬁ«
creased again by 48 hours after irradiation. This observa-
“tion was confirmed (Gréham 1971) with rats irradiated with
- 800 rads fast electron irradiation. Capillary permeability
of gut increased within 30 minutes after irradiation, re-
turned to norﬁal at % hours, was elevated at 24 hours, and
remained elevatea for several days. Such biphaslic responses
have been reported befdfe (Wilhelm 1962, Haley et al, 1952).
This biphasic pattern suggests that either a cyclic
phenomenon or two separate phenomené are involved._ Two
techniques have been'used to inveétigate the mechanisms be-
hind;the observed increases, pharmccclogic and microséopic.
The phérmacologic approach is'typified by Willoughby (1960).
He used antihistamines, antiserotonin, antiesterases and a
variety of other drugs. Ahtihistaminé and the antiester-
ases were effTective at 24 hours after 1500 R local X irra-
diation to.the gut. Antihistamine was not effective at 48
and 72 hours, bhut the antiesterases were. Wilioughby in-
terprets this to mean that histamine 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-antiserotonin was shown to
be effective in suppressing the increase seen immediately
after irradiation but was not effective ﬁ8 hours later.

Harris tried an antihistamine in his experiment and found



no effect at o héursvafter irradiation and Jolles and Har-
rison found no cfféct at 90 minutes in the rabbiti.

The microscopic approach to diséerning mechanisms 1is
to observe the responées of capillaries to various chemical
and physical trauma by direct oﬁservation. Zweifach and
Kivy»RoSehberg (19565) 5hpwedithat EDTA had a pronounced dis-
‘ruptive éfféct on thé capillaries until at least 10 days
after 750 R whole body irradiation. This was interpreted
to mean that the.basemént membrane was weakened during this
time interval.

One iast'factor of impdrtéﬁce is ‘the thrombocytopenia
that occurs scveral days after whole body irradiation.
Thrombocytopenia has been shown to correlate.with the onset

oéfﬁhe'hemorrhagic syndrome (Cronkite et al 1952). More re-

£

cently Johnson et al (1964%) have shown.thét capillary endo-
thelial cells contingally ingest platelets and incorporate
them into their cytoplasm. During experimental thrombocy-
topenia the endothellal cells gradually shrink, leaving
gaps betweeh adjacent cells. This would be éXpected to re-
.sult in.an increase in capillary permeability and fragllity.
When we try to put all of the above fécts together in-
to a single picture of what happens to capiliary permeabili-
ty after irradiation and why, a certain degfee of confusion
results. . This 1is prdbably due to the variety of animals,
1rradiation'doses and time of observation aftér irradiation.
The following summatibn-might be expected to apply to rats‘

or dogs exposed to mid-lethal doses of X irradiation, since
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it 1s in thnoose species and at tnese deoses that most of th
measurements have been made.

Apparently capillary permeability increases shortly
after irradiation, returns to normal levels a few hours af-
ter irradiation énd then increases and remains elevated,
without further increase, for several days.

The very early increase seems to be due to histamine
and serotonin in the rat. In additidn, histamine seems to
be at least paftially responsible for the elevated permea-
bility seen at 2% hours after.irradiétion. The increase
seen after 24 hours seems to be due to at léast three fac-
tors:that cverlap one another so that they are not seen as
separate pnases. Esterases or proteascs appear to be a
pertinenﬁ factor 2 to 3 days aftef irradiation. Then a de-
terioration of the basement membranc and a progressive
shrinking of the endothelial cells maintain the increased
permeability for sevéral days until th¢ animal either dies
or recovers.

It is not clear wnere to put the reduced lympn flow
hypothesisg 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 qﬁestion of the relative importance
of lymph flow changes is still yulte open. |

The present study is an attempt to measure the changes

in capillary permeability and lymph flow after irradiation.
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Theofy
In addition to the arteries, veins, and capillarics
which maké up the main circulation system in mammals, there
is a lymphatic system, which congsists of & large number of
thin walled vessels with many oﬁé way valves that return

interstitial fiuvid to the circulation. There is a contin-

val movement of fluid Trom the main circulation acrosg the

caéillary-endothelium into the interstitial space and hack
to the‘bioodstream via the lympﬁatics, The lymphatic sys-
tem is'essential for preventlng the accumulation cft fluid
in‘tisgues throughout the bodylf This is accomplished by
bulk transport of fluid wnich maintains thebprotein concen-
tration of the interstitial'fluid at a level belovi that of
plasﬁa. Since the permeability of the capillary walls to
proteins is relatively low,ffhe centinual 1ymphatic drain-
age 1s able to keep the concentration of protein in the in-

terstitial fluid at a relatively low level. The osmotic

gradient is then toward the plasma and most of the interstil-

“tial water, lost from the circulation due to hydrostatic

pressure, goes bédk into the circulation directly through
the capillary walls, ‘In rats, the concentration éf albumin
in the plasma is 3.5 /100 ml and is 1.5 £/100 ml in the
thoracic duct lymph (YOfﬁw‘and Courtice 1956). Lymph is
used as a‘represéntativé sample of interstifial fluid by
some ihveétigators (Renkin 1964%).

The ratio of plasma albumin concentration to that in

the lymph depends on both the rate of lymphatic return and



the rate at wnich itidiffuses across ithe capillary wall
into the interstitial fluid. This obscrvaticn can be quan-
titated and the resulting model can be used to estimate to-
tal body movement of albumin out of the capillaries and the
rate of return of albumin to the clrculation via the lymph.
Because of the relatively high permeability of the
'hepatic'cepillaries to albumin, the nepatic extracellular
space comes into equilibrium with respect to the plasma
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quite rabidly (within one hour). Thereafter the effective
plasma volume includes the hepatic extracellular volume,
Thus the calculated average total body caplllary permeabil-
ity and lymon flow do not include any contribution from the
liver. (Sec also appendix l).

, Consider the model for -albumin kinetics shown in Fig-

ure 2. The differential equations for this model are:

ViCy = =(P+S+a)Cy + (P-S+L)C, (1)
VoCp = +P+S €y - (P+S+L)C, | (2)

where Cq and Co are the concentrations of tracer albumin in
the plasma and.ihterstitial {f1luid respectively, Vl and Vg,
are the'corrésponding volumes,'P°S is thc average permea4u
biliﬁy of the capillary walls to albumin times the area of
those ﬁalls available for exchange of materials, L is the
lymph flow and ¢ is the removal rate constant of tracer due
mostly to breakdown of the albcmin. |

The simultaneous equations (1) and (2) can be solved
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Fig. 2 _ .

The model of radioactive albumin kinetics used in the theo-
‘retical analysis. Vj and V, are the volumes of the two com-
partments. Cj; and Cj 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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setilng up Lne following determinant.

by
(f’ﬂ+u\ (P-S+L)
ATV TN Y
1 1
= 0 (3)
P33 _ PeS+L -
(2% o
Expanding the determinant gives the characteristic equatiom:
PoSta PeStL AR
RCE S S S A - ) ‘ ,
AE o+ Vio+ Yo )+ ), Jﬁ\ 0 (#)

The two roots ol the equation are Al and A, and the form of
[
the solution for Cy is:

C1(t) =B

1 e'?\lt + B? e"?\?—)t- . ’ ' » (5)
Ve can also say from equation (4) that:
P.Sta  PrStL »
Aot A T vy Vs - (6)

and

By and B, must sum to the initial concentration, at t = 0,of

tracer albumin in the plasma, C, (O)
By + By =Cp (0) (8)

The other initial condition is that C2 (0) = 0. Then from
equation (1) at t =0

& (0) = (E:%%§9cl(o); C,(0) = By + Ip - (9)



combining (9) and (10)

' \ ~ [ PsSta e ‘
-<B17‘1? t Bahp) = ( vy > (Bl + Ij?) (11)

"Now we have three eguations 6, 7, and 11 and three unknowns
P,. L, and a. ~The unknovns are easlly soived for especially

il we sinplify the equations to:

P+St¢y , PeSHL _ . _ . - - 1o
o T, AT e (2)
[0} P‘S'}'L\ :

om—— ot 2= B o= A -'}\ . (13)

(‘LL) (A.Ve )
(E;§i§>x o= B1dy T Bohy (14)

A5 B1+485

(14%) from (12) yields

Peotl - p ¢ | | (15)

(13) divided by (15) yiclds

_[.B - | S -
o (A"C) 1 . | . (18)
(1%) then converts to

P'S =CVy - a | . an

and (1%) converts to

o



L= (A-C)V, - PeS (18)

Ceonverting naclk to the original variables,

P+S = (Byhy + Byao)Vy - (20)
L= [n(1-By) + Ap(1-By)] v, - P-S | - (21)

sSince Ay, Ao, Bl'and By can be estimated from the plasma
disappearance curve for élbumin after resolution intq its
components (Iig. 3) and since Vl can bé estimated using the
5 can be estimated using ini-
tial inulin dilution, (these assumptions are discussed'at

initial albumin dilution and V

lengﬁh in Appvendices 1 and 2) o, P«S and I can be calcula-

ted.,
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Fig. 3

Radibactivity of 20 yl plasma samples following injection

of '*!'T albumin. In the lower part of the figure the curve

has Dbeen 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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Materials and Methods

Animals

Male Sphrague-Dawley rats weighing 1509300 “Lms were
used. The rats were hdﬁsed in groups of %, in plastic
cages with wood shaving bedding. Féllowing cannulation
(see appendix3) they were housed individually. One group

was given 0.9% NaCl and another 0.7% NaCl + 5% dextrose in-

.stead of water.. All the other grodps received water. Théy
were allowed Tree access to food and fluid, except for 24
hours after irradiatiOn. Both irradiated and control rats
were denied food during this period. . This is because any
food eaten by fats after irradiation, remains in thelr
stomachs unidigested for at least one day.

Isotopically labeled tracer material

13ll'human serum albumin (Albumatope 1-131 E.R.Squibb)
in a volumé of 2 ml was dialized at 4°C aéainst 1 liter of
0.9% NaCl for at lceast é4 hours.,

3?804:, 14¢ sucrbsc and 3H inulin (all from New Eng-
1aﬁd Nuclear) were used at different times to measure the
xtracellular volume in rats. Each of these tracers was di-
luted to about 50 uCi/ml with 0.9% NaCl and mixed with 31
aibumin prior to injection.

1257 povine serum fibrinogen (Mew England Nuclear) was
"eleared" just prior to.its use, by injecting about 200 uCi
into a rat. The heparinized plasma from this rat was used

as the source of 29I fibrinogen for subsequent injections.

N>
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Irradiation

Tbe irradiation was ccnducted with a 1500 Curie ©9Co-
source. 7The éose rate was 30 réd/min. I one éxperiment
the rats rcceived 700 rads and in anothcr, 1000 rads + 5%.
DOsimetry wés done with a Victofeen ionization chamber,
calibrated for ©°co irradiation.

Sample preparation and counting

4.

Blood samples were talken from. the rots af regular in-
tervals following intravenous injection.of the isotope mix.
The samples weré taken with a semiautomatic blood sampler
(Graham 197la). Each sample was drawn into é 60 ullhépari-
nlzed capillary tube, flame secaled, ahd centrifuged., The
cdpillary.tube was then scored with a diamond pencil just
'.augve;the uffy cocat and broken carefully. Using an auto-
matic.pipette (¥ppendorf), QC pl of plasma was withdrawn
directly from the tube and mixed with O.i ml heparinized
water (5vunits/ml) which was in a scintillation vial. One
mi NCS (Amersham-Searle) was added to diésolve the protein,
énd the vial was piaéed in a water bath at 50°C for 10 min-
utes. The vial was cooled and 18 ml scintillator solution
 (6 g PPO/liter tdluene) was added. The samples were coun-
ted by énergy discriminatioh with a.liquid scintillation
counter. No difficulty was éXperiencéd in discriminating

between *3XI and %C or between 13T and S3H.

Experimental procedure
Chronic polyethylene cannulas were placed in the ca-

rotid arteries and Jugular veins of the rats 4 days before
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end lymoh flow (sce appendix 3). The saiine and saline -+

dextrose drinking groups were changed rom water 2 days af-
ter the cannulation and thus dranl: the new solutions for 2
days before the experiment began. The lrradiated rats were
irradisted 2 days before the measurcment of permeabllity

and lymph [{low began. Conlrols were run simultaneously

with each experimental group excepting the sallne + de

4]

-
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trose drinking rats, Sham irradiated conitrols were used
with the 1C00 rad group.. A1l the control greups were simi-
lar in final calculated parameters and so were included in-

to one group.

the beginning of the mcasureiment prece-

g

dure@ 5 rats were injected via the jugular catheter with
the isctope mixture in 0.1 ml novmsl saline. This was
washed in with 0.2 ml saline and the rats were subsequently
sanmpled at regular intervals via ihe carclid catheter,
using the Llood sampler (Graham 1971a). The injection and
sampling times for the various rats werc interwoven so tnat
it was feasible to run 5 rats siMultaneously.

Analysis of data

The disappearance curves were plotted on.semilogérith-
mic papér and analyzed as described in appendices 2 and 3
and the theory scction. |

The significance of differences between groups was de-
termined using the one tail Mann-Whitney U Test (Siegel

1956). The P values mentioned are the probability that the
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two groups have the same mean.
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Results

)

Figures 4, 5 and 6 show disappearance curves for 341

albumin and 3 inulin from ﬁhe plasma of control, 700 rad,
and iOOO rad irradiated réts respectively. The diff'erences
between the curves are not readily apparent, but aré SUIm-
marized in the following figures. |
The five groups of fats'are: (1) Rats that-héd been
drinkinglgiggLﬁggl in- water for 48 hours brior tc the in-
Jection of the isotépes. This was an eflfort to increase
the total boady wéter'of the réts and to increase the lymph
flow. Their water Consumption was about the same as that

of control rats. (2) Rats that had been drinking 0.7< NaCl

+ 5,09 dextrose in water for 48 hours prior to the injec-

tion-of the isotope. This was a further effort to increase
lymph flow. Their wéter consumption was 5:to 10 times
greater than control rats. (3) Control rats. (4) Rats that
received 1000 rads Cobalt-60 irradiation 48 hours prior to
the injection of isotopes. All of these rats died within 6
days after irradiation. (5) Rats that receivéd 700 rads Co-
balt-60 irradiation 48 héurs.prior to the injection of iso-
topes. Most of these rats also died'within 6 days after
irfadiétion. The survivors at that time were moribund and
were sacrificed. ,‘

Figure 7 shows the average plasma.volumés for each of
the five groubs.‘ Plasma volumes were calculated using the
extfapolated initial *®}I albumin dilution (see Appendix 1).

The only group with an average plasma'volume different from



Late albumin curve
104

,Oﬂi)’&éfiﬂéj?:gggg

Q@ 5 '

A T B I T3
= _ o : ' ]
7 . N
> Inulin curve
S - .
o

Q 104: =
n’ — —
e

c - _
3

9 — ]
T ‘ 5O 12 24 36 48 Minutes
o 2x10 X - I I 1 P

2o Early albumin curve

. 100 |

2 gx10*L | I | [ |

.g- 0 1 2 3. 4. Hours
3 N r ! I

< 105y CONTROL o «
= - RAT #38 =
- E — —
o R —
¥ ]
> |
b

o

3

O

-0

&

RN

AT T
N

10° 1 I | 3
0 24 48 72 96 - 120 144
' - Hours

) ' 1
Fig. 4 . DBL 7211 5566

131 : SRR R : :
I albumin and °H inulin disappearance curves from plasma
of a control rat. '

33



o
o 5
10
: E
L —
> _
E —
o
S
o 104
o
3
o
© 2x10°
T
™
o 10°
o
S
© 6x10*
~
= l I l l !
E 105 O _ ’ —
O -
8 o 700 RADS =
> RAT #39 —
& _
C po—
3
3 _
©
5 10%E . =
- — Late albumin curve =
i | L I\ |
0 24 48 72 96 120 144

Hours
. DBL 7211 5567
1317 3ibumin and %H inulin disappearance curves from plasma
of a rat which received 700 rads 48 hours previously.

34



63.
°
& 10— T 1 B—
S = 1000 RADS =
~ = RAT #17 -
£ g -
E B
O a
o0tk Inulin curve
3
o
=5
O
(&
T 1.56x10°5
(48]
Q2 105
o
E !
(O
2 _
T ex10*
E 105
o
~
N
9p)
g
C p—
-
o | —
2 . » Late albumin curve
-1 I
O 24 48 72 96 120 144
| Hours
) DBL 7211 5568
Fig. 6

1317 albumin and 3H inulin disappearance curves from plasma
of a rat which received 1000 rads 48 hours previously.

35



36

Plasma volume (ml/100 g body weight)

SALINE  SALINE CONTROL 700
+ RAD
DEXTROSE '

Fig. 7 DBL 7211 5572
Plasma volume was determined using the extrapolated initial
1317 glbumin dilution., The groups indicated are explained

in the text.



control is the 1000 rad group. The differencé is signifi-
cant at the P < 0.001 level,

Figure 8 showé the sverage extracellular fluid volume
(indluding plasma volume). Extracellular £luid volumes

were calculated using the extrapolated final *%C sucrose

4 B
dilution (ih the first 2 groups and their accompanying con-

trols) or 3

i
1

i inulin dilution (in the irradiated groups and
their accompanying controls) (see Appendix 2). The 700 rad
group shows an increase in extracellular {luild volume sig-
nificant‘at theiP-< 0.0l.level. : )

Figure 9 shows the average total body capillary per-
meability-area product excjusive of hepatic capillaries
(plasma aibumin equilibrates with the hepatic extracellular
spéée so.rapidly that hepatig capillary permeability cannot
be measuréd). This global permeability was éalculated as
describéd earlier in the theory section. The 700 rad group
shows an increase of 47% (P = 0.025) and the 1000 rad group
has an increase of 98%.(? < 0.001). |

Figure 10 shows the calculated total body lymph flow
~exclusive of hepatic lymph flow. This was calculated as

déscribed in the theory section. The 700 rad group had an

increase in lymph flow of 1249 (P < .001). The other groups

showed no significant change from the control values, The
increase seen in the saline drinking group was due to one
rat with a calculated 1Ymph flow of 56.4 ml/hr/kg body

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

in that group and 1s probably not typical of that group.
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Extracellular volume was determined using corrected inulin
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dilution (see appendix 2). The groups indicated are explained

in the text.
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Calculated permeability-area coefficient
(ml/hr/kg body weight)

SALINE SALINE CONTROL 700
+ RAD
DEXTROSE

Fig. 9 _ :
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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Lymph flow (ml/hr/kg body weight)

SALINE  SALINE CONTROL 700
+ .~ RAD
DEXTROSE

FlE{‘ 10 DBL 7211 5570
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 ahd 12 show the calculated lyﬁph/plasma con-
centration ratio of albumin and the percent of albumin that
is extravascular. Both paraméters were calculated using the
.calculated values of permeability and 1ymph flow, The par-
ameters are calculated in much thé same fashion so 1t 1is not
surpfising?that they behave similérly. In both cases the
. 700 rad group 1s about 25% below control (P < 0.0l) and'the

1000 rad group considerably above control values (P < 0.001).

41
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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.

43



J’) SCUE0 l on

offey @nd Courtice (1953) observed that in rats with

y*
H
v

cannulated thoracic dubts, Iynmph flow increased encrmously
when the rats drank saline or a mixture of saline and dex-
trose} The results of the present study indicate that.in
intact ratsvthere is only a medest Jnov se in lymph {low
éven when the rats are drinking a large amount of water,

If we accept both studies as valid, how can this be oX-
plainecd? The‘eS‘egtial difference belween the two experi-
ments is that the thoracic duct is intect in one case and
not in the other. In Yoffeyand Courtice's observation the
volume rermoved via the thoracic duct almost equalled the
excess conswnption, with only a slight increase in urine
outpﬁt. Since the thofacic duct was being drained, the net
driving p;essure in the lymphatic system 1s greater and
would be expected to résult in an increase in lymph flow
above normal levels. This probably actually. dehydrates the
rats and only when water intake ié considerably above nor-
mal are Lhrv at é normal level of hydration.

In the intact rat there are several mechanisms opera-
ting simultaneousgly that can explaun the maintenance of |
lymph flow'near'control levels. The rats drinking 0.9% sa-
liné did'hot increase water consumption, so would not be ex-
pected to show increased lymph flow in'any‘cése. The rats
drinking 0.7¢% saline + 57 dextrose showed a large increase
in water consuﬁption and at the same time exhibited an

equally large increase in urlne output. Tne dluretic res-
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ponge in thea rat is'appérently 80 accurate that by the time
the experiment began, U8 hoﬁrs alter starting to drink sae
lihe + dextfose, plasma volume and extracellular volume
were almost at centrol ievels; |

Most of the increase in thoracic duct flow seen by
Yofﬂn?and Courtice probablyvOriginates in the liver since
‘hepatic capillaries are more permeable than any others in
the body and plasma is about in equilibrium with the extra-
cellulér fiuid in the liver. In the present experiment,
becauee of the ;apid»equilibration of plasma albumin with -
hepatic>extracellulaf fluid albumih, hepatic lymph flow is
not included in the calculated lymph flew. Thus any in-
crease . in hepatic. lymph flow would not have been seen.
:l The increase in caiculated capillafy permeability—area
product seen invboth irradiated_groups has been seen indi-
rectly before. This increase has Been inferred from the in-
creased diseppeafence rates from the plasma of albumin and
fibrinogen. However the technique reported here seems to
be more.sensitiVe than simply looking at disappearance
rates. A compérison of PFigure 13 with Figure 10 shows quite -
obviously that there is a more proneunéed difference between
ifradiated.and centrol groups in the calculated permeability
than in the ¢t 1/2t's of the second component of the albumin.
plasma disappearance curve. In edditidn, the dose response
of capillary permeability to;irradiation 1s not apparent
from the t 1/2's, The reason for thisvcontrast is that

other parameters than capillary permeability_changé at the

.



Equilibration Ty, for albumin (hours)

SALINE  SALINE CONTROL 700 1000
o | RAD RAD
DEXTROSE |

. DBL 7211 5573
Fig., 13
Half times for the equilibration (second) component of !31T
albumin disappearance curves. The groups indicated are ex-
plained in the text.
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same tihe. Since the slbpe_of the diaappearghce curve de.-
pends on a combihation of permeabllity, lymph flow, and the
volumes of plasma and extracellular fluid, it 1is not sur-
prising that 1t does not correlate very well with only one
of the parameters, permeability. | |
An increase in capillary‘permeabllity to proteins would

normally be expected to cause an increase in lymph flow.
The increased movenment of proteins across the capillary wall
should cause an'incredée in the concentration of protein in
the‘interStitiaI fluid.‘vThis would cause a drop in the
transcapillary-wall osmotic bressure and less water would
be.feturﬁej to the circulaﬁion across the copillary walls.
Aséuming the lymphatics are operating properly and are not
blﬁcked and that the animal is active énough to provide thé
pumpingraétion on the lymphatics, then lymph flow should in-
crease., |

| This apparently happens in the'?OO rad_grmgx‘ However
the increase in lymph flow is greater than would be expected
from thé_above argument, assuming a linear relationship be-
tween capillary permeability and 1ymph flow. If the above
explanation was correct then there should be a slight ex-
pansibn of the extracellular space and a slight shift of
protein out of the plasma into the interstitial fluld. In-
deed there is an ihcrease in the extracelluiar space but the
increase in 1lymph flow 1s so great that the protein concen-
tration df the extracellular fluid decreases. Thié is pos-

sible since the movement of albuminuﬁhrough,the capillary



%8
walls is independent of water movement. Thus an increase
in water {lux through thé capillary walls without an equiva-
lent increase in permeabllity to albumin will result in an
increase 1in_lymph flow and decrease in the concentration of
albumin in the interstitial fluid. The relaticnship be-
tween extracellular volume and lymph {low may have quite =a
steep slope, l.e. a small increase in extracellular volune
caﬁses a large change in ;ymph flcw. Cértainly during de-
hydration, wnen lywph flow almost disappears, there is only
a small decrease in extracellular volume (Yoffey and Cour-
tice 1956). It then-seems reasonable ﬁhat the increased
flow of water through the extracellular space is responsible
for the increase -in extracellular volume.

'Surprisingly, the picture is quité different in the
1000 rad group. Lymph flow is calculated to be at conirol
levels, However this group also shows an élevated—plasma
volume as well as an elevated extracellular volume. These
elevated volumes could be due to reiease of intraceiiular
watef and protein due to radiation induced cell death
(Szabo et al, 1967), or may be a form of starvation edema,
although the latter seems unlikely only 48 hdurs after ir-
radiation. |

The generalized debiiitation of these animals may be
responsiblezfor the unexpectedly 1ow'1ymph flow. Since the
1000 rad irradiated animals were relatively quiet compared
to controls, there is less puﬁping action on the 1ymphatics.

This would account for the expansion of the extracellular
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caplllary peracebllity to proteins, com-

)

normal turnover rate ol the exiracceliuvlar

»

an accumulation of protein and then water

toby

in that space. 7The increased plasma volume does not seenm

to be explainable

in the schene but nevertheless appears to

be real. Such increases in plasma volume have been repor-

ted earlier (Gilbert et al, 1961) although there are con-

flicting revorts (Swift and Wakada, 1958).



'Conclusioﬁ

The series.of experinments reporiced here were designed
to look at the changes in lymph flow following_acute whole
body irradiation. It seemed probable that increased capil-
lary pefmeability would result in an increased flux of pro-
tein wﬁich in turn would lead to an increased flux of water
out of the capillaries. This protein and water would have
to be returned to the circulation Qia the lymphatics., VWhile.
Szabo et al (1967) have suggested that ﬁhere is actually a
decreaSé in lymph flow following irradiation, the results
df the present work support the concept of increased lymph
Tlow.

Hoﬁever, Szabo's experiments and the experiments re-
ported here are not strictly comparable. Szabo et al used
dogs 3 to 25 days following 500 to 700 R total body x-irra-
diation. By then the dogs héd lost an average of 16¢ of
body weight and may have been considerably dehydrated. At
this dose and time after irradiation diarrhea and dehydra-
tion are probhable (Bohd et al 1965). Under those circum-
stances it is reasonable to expect a decreased lymph flow.
Beééuse of the wide spread ih the fime after‘irradiation
when the experiments were conducted, 1t is possible that the
capillary permeabiiity méy have returned to normal in some
of the dogs. This is supported by a study that showed that
in.the.rat, small intestine capillary permeability returned
to normal levels 9 days after TOO rads wholebbody irradia-

tion (Graham 1971).
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The present work shows that in rats at %8 hours after:
irradiation capiliafy perneability is incrcased and lymph
flow is increased or remains at control levels but dees not
decrease.

An‘unpxpGCted result of these‘experiments concerned
the changes in lymph flow in rats consumihg large amounts
of dextrose and saline solution., When lymph is collected
'ffom a thoracic duct cannula, fluid administration causes
-an enorméus‘incréase'in lymph flow (Yoffley and Courtice
1950), but in the intact animal there appears to be vir-

tuaiiy no change in lymph flow.

{

e,
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Apporndiz 1
Albumin Kinetics in the Rat

Radiocactive iodinated albumin (RIA) has been used as a
tracer for indicator dilution determination of plasma vol-~
une for years. In this study 1t was used to measure plasme
volume and; in addition, was used to measure qapillary per-
meability and lymph flow. Obviously it is important thet
each part of the disappearance curve is understood and used
in the prbper'context.

Figﬁre 14 shows a representative diszppearance curve
for RIA from the plasma of a rat. There is an initial rapid
drop in activity with .a half time (¢ 1/2) of about 15 min-
utes, followed by a slower portion with a ¢ 1/2 of about &
hours, and finally the last portion with a t 1/2 of abouﬁ 18
hours that lasts for several dajs.

The final portion is almost certainly due to breakdown
of the RIA and excretion of the radiocactivity. Terres,
Hughes and Wolins (1960)'in a study wi'h_mice,:using human
RIA, showed that'the plasma activity curve paralleled the
whole body activity curve after 8 hours with a t 1/2 of about
15 houfs; 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
would take about 8 hours for -albumin to equilibrate in the
mouse and take more than 4 days ‘in the rat. Campbell et al
(1956) observed that equilibration of homologous ilodinated

albumin in the rat occurred within 48 hours with a final
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Fig., 14 DBL 7211 5564
Radioactivity of 20 pl plasma samples following injection of
1317 albumin. In the lower part of the figure the curve has
been resolved into two components by subtracting the extrap-
olated final component from the points at 1 through 6 hours
rafter 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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1 in the present

1.2 ¢l 75 hotes, The decreased © 172 o

study 1ls ressonable since neterologous albumin 18 catabo-
lized more ravidly than homologous albuimin (Wish et al 1952).
The rapild initial portion (T 1/2 = 15 min.) of the RIA
‘disappeararice curve implies that there is a space with which
plasma albumin can exchange relatively rapidly. There was
a considerable varviation in the calculated size of this
sbace (from almest zero'up to 354 of the plasma volume) and
therefore it was not used in the calculations of permeabil-
ity and iymph i'iow. This space is prcbably the extracellu-
lar space in toe liver., Winchell et al_(1964) show that in
'
dogs, following intravenous injection, RIA appears in hepa-
tic lymph with a t 1/2 of ab@ut 30 minutes. It is knowi

4 oL

(Landis and Fappenheimer 1963) thit hiepatic capillary per-
meebility is much higher than for other tissues. Thus it 1is
pfobéble.tha' the liver accounﬁs for the rapid early portion
of the curve. |

The'extrapoldted intercept of the gecond portion of the
alvbumin disanpearance curvé was used as a meaéure of effec-
tive plasma voiume. Tnis volﬁme probably includes the he-
patic interstitial space. During the first minutes afterb
injection the plasma concentration of tracer albumin is rel-
atively nigh. A similar phenomenon occurs withbextrdcellu-
lar fluid tracers, such as inulin, resulting in a dispro-
portional excretion during the [irst few minutes after in-
jection (Appendix 2 ). In the case of inulin correction is

necessary for the excess loss, but because of the relatively
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slow kinetics ¢f albamin, 13lttle arvor 1s introduced by ig-
horing_the- initlial portioh of the curve,  An additional fac-
tor minimizing any error introduced by the rapid initial
component, 1s that the rate of excretion cf albumin ié prob-
ably not proportional to its pla sma - concentration, but in
some way'd%pénds on liver activity. However, i it is as-

sumed that albumin is broken down only in the plasma, a

1

worst case assumption, the resulis

u’)

of a computer. simulation

se from

i

should indicate the largest error expected to ar
thi$ problem. A three compartment model was. used to set up
“the difference equations for the computer simulation. The
résplts of the simulation‘are shown in Fig. 15. In one
case, plasma mixes instantaheously with the hépatic,extfa—
Ll
celfﬁlar compsrtment, and in the other, mixzes at a realis-
tic 1ate.' The error'involved can be seen to be qpproximate—
ly 3% and can be considered almout neflnbnble in the face of
the observed experimental variation,

The slope of the second portion has often been consid-
ered to represent thé equilibration.of albumin in the plas-
ma with 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 in the calculation of
permeability as seen in the theory section. Since the
slopes and intercepts used in the calculation do not include
the hepatlc compartment, the resultant calculated permeabll-

ities and lymph flows are exclusive of any hepatic contri-

bution.



56

0.9° -
Q 2
\\ :
0.8 Q | —
~
\. . \O\ .
07 1. ol -

= .
06— - ~‘~~._8.\ -]
| : ~~~.§~ ®

o5l P-S = 0.03 ml/min =3
| ’ - . - . . '
. 1 V1 - . > Vz - »
13_ ml |- 40 ml

0.4 l \/ ]
L=0.1 i
' 0.012 mi/min 0.18 ml/min

P-S = 0.03 ml/min P-S = 0.1 ml/min

Relative concentration of tracer albumin in plasma

03 [ 2 : VZ = |- V| = - V3 = ]
40 ml > 10 ml |« 3 ml
L=018 mlw l
0.012 m!l/min
0.2 | l
0 1 2
Hours
Fig. 15 : ’ DBL 7211 5563

Results of a computer sinulation of albumin disappearance
curves for the two models shown. Model 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
"disappearance curve, This sinmulation 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 model 1, V] includes plasma plus
hepatic extracellular fluid. In model 2, V; is plasma vol-
ume alone. (See program #2, Appendix 4).
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The rapid éarly compenent marxes it djfficﬁlt to use al-
vbumin for piasma volume determinations; Fibrinogen was cho-
sen as a tracer that might give 5 Lore accurate estimate of
plasmé‘volume,than albumin. It was thought that since fi-
“brinogen (400,000 MW) 1is so-muchﬁiarger than albumin
(69,000.MH) it should 1eék'out o' the plasma more slowly

2

than albumin. This should make 1t easier to extrapolate the
initiai part off the disappearance curve back to zero time.
lzsl;bovine serum Tibrinogen (New England HNuclear) was used.
‘Befdre injection in the test animalé itiwas "cleared" by in-
jecting;éoo pCi into a rat intravendusly. After 2 houré
blqdd was witihdrawn from that rat using a heparinized syr-
inge and centrifuged. _The reéulting plasma was then used as
thé;SOurceﬂof {ibrinogen and was used witnin one houf of
collection. *°'T human serum.albumih'(E.R. Squibb) was dia-
'1ized‘against saline for 24 hours at 5°C and mixed with'the
léSI‘fibrinogen containihg plasma, The approximate concen-
tration of.isotoﬁes in the injection mixture was about 20
'pCi/ml for eéch isotope. 0.2 ml was injected into each of
3 rats via the jugular cénnula and washed 1in with 0.2 ml
heparinized séliné. Blood samples were then taken at regu-
lar intervals. The resuits can be seen in Figure 16,

In each case there is a'fapid early component with a
t 1/2 of about 15 minutes. The calculated average plasma
voiumes are about 6.2¢ higher using the initial extrapolated
values of the albumin curves than those of the fibrinogen

\
curves. This difference could be due to a small compartment
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Simultaneous plasma disappearance curves for '?!I albumin

and '?°I fibrinogen from 3 different control rats. The

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 average! of 6.2% higher than from the fibrinogen dilutions.
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that albumin has rapid access to but that fiﬁrinogeh does
not. Anothner possible explanation is that some of the al-
bumin (about ©67) is partially denatured; and 1s removed |
from the ojréulationvvery rapidly.

This differcnce is of ho importance in the present
study since any error introduced by using albumin instead
of filbrinogen would be consishent. Comparisons between

groups should still be meaningful..

5

This experiment showed that there is only a slight dif-

fefénce between'fibrinogén and albumin in estimating plasma
voiumes; However Dboth materials.haveua plasma disappear-
anée curve that has a rapid éarly component, probably due

to the high permeability of hépatic capillaries. This could
cause large errors in estimates of plasma volume if the in-
itial pOihts vere not taken during the fiﬁSt_B or 10 min-

utes after injection.
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Appendix 2
Extracellular Space TraCér Kinetics in the Rat

A varieﬁyvof materials have been‘proposed as tracers
for the determination of the extracellular volume using in-
dicator dilution techniques. Some are: 1nulin, sucrose,
ménitol, thiosulfate, sulfate, thioccyanate, chloride and
sodium (Pitts 1963). They all give different estimatés of
extracellular volume for several reasons. Sodium and chlor-
ide lons exist intracellularly to some extent and so tend to
give an eﬁlarged estimate of the extracellular volume.
'Larger molecules such as sucroge and-iﬁulin pass into the
transcellular spaces, such as the cerebrospinél filuld, very
slowly.and so tend to give a smaller value.

-Invthe present study, °°80," was tried initially as the
extracellular tracer. SO_4= is reabsorbed by the kidney and
s0 has a much slower disappearance curve than the other sub-
stances such as inulin or sucrose wﬁioh are not reabsorbed,
This‘makes it muéh easier tolextrapolate the semilog plot
back to the time df injection.

However, the reasoﬁ for an extracellular tracer in this
vsﬁudy was to measure the size of thé extracellular space
_that albumin enters. A felatively‘large molecule such‘as.
inulin or sucrose would be expected to define the albumin
space much better than a small molecule such as 35804=.
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 largew volume. Both
tracers are metabolized very slowly, if at all, and are
eliminated almost exclusively via the kidneys. This is ap-

parent from figures 17 and 18, TFigure 17 shows the simul-

i

tancous disappearance curves for **C sucrose and °®H inulin

from the plasma of a nephrectomized rat. The disappearance

curves for both inulin and sucrose are made up of gt least
three exponential componehts. Thebfirst component is very
rapid-with a tl/g.of less than one minute, Thié component
usually can 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 component can be esti-

mated. The [irst componeht probably represents the equili-
braéion of the'tracer with t@e extracellular fluid of'high—
ly perfused tissues throughout the body.

\

The second component is interpreted as equilibration

with extracellular fluld in muScle,' The tl/? of the second

component is about 15 minutes. It is interesting that the
slope of the second component 1is approximately the same for

both sucrose and inulin. This implies that the phenomenon

responsible for this component is not simple diffusion since

capiliary 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 in muscle are open, and until

‘all of the capillaries have opened at least once, equilib-

rium with muscle extracellular fluid will not be achieved.
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Simultaneous plasma disappearance curves for !"C sucrose and

H inulin from a nephrectomized rat.

formed about 1 hour before injection of the tracers.

Nephrectomy was per-
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Simultaneous plasma disappearance curves for '“C sucrose and
H inulin from a control rat. The curves are not normalized
for injected dose,
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Invaddition, the r@laﬁively'large volume of muscle combincd
with slow perfusion helps to account for the lengthy equil-
ibration time. This may take 30 miputes or longer and may
explain the presence of the second component. Such phenom-
ena would not necessarily lead to an exﬁonentiél curve,

However,vif the.capillary cpenings were random in time, the

)

curve would be exponential. The results indicate that the
-
'openings arc probably reasouably random.

Tne third component, with a tl/? of approximately 15
hours, 1s probably due to slow metabolism of the tracers,
but pinocytosis, or diffusion into the gut or into trans-
cellular spaces such as the cerebrospinal.fluid may also be
involved.

Figure 18 shows the simultaneocus disappearance curves

for '%C sucrose and 2H inulin from the plasma of a normal

rat. The two curves are very similar, each having a con-
tinuous positive curvatufe and each piateauing near 1l¢f of
the extrapolated initial concentration. The curvature re-
mains eveh if the avparent plateau values are subtracted.
There are several poééible explanations for the presence of
the plateauv., It may represent metabolic produéts of the in-
Jjected materials, contamination of the injected material,

or metabolic products of éontaminatioh. The resultant prod-
uct may attach to plasmarprotein'and thus stay in the cir-
culatiqn.

The continuous curvature of the disappearance curves is

expected from the data from the nephrectomized rats. The

6



second and third c@mponents of the nepﬂr@utomized rat
curves, when combined with A excretién component, should
give a continﬁously bending curve particularly during the
first hour. In the actual experiments, data for the extra-
cellular tracer was obtained only for the first hour be-
cause noise due to the presence of-lSlI in thé sample be--
came too great &t the low count rates of 1%C or °H there-
after;.

During the first hour the disappearancebcurve should
be an initial rapid éxponential followed by a slower two
component poption due to excretion and equilibration with
musclé. The contribution of the plategau and the slow com-
ponent scen in the nephrectomized rat wduld bé relatively
smali and have to he ignored in any case since they are in-
acessible from the available data.

A_computer program was written to fit two exponentials
to'the data ffom 10 minutes to 60 minutes after injection{
This was usually four points at 10, 20, 30 and 60 minutes
after injectioh. The program started from a least mean
square fit to a single eXponential, then split it into two
exponentials with equal intercepts and slightly different 
expdnents.’ Then. by making small random.changes in the four
parameters and measuring‘a weighted square error after each
trial,vthe program slowly approached a it to the data. 1In
trial runs with data derived from the sum of two exponen-
tials, the'program achieved a fit with less than 1¢ error

on the initial sum of intercepts and initial slope in about

o
Ui



400 random trials. This took about ten minutes. jlthough
the program was able to fit the data quite well, it did not
comé very close in estimating the individual components of
the curve, Apparently when the . data 1s this sparse and the
curvature is so slight, a large number of solutions fit the
data egually well (Befman 1956) .

This meané that 1t was possible to estimate the inter-
cept following the first, very rapid component but thatjthe
diffusion of tracer into muscle could ndt be'separated {rom
excretion. Thus the final estimaté of extracellular vol-
ume'may nbt include a portion of the extracellular volume
of muscle. This might 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-
duéed errors into the other calculations made in this study;
in particular lymph flow may have been undéréstimated. How-
ever éhy errors introduced because of the underestimate in
extracellular volume should bé conéiStent and therefore éom—
parisons betweeﬁ groups should still be valid.

| The intercept extrapolated back to the time of injec-
tion can not be used to directly calculate tﬁe extracellu-
lar volume. This is because during the initial equilibra-
tion period a disproportionate émount of tracer is lost
from the plasma via the kidneys. Thus once equilibration is
reached, it is as 1f 1eés tracer had been injected initially.
This_is illustrated using a ﬁathematical model of the two

compartment system shown in figure 19. Figure 20 shows 4
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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/min. and E is the excretion rate from
the plasma for the tracer in ml/min. The volumes are given
in ml, 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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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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simulated Cleappearance cvrves of extracellular tracer using
that model.. Only the excretion ha$ been changed o yield
the various curves. The intercept ébviously changes consid-
erahly as a functionvof the excretion rate. _Whis might seem
to be a minor correctioq‘factor but ffor some rats the cor-
rection was as much as 407,

The inability to resolve the muscle component from the
excretion conponent tends to introduce another error here.
Since thé disproportidnate loss of tracey is only via the
kidﬁeys, the contribution of diffusion into muscle should
not be included in the second éomponént for this part of
the calculation, However since it is impossible to sepa-
rate the ﬁwo comporients, they are uéed together as.if the
Sysﬁém»Was a simple two compartment system such es Shown in
figure 19, vAny error intreoduced by this simhlification
should be consistent from rat to rat and therefore compari-
sons between groups should still‘be valid.

Sapirgtein et al (1955) considered this problém and
solved it for creatinine in the dog. His derivation‘was
somewhat different fromvthe-following but the results are
the sémé.'

1

Consider the two compartment system in figure 19. The

differential equations describing 1t are:

ViCy = -(P+S+a)Cy + P+SCy | (1)
VsCp = PSCy - PeSCop (2)

The solution of these equations is similar to the solution
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of the albumin kinetlc equations

The determinant is:

~(P5ta) - A P8
vV v .
1 1 ,
= Q
P-3 - PSS -

The roots of the equation are %l and %2 and we can
N _P:S+a P8
L YT Y T,
and
: P-S
/\1 . ?\2 = V(y =
V1Vo
The form of the solution for Cq is:
Cy = Bye MU 4 Bee*het
The initial conditions at t = O are:
Cy = Cy(0) = X/Vy and
C2 = 0

X 1s the total amount injected.

Using equations (7) and (8)

170

say that:

(9)

(10)



Combining (10), (11} and (12)

By + B, vy

o

(11)

(12)

(13)

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

simplified, defining A, B and C:

TV L* e
A

P«Sa = —

i, 0T MM

P'\?‘*‘CY‘ é — Bl}\l -+ B?7\2

Then from (16), (17) and (18):

(17)

18y
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PeS = V0 - o= Vi C - B (19)
And Cinally substituting into (17)
— P,.“.‘(?‘. o ‘. ,,,C.f_ - ..'....,..-E.?).....- ‘ -~
Ve = h-C vl( A- (A_())Z) (20)

It is convenient to leave the solution in this form and
solve for V? by substituting the calculated values of A, B
and C using the observed parameters of the curve: %13 Agy

By, and B, and uslng equations (1%), (15) and (16).
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Appendix 3 .
Chronic cannulation of carotid artery and Jugular veln of
the rat |

The.advantage of chronic ipdwelling cannulas in rats
1s that blood samples can be téken and lntravenous injec-
tions made with minimal disturbance to the snimal. The use
of such cannulas 1is by no means new. The most widely quo-
ted paper on the subjett seems to be Popovic and Pdpovic
(1860) although they mention earlier ¢fforts along the same
line, The prbcedure'describéd hére is more detailed than.
1any found 1in the 1iteréture and contains several novel tech-
niques  that should prove useful.

The, catheters are made.fromva combination cf PE - 50
polyethylene tubing and 0.020 in. I.D. 0.037 in 0.D., Silas-
tic tubing. The polyethylene tubing is bént 180° at one
end in near boiling water. The radius of curvature is about
I mﬁ fof the arterial cannula and about 2.5‘mm for. the ven-
ous one. The Silastic tublng is cut in 35 mm lengths and
soaked in toluene. The toluene causes the Silastic to ex-
pand allowing it to be slipped over the polyeﬁhylehe tubing.
Aflter' drying the Silastic shrinks back to its original size
forming a tight seal to fhe polyethylene. Then the tip of
the Silastic tubing 1is cut at about ke, A diagram of a
COmpléted 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. The‘éompleted cannu-

las are soaked in 70% ethanol for sterilization until use.
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0.020 in. 1.D. x 0.037 in. 0.D. Silastic tubing

|

PE-50 Polyethylene tubing
DBL 7211 5556
Fig. 21

Catheter used for intracarotid and intrajugular cannulation
in the rat. '
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During the cannulation procedure the canuulas ore rinsed

ut with heparinized saline (4 u/ml) using a 1 cc syringe
withva 23 gaﬁge hypodermic needle without a point. The
syringe and need1e.aré left affixed to the cannula during
the procedure to keép blood from éscapingAvia the cannulas
and to test that the caﬁnulas are properly placed and that
blood flows well,

The rats are anesthetized with 60 mg/ kg sodiwm pento-
barvital (Ncmﬁutol) intraperitoneally. Absolute sterility
is noﬁ'necessary in rat surgery but genéral cleanliness is‘
advisable., The rat is placed on his back and his neck is
shaved_for 3 cm superiorly from the clavicle using Phischex
and a éinglé édged razor. A one cm incision is made with
heaﬁy scissors about 8 mm rightvof and parallel {o the mid-
line starting about 5 mm from the clavicle and extending.
superiorly. By carefully grésping successiﬁe layers of
fascia and fat with forceps and-cutﬁing of f therheld portion
with scissors and using blunt dissection, the underlying
structures can be exposed. The Jjugular vein is cannulated
first. It is found slightly lateral of the incision’lying
on a layer of muscle., It can frequently bve séeh.through
severai Iayers of overlying tissue because of its character-
isticvpurple color. The final layer of fascia over the Jug-
ular is cut and an bpthalmic hook isislipped under it; On
the other side the tip of the 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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Lailed dlescetion near the vein gnculd be avolded because
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1L will contract to a fraction of i?s original size, io
should be Hept noist with saline thrcoughout the procedure.
A few inches of 4 ~ 0 s1lk is passed under the vein, pro-
tecting 1t from abrasion with the hook. The closed iris
scissors are then placed under the vein to support it dur-
‘ing the cannulation procedure., While prcviding ﬁragﬁion
with one hand using thg sillk, the other makes a hole in the
vein uéing a bent 22 gauge hypodermic necdle almost parallel
to the vein. Another 22 gauge needle.that has been made
into a hook by pushing it sﬁraight down onto a flat metal
surface, is used toc hold the hole open.  The cannula is then
inserted, witih a little twisting, and pushed in until the
Silastic~polyethylene junction reaches the hole, The‘silk
is then ticd tighﬁly around the Jjunction occluding the veiln
distal to the point of cannulation. The cannula usually
fills the hole in the Qein adequately so that there is no
bleeding but occasionally it is'necessary to put an addi-
tional ftie 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 scissors removed, completing the jugular
cannulation.

The carotid artery is found deeper, lying necar 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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the rat's right car (the stérndcleidcmastoid musclie), The
carcotid sheould be geen lying along the midline muscle under
a thin layer of muscle or fascia. Without dissecting any
of this away, the opthalmic hook is hooked under the carct-
id along with the aécompanying mascle and vagus nerve, The
artery is supported with the fine forceps and the muscle
and nervé peeled off using the opthalmic hook and a dissec-
ting microscope. Vhen free,_the artery is éasily exposed
for'abouﬁ 1 em ahd two silk strands are placed_undef it.
Theapréximal one is relatively long and both ends are
brought £o the tail 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 témporérily closes the artery
duripg»thé insertion of the cannula., The other silk strand
is tied.firmly'around the artéry as distal as possible,land
a hemostat élipped to it_to provide traction in the super-
ior directioh. The irié scissors are pléced undér the ar-
tery in the same way as in the jugular cannulation. It is
_importaht fhat the artery be kept moist with saline during
the entire procedﬁre or the cannula will not slide, once it
is introduced into the artéry. The cannula is introduced-
into the-értery in the same manner as in'the Jjugular, to-
ward the heart. After intfoductibn, the cannula 1is héld in
the artefy with a forceps firmly grasping thét part of the
artery that the cannula is within. Then the proximal silk
strands are relaxed and the écissors removed., The cannula

is slowly pushed down the éftery with another pair of for-

7
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ceps and held with the first palr between pushes. Some-
times 1t is necessary to pull the artery up arcund

nula while pushing on the cannula and 1t {requently takes a
few minutes to get the cannula in 311 the way.‘ If the Si-
lastic part of the oanﬁula is soaked in 0.5¢7 Tween &0 for a
few minutes before introduction i1t will slide 1in much more
éasily. Generally, if tﬁe animal welighs much. less than 200
gm, the carotid artery will be too small for this size Si-
lastic tubing; Once the cannula is in to the Silastic-
pdlyethylene juhction, the proximal traction is then reap-
plied'to.keep the cannula from poppiqg~out due to blcod
pressure. The distal siik strands are then tied firmly
around the Junction and the proximai tied 1ight1y around the
Silastic:withih the artery.

Now the rat 1s turned over and & small spot of skin is
shaved at the middlevof the base of the neck. A small in-
cision is made with heavy scissors,énd two 3 1/2 ineh, 17
gauge hypodermic needles are squessively threaded subcu-
taneously around the neck and out through thc initial in-
cision. The twoe cannulas are in turn clamped with a- hemo-
stat, that has rubber_tubihg on its jaws to protect the
pélyethylene tubing, and threaded intQ the 17 gauge needles
and pulled through. The syringes are then reaffixed, the
hémostét released, and the cannulas pulled until they 1lie
properly. If one syringe is marked, it is eaSy to‘identify
thé cannulas later. It is now apparent why the canhulas are

made with a 180° bend near the end, since they lie nicely

.
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without kinizing. The primary incisicn is closed with wound
O W

2

clips and the second one with a single stitch of sillk,
Using the protective hemostét, the cannulas afe cut and a
short piece of wire (used for clearing 18 gauge hypodermic
needles) ié inserted as a plvg. The wire in the venous
cannula 1s vent slightly for: subsequent idéntification.
Both cannulas should be flushed thoroughly With'heparinized
saline before sealing. |

The rats are usually allowed to recover for at least
2 days.beforé any other procedures are begun. The cannulas
are usually usable for blood withdrawal for abbut two weeks
and for injections for at least one month. There héve been
2 rats odt of 50 during recent experiments that showed ob-
viQQS brain damage probably from an arterial embolism.
There are'probably‘numerous other infarctions that result
from the chronic cannulas., Several have béen seen in the
kidbeys_at autopsy. Occasionally the eye on the side of
the ‘cannulation will be partially élosed,‘indicating a dis-
turbance in blcod supply to either the ocular muscles or
that side of the brain.

Thésé problems were thought to be of small importance
to this study but must be considered wbenever-this tech-
nique is used. Because the left carotid leaves the aorta
.downstream‘from the right carotid, cannulétion of the left

should result in a lower incidence of cerebral emboli.

-



Appéndix 4
Computer Progréms¢
The following computer programs are the main programs
that were used in the present work. The programs are writ-
ten in FOCAL-12 and were run on a Digital_Equipment Corpor-

ation PDP-12 computer,
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21.04
gl1.066

21.87-

Ul.08
Gle.10
21.20
@130
0l.40
21.5@
g1.60
Bl.70
21.80
@1.83
Bl1.86
Bl1.90

22.10
22.206
@2.30

B2.408.

P2.50

22.52 .

P2.54
P2.56
82.58
P2+ 69
P2.62
B2.72
g2.80
@2.90

#3.10
7320
@3.40
2350
23«60
#3703
B3.90
*
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"RAT NUMBER",W,!!

"INULIN INJ STD 10 ML',SS,
"INULIN INITIAL T 1/2'5Tl,
*INULIN FINAL T 1/2 ', T2,
“"WEIGHT IN GMS AR E

s .
C1,C2,C3,CC,D150 C5A D2 B2,5S5,T1,T2,V
T50 C
"ALB INTERCEPT #1 '"'5Cl, !
"ALB INTERCEPT #2 v.C2, 1t
“ALB INTERCEPT #3 “,C3,!
YALB INJ STD 18 ML ",CCL !
“"ALB SECOND T 1/2 ', Dl,!
“YALB FINAL T 1/2 ‘> D2,
“INULIN INTERCEPT ",B2,}
!
!
]
!

A=.693/D1+.693/D2
B=(«693/D1)*(.693/D2) -
C=(((C2-C3)>*%«693/D1)+(C3%.693/D2)) sC2
VP=1@*CC/C1

Vi=1@*CCrsC2

Bl=10@0%55/VP-B2

T1=¢693/T15S T2=.693/T2
XA=T1+T2

XB=T1%T2 .

XC=(T1xB1+T2%B2) /(B1+B2)
V2=VP*{(XC/(XA-XC)~XB/(XA-XC)12)
AA=(B*V1) /(A-C)

P=VUl*C-AA

L=CA-C)*V2-P

*PLASMA VOLUME s %Z8.B4,VP,* ML"™, 1080%VP/W," % BODY WT",!
"EXTRACELLULAR Ve",UP+V2," HML', 1@E*(UP+V2) /W,*" 2 BODY WT" ,!
"TOTAL BODY P*A ", P," ML/HR",108C%P/W,'" PER KG",! :
"LYMPH FLOW “,L," ML/HR'",1080%L/VW," PER KG",!
“YEQUILIBRIUM LYMPH/PLASMA RATIO",P/(P+L),!

"% ALBUMIN EXTRAVASCULAR", 1G@0%P*xV2/((P+L)*VI1+P%xV2)," g, 111!
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.



gi1.01
gi.10
g1.20
©1.30
@135
Bl.40
21.50
gl1.60
P1.70
g1.85
21.90
B1.95

g2.1¢2
p2.20
2.30

nwnt
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B=.l

P=.03
A=.012
=.18
Cl=1000
Vi=19

ve=3

U3=40
K=1,103D 2
Z2=7Z+10
Z2,C1,C2,C3,!

1.8

Cl=Cl+(-(P+B+A)*C1+B*C2+(P+L)*C3) /V1
C2=C2+B*(C1-C2) sv2
C3=C3+(P*C1=-(P+L)*C3) /V3

Program #2

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, V1 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 systemn.
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¢ FOCAL-12
gl.01 E
Gl.82 A "N",N
P1.03 S Z=.5678
01.84 F K=1,N3A TC(K),»B(K)
£1.65 D 6 : :
B1.06 S AC2)=.281%AC1)3S AC1)I=2%AC1)3S A(3)=-1.2%G3S AC4)=-.8%G
B10G7 S =401
21.68 D 3
Gle10 S P=Q
Pl1.26 F J=1,435 CCJI=ACJ)
"B1e28 F J=1,43D 535 A(JII=X*Y*ACJII+ACJ)
01.306 D 3 ' _ ’
@1+.33 1 (FABS(P)-FABS(@))1+36,1.38,1.38
B1.36 F J=1,435 ACJI=CC(J)
2137 G 1.26
#1.38 S H=H+1
Bleldl T %600, 10000%Ps%35.B8,CC1)2,CC2),CC1)4+C(2)5%5.84,CC(3),CCaA).
Bles2 T 1/7¢CCCCLIH+CC2)) /COCBI*CCLI+CCAIKCC2)))
1643 T %4.008,G1,! . :
2150 F J=1,43S ACJI=2%xA(J)I=C(JI3S C(JI=CA(JI+C(I))I /2
P1.60 S P=Q3G 1.3 '
63.108 S Q=035 G1=G1+1
B3+25 S A=AC1)3S B=A(2)3S C=A(3)3S D=AC4)
03.30 F K=1,N3S Q=Q+C(A*FEXP(=T(K)*C)+B*FEXP(~-T(K)*D)=B(K)) /B(K))>12
B3.40 R :
@5.10 S Z=1@0*FSQTC(Z)~-FITRC1PO*FSQT(Z))
05.28 S K=24Z-1
@6.82 F K=1,N35 BC(K)=FLOG(B(K)) )
G618 F K=1,N3S GI=Gl+TC(K)3S G2=G2+B(K);S G3=G3+T(K)*B(K)
P6.20 F K=1,N3S G4=GaA+B(K)12
P6.30 S G=1/C(G2%G1-N*G3)/(G212-G4%N))
06+35 S AC1)=FEXP(-(G2%G3-G4*G1) /(G2%xG1-G3*N)) /1.8
P6e46 F K=1,N3S BC(K)=FEXP(B(K));S Gl1=g
E3

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 evaluated and if the
error has been reduced the altered parameters are retained.
In this way 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
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, )

AN
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@l.10 E
G1.2¢ S Cl=10

@1.30 A “E'",E,!

Gle40 F K=1,183D 2

@1.58 S T=T+1

¢1.68 T T,Cl,C2,!

G1.70 G 1.4

@2+18 S C2=C2+.5%C1/48=+5%C2/40
22.20 S Cl1=Cl-C.S5+E)*C1/18+.5%C2/1@
22.30 R

*

Program #4

This program was used to simulate extracellular tracer
plasma disappearance curves with various excretion rates.

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 describing the
system.
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