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The Adaptation of Kidney Tests to Small Laboratory Kodents

by

Constance A.Livingstone.

sethods of estiwating tihie excretory capacity of the KkKidney
by the administration of various compounds and the determinztion
of their concentration in the urine have long been in use. The
specificity of these .tests has increased to the point, where,
today,we are able to cetermine not only the efficiency of the
kidney as a whole,but of the various parts of that organ.

some of the earliest tests were performed on nan and among
these were the observations of Todd (69) and Charcot (5), -
Roberts (56),Duckworth (13) and Chauvet (7) who publishead
accounts of the excretion,in disease, of various drugs, among
which were mercury,iodides,quinine and many others.In 18397
Achard and Castaigne (1) introduced the methylene blue test
which enjoyed extensive popularity. They administered the drug
intramuscularly and noted the time of the first zppearance in
the urine,the time of maximum intensity of excretion and the
time required for its complete elimination.In kidney disease,
the time of appearance was delayed, as was also the time of
maximum excretion, while tine duration of excretion was prolonged.
The test was guite rough,however, and the intramuscular
administration of the dye caused pain.

Indigocarmine was introduced into this field by Heidenhain
(21). He also administered the dye intramuscularly and found
that the elimination was prolonged and delayed in disease,.This

test was considered more accurate than the methylene blue test,

because indigocarmine was excreted more rapidly.
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Lepine(£8) ,Dreyfus(1l2) and Pugnat and Kevillioa(47)worked
with rosaniline. Klemperer(25),in 1895,introduced an important
drug into tiis work when he used phliorizin to prove the
existence of renal diabetes.Carrying this further,Achard and
Delamere(2) found a diminution or absence of phlorizin
glycosuria in kidney disease.The value of these tests in giving
an accurate picture of the kidney seemed somewhzt dubious,
however, when it was found that in acute or subacute nephritis,
the glycosuria awight be absent,while the methylene blue test
showed a normal or even hyperfunctioning kidney.

In 1910,Geraghty and Rowntree(55)introduced phenolsulphone-
phthalein and suggested that it possessed advantages over the
tests previously euployed because of tThe cogpleteness of its
excretion by the kidney and because it is easily determined
quantitatively.Their work seemed to show that the excretion of
this dye paralleled the functional capacity of the kidney and
was decreased in the presence of rensl disease,and further,that
it would obring to light impending uremia which might otherwise
go unnoticed.But since this test was influenced by cardiac
decompensation,slight impairment of renal function was difficult
to judge with certainty.

Folin introduced the use of blood creatinine and tinis work
was carried on by Myers,Fine and Lough(4l,4-,4%,44,45,46).The
retention of uric acid was also used as an index of renal
insufficiency.

The excretion of urea as an estimate of the coadition of the

kidney was used from early times.The worx followeda seversal lines



~3—
o approach of which one was the estimation of plood urea and
non-protein nitrogen by Folin,Marshall and Rowntree,and another
the study of the rate of excretion of urea.The latter ied to the
formulation of Ambard's constant(o) which is a mathewmatical
expression for the relationship between the concentration in
blood and urine of urea and other substances.The rule states that
the ratio:. of the concentration of urea in the blood to the square
root of the urea output in twenty four hours is constant.Another
result of this work was the Van Slyke urea clearance test wnighlk
was,and still is, of great clinical value.Van Slyke(40) defines
"clearance” as the volume of blood cleared of urea per minute,
corrected for urine volume when the latter is below £ cd. per
minute.It is determined by diviaing the quantity of urea

excreted per minute by the quantity contained in each cc. of
blood,i.e.,C(msx.).UV,or,below B cc per minute,C(stand). UV ,
where U=concentratiog of urea in urine,Vacc. of urine foried per
minute and B=concentration of urea in blood.

A1l of the above tests,while tiney were of some use,
particularly st the time they were introduced,cid not give an
accurate or truly quantitative picture of renal activity,with the
exceptidon of the Van Slyke urea clearance und even tnat does not
give strictly quantitative and repeatable results.As knowledge
of kidney physiology hss increased,it has become obvious that
more exact methods of measuring excretory function are necessar&.

After much experimentation ond years of contradictory
theories,kidney physiology has reached its present status,where
the theory now accepted is that there are three distinct grocesses
concerned in excretion by the kidney(EQ).These are glomerular

filtration together with tubular reabsorption ana tubular

excretion.Glomerular filtration has been thoroushi, investigated
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by the micropipette technique of Richards(49,5G,51,70),which
has denonstrzsted beyond coubt that glomerular urine is an ultra-
filtrate of plasma containing all the constituents of plasma
in the same concentration as they appear there,except the plasma
proteins.The proof of tubular reabsorption iies in tais szume
work,since certain substances,sucn as glucose and chloride,which
are present in the capsular fluid,may be nearly or wnolly absent
from the utine as finslly excreted.Tubular excretion was first
demonstrated in the kidney of the aglomerular fish(l4,c0,44).This
fish kidney consists of tissue analogous to tiat of the tubular
tissue of other aniials,but none bearing any resemolance to the
tissue of the glomeruli,and since it is ca,wble of excreting all
the more important constituents of normai fish urine,it aust do so
by tubular excretion alone.In the higher animals it has been shown
that substances appear in the urine in milich higher concentration
than could possibly be accounted for by glomerular fiiltration alone.

Since these three processes are involvea in renal excretion,
and since each can be separately affected by the action of drugs
and disease,it would obviously be of value tc ve aile to weasure
the part played by each separate function in the final elaooration
of the urine.It is along these lines that recent worxk has progres-

sed.
As a result of the participation by the tubules in the process

of excretion,it becomes difficuit to estimate yuantitatively

what happens to any particular substance &as it is excreted.For
example,a substance may =ppear in tle urine in twice as conceatrated
. form as it does in the plasma(and hence in the Jlomerular f.itraie
due tu water reansorption and not necessarily to tubular excretion.
Because of tais,early investigators in tile fieid ifeailzed Toul as

o Le-5+S For sy vest o UBoSHRe =€ SueowTufe
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a basis for any test to measure the separate grocesses involved,
it would pe necessary to have some standard substance known to ve
filterea through the glomerulus and then to pass inertly past the
tubules and into the urine.iny change in concentration which this
substance undergoes in passing down the tubules will indicate the
extent of wster reabsorption,while if any other substance present
in the urine at the same time is concentrated to = lesser or
greater extent,it can only be due to tubular reabsorption or
tubular excretion of this second substance.

This standard would have to e physiologically inert so that
subjects as nearly normgl as possible could be examined;it would
have to pe completely filterable from plasmajand it would have to
be some substance which eould be accurately determined in both
plasma ana urine.With these criteria in aind,the search was begun
for a suitable substance.It had been shown(x9,%4,14)that the tubules
of the aglomerular kidney can excrete magnesium,sulphate,
creatinine,chloride etc.,therefore,probably the tubules of other
animals would also oe avle to excrete tnese and perhaps similar
substances.But,on the other hand,Marshall and Grafflin had shown
(31,3%5,34)that while glucose may sppear in the urine of the
glomerular fish and hisher animals,it is never prescnt in the
urine of the aglomerular fish.This seemed to indicate that
kidney tissue never actually secretes glucose,because it is of
value to the organism,and since no glucose appears in the urine
normally,it must be reabsorbed by the tubules; while,when,under
abnorimal circunstances,glucose aoes apgpear in the urine,it is
pecause it is not adequately rewbsorpbea from the glomerular

filtrate.If this is so,it was suggested thatdother sugars might
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zlso not oe secreted by the kidney,and perhaps those wrnich are not
metabolic products might not be reabsorbed either. As a result of
this reasoning,much work was carries out on xylose(10,11,17,z0,
38,39)and sucrose(20,24,36,37) .Creatinine was also studied,since
Rehberg had advocated anda used the creatinine clearance as a
measure of glomerular filtration in wan(48).

The dogfish,dog and man were thoroughly investigeted.In obrief,
the results seemed to indicate that in the cogfish,creatinine is
excreted by tubular secretion as well as glomerular filtration(s,
55,34)and that xylose and sucrose are excreted exclusively by
filtration,without any part being taken by the reabsorptive
process which is normally present for glucose.The results in the
aog,which seems to resemble man more closeiy with respect to renal
function than any other animal studied,again indicated that xylose
ana sucrose are excreted independently of the tubules,and that
crgatinine,whose clearance is higher than that of these two sugars,
is removed from tie plood by tubular secretion as well as by
filtration(60).In man,as in the dog and dogfish,it appeared that
xylose and sucrose are neither secreted nor reabsorbed,while
Jolliffe and Chasis(23)showed that the creatinine clearance
exceeds the xylose clearance by an average of 74%,indicating that

creatinine is secreted. .
Further work by the same investigators showed these conc-

lusions to be false,because the reasons for ovelieving that these

sugars are not actively reabsorbed,as is glucose, were based on a

comparison of their concentration ratios with the concentrztion

ratior of urea before and after the aaministration of phlorizin,
Sound . ] .

and it was later.that urea is excreted in a variable manner,

and is hence an unreliable standard of reference.Neverthele:s,

tiis work was very valuable because it was in tue ri.ht direction

and was the link to the next phase of the work,wnich was the



use of inulin.

Inulin was first introduced here by Shannon(56) and
independently by Richards,Westfall and Bott(52).As in the case of
xylose and sucrose,inulin was chosen because it is a non-
metabolized sugar;and in adaition,because the large size of the
molecule would tend to minimize any possiole diffusion across the
tubules. It is a starch-like polysaccharide composea of hexose
molecules,mostly fructose, and because of thie eiongate nature of
the polysacchearide molecule,its difussion coefficient is
considerably less than would oe expected from its molecular size
(4) .Inulin is completely filterable from plasma through collodion,
although it is about as large = molecule as could be expected to
filter through the glomeruli.Physiologiwally inactive,it is rapidly
and guantitatively excreted in the urine.

Since the inulin clearance is widely used and accepted to-day
as a measure of the rate of glomerular fitration,it would be well
to re-examine briefly the specifications which Smith(64)hsas
formulated for a substance suitable for measuring this datum,with
special reference to inulin.

1. To be completely filterable through the giomeruli,the
substance must be complerely filteraole from plasma through
artificial membranes permeable to smaller molecules,but not to
plasma proteins.

Inulin is completely filterable in the amphioia and is not
pound vy plasiu proteins(xz,56).

2., As presumptive evidence against tubular excretion,the
substance should not be excreted by tne aglomerular fish kidney.

Inulin is not excreted by the tubules of several species

of aglomerular fish(5x,50).
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3. The rate of excretion of the substance(UV)should increase
over wide limits in simple,direct proportion to the plasma
concentration(P),i.e.,the clearance UV Should be independent of tne
plasma concentration.This condition ig large measure excludes the
possibility of tubular excretion and tubular reabsorption.

Inulin has peen shown to follow tais condition in the dog
(57) and man(6l).

4, Assuming that adequate doses of phlorizin completely block
the tubular reabsor;gtion of glucose(which is known to be excreted
by filtration plus reabsorption without any tubular excretion),
then,in the phlorizinized animal,the clearance of the suvstance
should be eg¥al to the glucose clearance.

Inulin shows tais over & wide runce of species(56,67,01).

S. Where the simultaneous clearances of two or more substances
are identical under a wide variety of conditions,this way be
taken as evidence that both suovstances are excretea by the
glomeruli without interference from the variable tubular factors.

Thé inulin and creatinine clearances are identicel over a
wide range where creatinine is known to be only filterea(53,57,59,
63) and,after phlorizin,over a wide range where creatinine is
known to be excretea by filtration plus tubular excretion(65).

6. Where a completely fiitereble substance is excretecd in part
by tubular activity,its clearance,when depressed oy elevating tiie
plasma level,should approach the clearance of the test substance
as the liamiting asymptote.

The creatinine clearance in the dogfish(5¢), bira(65) =ud
man(58)approaches the inuiin clearance as the limiting asymptote,

as the plaswa level of creatinine is railsed.
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On the vasis of all tais evidence,it seems reasonable to
assume as a starting point for clearance work that inulin is
filtered through the glomeruli in the same concentration per
unit of water as it is present in the plasma,and then passes
inertly dosn the tubules remaining in the szue quantity,vpeing
neither excreted further from the blood coming to the tubules,not
being reabsorbed.Since tnis odcurs,the degree of water reab-
sorption can be determined by the ratio of the concentration
of inulin in urine to the concentration of inuiin in plasma, U.

In sddition, the rate of glomerular filtration is given by thg
gquantity of inulin excreted per minute,divided by the concentration
of inulin in plasma,UV.Using inulin to measure the filtration
rate,it has been foung that in the cog and man,it is fairly
steady,regardless of the rate of urine formation except at zreat
extremes,indicating that regulation of the rate of water excretion
is effected priémarily by regulation of the fraction of water
rezpsorped,not by the filtration rate.Since the reabsorption of
water varies,inulin and other substances appear in the urine

in varying concentrations,but this does not necessarily uean =ny
variation in the filtration rate itself.(6).

Inulin thus becomes an extremely valuaole standard,zss now,
snything which has a clearance less than that of inulin,such as
glucose or Vitamin C,may be assumed to be reabsorbeu oy The
tubules;while anything which has a clearance greater than that of
jnulin,such as diodrast or phenol red,may pe assumed Lo be
excreted by the tubules,as well as filtered through the glomeruli.

For exauple,it has oeen shown that the creatinine clesrance is

creater than the inuvlin clearance in men(58),the =pes(65),the
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chicken(65),the teleost fishes(65)and the dogfish(5o),indicating
that in these animasls,creatinine must ve excreted in parttby the
tubules.0On the other hand,the evicence is that there is no
tubular excretion of creatinine in the dog(52a,57,59,69a),the
rabbit (£3a),the sheep or seal(63) .Henée,the creatinine clearance
cannot be used to measure the filtration raste in man as was so long
believed,but it ban be used for this purpose in the dog.(this
clears up the false evidence which was accumulzted when the crest-
inine clearance was tested against the xylose and sucrose
clearances as a standard of filtration.)

Changing plasma concentrations of inulin have no effect on the
inulin clearance,for a high plasma concentration will mean a high
urine concentration,and the ratio UV will remain the same.Tnis is
contrary to the effect of changing Ene plesma concentration of
substances which are excretea or reubsorbed by tne tuobules,as will
be seen in the case of diodrast.

In all this work,the term M"clearance! is used with a meaning
slightly aifferent to thiat originally proposed oy Van Slyke for
urea.Clearance is here defined as the virtual volume of blood which
is cleared of a particular substance in one minute's time,snd is
given by the formula C= UV where these terms have the same meaning
as defined above for urea%U=concentration of the substance in the
urine,V=cc.of urine formed per minute ana B=concentration of the
substance in the blood.) The important difference is that nere, the
volume of urine wokes no difference to the calculation and
clearance can be determined by the same formula at any urine flow.
In most cases now,plasia is used rather than whole blood,since it

is only the plasma which is filtered tnrough the glomeritli,and
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much error is saved by not introducing the haematocrit.Thus,tne
formula becomes C- UV, and "plasma" is substituted for "blood" in
the definition. d

As an example,if the amount of a particular substance which
appears in the urine is 1000 mg. s minute and the plasma
concentration is 10& mg./cc.,then the amount of plasma cleared of
this substance per minute is 100cc.In the cuse of inulin,this
figure would give not only the volume of plasma cleared of inulin,
but slso the glomerulsr filtration rate,since here these two are
identical.In the case of a substance excreted in part by the tuoules,
the value would be greater by an amount proportional to the part
played by the tubules.If there were some substance for wanich the
tubules had such a highly developed excretory capacity that they
completely removed it from the blood coming to them,then the
clearance of this substance would be a "complete clearance®,since
in one circulation through the kidneys,part of it would bve
removed by filtration and all the resy by tubular excretion,with
the result that each cc. of blood would be wholly cleared.
Obwiously,the volume of plasma cleared of that substance per
minute would be equal to the a_mount of plasma circulating through
the kidneys,provided the substance were meither synthesized nor
destroyed by the kidneys,and proviaed it were concurrently
transferred to the urine.That is,this value would give the renal
plasms flow,end once the renal plasma flow is determined,it is a
simpie matter,knowing the percentage of plasma in whole olood,to
estinate the renal blood flow.The renal blood flow constitutes the

hizhest possible figure which the clearance of any substance not

synthesized by the kianey can have.Since it is often of great value

to know the volume of blood flowing through the kidneys,such a
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substance would be very useful.

Phenol red has a much higher clearance than inulin wherever
it has been studied and is known to be excreted by the tubules.
Marshall and Crane(32),studying the excretion of phenol red in the
dog,noticed that whereas raising the plasma level of inulin caused
the clearance to increase proportionally,raising the plasma level
of phenol red sbove certain values caused a progressive decrezses
in the clearance.This observation has since been extended and
shown to apply in &ll clearamces which involve either tubular
excretion or tubular reabsorption.It has been interpreted to mean
that a given mass of renal tubular tissue can transport from blood
to urine - or from the urine to blood in the czase of active
reabsorption - only a fixed,maximal quantity of a substance per
unit time(cz).Thus,as the plasma comcentration of phenol red is
raised,the phenol red clearance is depressed,approaching the inulin
clearance as a limiting factor,because sbove the meximum amount
which the tubules cen handle,the amount which tney excrete stayskw
the same,and although the amount filtered through the glomeruli
rises parallel to the plasma concentration of free,filtersvle
phenol red,in the ratio UV ,U does not increase as rapidly with
regard to P as it did at iower plasiia levels,snda the net result
is a lowered ratio,and hence & lowered clearance value.This is
referred to as "self-depression of the clearance! ana was Birst
demonstrated in :wan for phenol red by Golaring,Clarke and Smith
(19) ,and in the dog for diodrast and nippuran by Elsom,Bott and
Shiels(15).

Observations on the clearances of other substances soon

sho.weé that the clearance of phenol red is not the hi-shest known
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and tiwus not complete; as a result it cannot be used to measure
renal blood flow.Elsom,Bott and Shieis (15) and Landis,Elsom,Bott
and Shiels (26) showed that the organic iodine compounds,diodrast
and hippuran,are copiously excreted by the tubules in dog ,man and
rabbit (16),are completely filterable frow plasmea, and that both
the hippuran and diodrast clearances approach more nearly a complete
clearance than does phenol red. ictually, it appears tnat for all
practical purposes, the diodrast clearsnce approaches closely
enougil a cunplete clearance to be considered identical with the
effective renal plasma flow. The term "effective" is used because
this value does not measure the total amount of blood flowing
through the kidney,but that part which flows to active excretory
tissue. Studying these clearances in man with relation to the
simultaneous inulin and phenol red clearances,Smith (67) found
that increasing tine plasma concentration of these lodine compounds
not only depresses tleir own clearances, but it also degresses
the simultaneous clearance of phenol red,indicating that the
iodine compounds and phenol red are excretea by a comwon tubular
mechanism.

Diodrast, or neo-skiodan,is 2,5 diicdo-4-pyridon-N acetic acid,
dissolved with the aid of diethanolamine.It contains 42.8% iodine,
is clear and almost colourless.Commercial diodrast (Winthrop)
is 35% weight by volume.

Because of the phenomenon of self-depression, the plasma
level of diodrast must be kept below the range where self-aepression
occurs,if Giodrast is to be used as a measure of effective renal

plasma flow.In this range,the kidney actually excretes all the
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diodrast which is brought to it in the plasma,and the clearance is
"complete"™ and hence equal to the effective renzl plasma flow.
In man,self-depression doves not begin until a level of about
5 mg% iodine (67) and here the renal olood flow as measured by
the adiodrast clearance constitutes about 1/3 of the total cardiac
output.It is not probable that the actual total renazl blood flow
can be inuch in excess of this,

Many of the above facts now known about the mechanism off
tubular excretion might lead to error in the interpretation of
renal blood flow using the clearance uwethod,therefore Smith
has again propounded certain rules which wmust- be followed(87).
LCiodrast,if properly controlled will foliiow all these rules,
and is,tierefore,widely used for this purpose.In orief, the rules
are:

1. The substance should have the highest possible clearance,
since the highest clearance will approach most nearly the true
blood flow (synthesis oy renal tissue is excluded in the case of
diodrast on the grounds that it is not likely that a substance
foreign to the body should be synthesised).

In this respect,diodrast approaches more nesrly a complete
clearance than phenol red,as has been seen, and has the adventage
that it is to o lesser extent bound by plasima proteins,a fact
which is important in the calculation of Tm (v.infra) and in
addition does not penetrate the red blood cells (19).Thus, as
already stated the diodrast clearance approaches closely enough a
complete clearance to be considered identical with renal pissma
flow (63).

2, The plasma concentration of tie substance must be kept
pelow the level where the clearance is si:.nificantly self-depressed.

There are availsble methods of measuring diodrast at
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sufficiently low plasma levels.

3. It must be uscertained whether other solutes in the plasma
and particularly substances which are themselves excreted by the
tubules, can interfere with the tubular excretion of the suostance
in question.

While phenol red and hippuran,if present,depress Fhe
diodrast clearance (67) no other substances are known which
specifically affect these clearances and it is probable tuat there
is nothing normalliy present in plasma in concentrations sufficient
to have an effect of this kind.

4, It must be shown that the substance is concurrently
transferred to the urine and not stored in the kidney.

Goldring,Clarke and Smith have shown in man (19) that the
clearance of phenol rea, diodrast and hippuren, has the same
value on rising and falling concentration curves which would
indicate that they are not stored but are transferred imzediately
to the tubular urine.

Diodrast,following these specifications,can hence be used to
mezsure effective renal blood flow.

Dividing the filtration rate (inulin clearance) by the
renal plasme flow (diodrast clearance) it is possible to calculate
the fraction of the plasma which is filtered through tne glomeruli,
i.,e.,the Filtration Fraction or F.F.Thus,if the afferent arterioles
are constricted,the glomerular pressure 1is reduced and F.F. tends
to decreasej;while,on the other hand,if the efferent arterioles are
constricted, the glomerular pressure increases and hence the F.,F,
tends to increase.Actually,the construction of the glomeruli is
such that when the renal blood flow 1s altered as a result of changes

in arteridélar tone, a simultaneous opposite change in glomerular



-16-
pressure tends to maintain the filtration rate at a constent
level.

When dloarast excretion is at its highest value,the rate of
tubular excretion,T,is of course,maximal also.This maximum value
of tubular excretion has oveen termed Tmy,.This datum is independent
of glomerular activity and renal blood flow and is proportional
to the number or mass of normal,active excretory tubules.The greater
the number of functional tubules,the more diodrast wiii be excreted,
and the higher Tmy will be,i.e.,Tmy measures the tubular excretory
mass.Diodrast Tm,unlike renal olood flow,is independent of the
plasma concentration of diodrast so long as that concentration 1is
adecuate at the existing blood flow to supply a sufficient quantity
of diodrast per unit time to maintain a maximum rate of excretion;
it is similarly independent of renal blood flow so long as that
blood flow 1is adequate at the existing plasma concentretion to
maintain the maximum rate of excretion.Thus,Tm4 can actually bpe
measured at levels where the clearance 1is depressed,beccuse the
tubules are still excreting to their full capacity.Diccarast Ta as
an index of the residual guantity of functional tuouiar tissue is
an extremely important value,especially when it is assumed, as is
usually done,that tubular functions related to excretion vary in
a manner closely paralleling Tm .It is possible to speak of "glucose
Tm" also, referring here to tubular reapsorptive mass.Recent work‘
has shown that Tm determined by reabsorption,or glucose,and Tm
Getermined by excretion, or diodrast, do not necessarily parallel e
one anotner cuantitatively (18).

T,the rate of tubular excretion,is determined (87) by sub-
tracting from the total excretion of diodrast per minute,the

quantity excreted oy filtration alone:
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T= UV - PT..F

(%-vaI

where U=z concentration of the solute per cc. of urine,
V=1the rate of urine forai~-tion in cc. per minuvte,
P= the ‘uantity of solute in euch cc. of .l-sua,
I= the concurrent rate of glomerular filtration as reasured
oy the simultaneous plasmz inulin clearsnce,
X=the plasma clearsiace of dioarsst,
W=the fraction of water in tue plasma,
F<=the fraction of solute which is free in tue piasia

ana therefore availaole for filtration.

WF comes into tae calculation here,becau.se dioarast,lixe shenol
red, and unii<e inulin, is bound oy plasma ;roteins; hence,not =li
tne diodrast in the plasma is free for filtration «na excretion.
The =zrount of diodrast which is excreted through the :loueruli

is deterninec by tre extent to which diodrast is bLound by jlasas
proteins,and hence this latter datum 1s nececssary in the
calculation of Tm. The fraction of free soivte in the pl-sma, or
F, can be determined oy ultrafiitration tarouzh coliocaion
memoranes &t 5700.,and 40 mm. pCO_.Since it is usual to express
the obsevrvec composition of the ultrafiltrete in concentrations
per unit of water,allowsnce must be 7wade for the wuter content
of the plasma in caiculating te guantity of solute filtered
throu.h the gloseruli, W, siance the inulin clesrzance 1is

conventionally expressed as CC. of lasma ana not as c¢c. of water.
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In all cases shere the d.odrast snd inuiin clearances of
one individual are being compared,they must be determined
simultaneously.By the simultaneous use of inulin and diodrast,
it is possible to learn wany things about the kidney,including
the rate of glomerular filtration,the fraction of substance which
is oeing filtered,the effective renal olood flow,and the
amount of fun€tional tubular tissue.These tests have peen widely
applied in the clinic and it nss been found that the average
renal wviood flow in an adult wale of 1.73 sq. m. is woout
1300 cc.per minute or about one-third of the averageéardiac
output;tnis is reauced by adrenalin and similar acting drugs,
through constriction ¢f the efferent arteriole,whii_g certain
aisturoances of the autonomic nervous system tend to increase
the renal cvlood flow through relaxation of the efferent arteriole.

pecause of the many advantages possessed by the sauzll
rodent as an exwzerimental animal,it seemed advantazeous to
attempt an acaptation of tne wethods which rave been devisea
for larger animals,to the rat.with tiis end in view,the work to
e describea was undertaxen.

The general plan describea by Smith(67) was usea «S a obasis,
although vecause of the obvious liwmitations of tne rat,
consicerable wodification of the metanoa nad to oe introducead.

For examjle,in ian, inulin and diodrast are adawxinistered oy
constant intravenous infusion,and numerous urine saaples are
collected by an inlying catheter,wnile blood samples are taken
at the beginning,end,and several times during the infusionz
period,and the mid point value determined by interpolating
semi-logarithmicaily.In the rat,by contrast,infusions

cannot be given to am unanaesthetizea animal,urine cannot be
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collected over too short a ,eriod of tiue,because not enough
is forued,and only relwutively swall asounts of bloud can be
drawn if the animal is to be considered paysiological.wany
diflerent modifications to circumvent these difficulties were
tried ana discarded,until.z satisfactory method was evoived.It
was noped that once the method was established,it would serve
as a onasis of couparison of the functional efficiency of the
kidrneys in rats treated in different ways,since it was felt
that a picture of how the kidneys are functioning 1is

preferable to a gross or even histological exsminstion.
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Experimental.

The following is a detailed account of the steps tsken
in evolving a method suitable for estimating renal function in
the rat by the simultaneous use of inulin and diodrast.

As 1t 1is obviously iumpossible to collect any urine from
the rat in one minute,urine was collected over a longer period,
and the urine concentration was divided by the number of minutes
of collection time in the calculation of clearance.Im:ediately
after it was drawn the blood was centrifuged at high speed for
one half hour,the plasma drawn off and the proteins precipitated.
Inulin was determined according to the method of Corcoran and
Page (9) using 0.2 cc. of yeast treated filtrate.Diodrast was
determined according to the method of White and Rolfe (72) using
0.5 cc. of filtrate and 0.0005 N sodium thiosulphate in the
determination of plasma diodrast and,in most cases,l cc. aliquots
of urine which had peen made up to 50 cc. with water imiediately
after collection and 0.0025 N thiosulphate in the determination
of urine diodrast.All determinations were carried out at least
in duplicate.

Work was begun on diodrast slone,then inulin alone was
investigated,then both together.Essentially the same procedure was
followed for each substance individually: a) determination of
known quantity in aqueous solution, b) determination of known
quantity added to plasma, ¢) determination of the actual clearance
of the substance in the rat.

Diodrast. a) Determination of known guantity in aqueous solution.
Diodrast is obtained in solution 35% weight/volume,containing
49.8% iodine.From this, solutions of aifferent strength were made

on the basis of 174.3 mg. of iodine per cc. of the original soiution.
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Solution Content Recovery % Recovery
A 1.743 mg%I  1.625 mg%l 93452
8 B 12.201 12.190 9g.8
C 17.430 17.013 97.%
D 24,408 24,221 99.2
B 34 .860 55.019 94,7

The above is on the basis of numerous determination (at least
twelve in each case) and was considered a sufficiently good
recovery to warrant proceeding to work on plasma.

b) Determination of known quantity added to plasma.

Solution Content REecovery % Recovery
A 17.43 wghI  15.992 mg%I 91.6
B 24 .90 24 . 337 98.0

c) Determination of diodrast clearance.

The adaptation of a method which had been originated for the

4

dog and man to a such a small animal as the rat presented certain
problems., Many modifications were made in tne handling of the
animals as work progressed,since only by-continued trial was it
possible to determine how much and how often to draw blood,how to
collect urine,how long to wait oefore coliecting urine,how pest
to administer the diuretic,what strength sodium tniosulphate to use
and so on. Many animals were lost and many were carried through
with no result vefore the method was finally standardised.These
latter are included,as they give an indication of how the final
method was arrived at.

Male albino rats in apparently good conaition were used in
all cases.In general,the routine used at tnis stuge was: 1)fluids

and diodrast administered, 2) 1.2 cc. of blood drawn from femoral

artery and concentration of diodrast in plasma determined,s) urine
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collected,diluted, and tne awmount of aiodrast present determined,

4) 1.2 cc. of blood drawn froum carotid artery and the concentration

of diodrast @in plaswma daetermined.

Animal #D1

Zero time - 10 cc. of £% sodium sulphate administered oy stowmach
tube with 1 cc. of diodrast (Winthrop) in 5 cc. of water
subcutaneously (fluids were here administered as approximately
7% of body weight.)

60 min, - 1.2 cc. of blood drawn from femoral artery under ether
anaesthesia. Five cc. sodium sulphate administered by stomach
tube. Animal placed over metabolism funnel for urine collection
during next hour.

120 min. - Blood drawn from carotid artery and jugular vein (it was
here attempted to determine the arterio-venous difference but
this was much too small to be estimated). 0.7 cc. urine
collected and diluted to 1.4 cc. witn water.

The blood and urine were both titrated with 0.0005 N thiosulphate.

This was found to pbe much too weak for the urine.

The first blood gave a plasma value of 43.167 mg#I.

The second blood (arterial) gave a plasma value of 18.868 mg#%I.

The second blood(venous) gave a plasma value of 20.9688 mg#%I.

The urine was not known accurately but was estimated to con$ain

about 5 mg. I.

No calculation of clearance was attempted.

Animal #DE - 255 gm.

Procedure same as for #Dl, but no venous blood taken. 0.1 cc. of

urine collected and diluted to 25 cc.
Blood l.- 30.19 mg#%I in plasma.Blood Z.- 14.92 mg%I.
The urine was still too concentrated for the strength of thio-

sulphate used.The amount of iodine present was estimated ss



roughly <21.2 mg.
No calculation of clearance was attempted,

Animal#Dé — 245 gme, #D4 - 310 em.

These two animals were done on the same day using the same uethod
for each.
Zero tine - 7cc. of 2% dodium sulphate by stomach tube with 1 cc.

diodrast in 5cc.soaium sulphate subcutaneously.

15 min. - 7cc. 2% sodium sulphate by stomach tube .

30 min. - Bcc. =% sodium sulphate by stomach tube.

60 min. - Blcod drawn from femoral artery and aniuial placed over
funnel.

120 min. - Urine colleted(0.5 cc. from each animal,made up to

10 cc. with water.) Blooa drawn from carotid artery.

#3 #4
Urine diodrast 1.99 mg. 1,246 mg.
Plasma I 66.14 mg.% 50.450 Mg %
Plasma IT 23.76 mg.% 45.15 mg.%
Midpoint 32.0 mg.% 47.7 mg.%
Clearance 0.085 cc./min. 0.043 cce/min.,

Clearance is determined oy the forumula,

C . UV
c0O x P

where, UV= total amount of alodrast excreted in ©0 min.
P: plasma concentration of diodreast in mg./cc. at the
aid point.The wid yoint is determinea vy seii-logarithmic
interpolation frow the first and second plaswa Values,as
this is considered to ope the wost accurete wmetvnod(o4; .
It was felt at this point that the wmethod of urine col.ection was
not sufficienkly accurate,and this is very important,since tne loss

of even one drop van make a large aifference in the clearance

value.The following operstion was hence adopted and is used in
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all animsls hereafter,with sldght modifications &s to timing. The
bladder is expressed,then the urethra is ligated at the beginning of
the urine collection period by & purse-string suture which is passed
through the penis foreskin with a fine needle and tiszrtly tied.To
facilitate removal of the ligature, a small L-shaped piece of copper
wire is included in the ligature as sxetchedjoriginally,cnaesthetic
was administered for this operation,but was leter found to be

unnecesssry.

e oT PR e
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At the end of the collection period,the animal is held over a large
funnel leading into a graduated centrifuge tube,and,while in this
position,the ligature 1is removec ana the vlaader expreased oy gentle
pressure.In this way,no urine is lost.Coldection time is reckonea
from the tying of the ligature to the end of urine collection.The
urine as collected was made up to 50cc. with water and deterciinations
aone on lcc.aliguots of this solution using 0.0025 N.thiosulphate in
all cases from this point on.

Animslis #D5,D6,D7,D8,D9,D10.

Using the above method of urine collection and with blood
collection and fluid acdministration the ssue as alresqy described

for animals D4 and D5,the following results were obteined:

No. #t. TIime. Urine Urine Diodrast C lesrance
VOl. 0io. Plesual Pleswsall ccdmin cc/zu/min

D5 250 62wmin. 1.0cc 18.76u. 4:.5bing ob.vdng  0.76  0.0030
D6 250 60 0.5  10.80 29.25  1£.08 0.80  U.00so
D7 270 60 0.5  14.7  20.14  £2.05 L1.1C  0.00G

D8 515 ©0 0.4 18.4 2l 04 lo.14 1.05 0.0033
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No. Wt. Time Urine Urine Diodrast Clearanc e

vol. dio. Plasmal Plasmall cc/min cc/gm/min
D9 <50 o0 0.%6 15.1 53 .00 19.08 0.78 0.0051
D10 30 60 0.5 0.6 46,21 le.74 1.18 0.00%6

This was considered sufficient work on the diodrast clearsnce of
normal animals for that time.
Animal #D11

As a means of checking the relation of clearance to kidney
mass,one kidney was removed in this animal one hour before the
above procedure was started.The rest of the procedure was the same.

No. Wt. Time Urine Urine Diodrast Clearance
vol . dio. Plasmal Plasmall cc/min cc/gm/min

D11 250gm 65 0.35 12.45 58.938 58.30 0.33 0.0013
The diodrast clearance expressed per gram of body weight is here
slightly less than 3 that obtained in the normal animals.

With these facts about the diodrast clearance,it was decdded
to begin introductory work on inulin.

Inulin.

Inulin contains a pyrogen which causes undesircble
physiological changes and which,therefore,must be removed before
administration.This was done at this time by suction filtering a
hot solution of inulin through a Seitz filter using an BEK asbestos
pad. It was later found that this is insufficient treatment &and
certain diserepancies in the following work may be aue to the
presence of pyrogen in the inulin,

Since the guantitative determination of inulin involves the
use of the photoelectric colorimeter,percent recovery was not
calculated,but curves were drawn up and the results of all

determinations calibrated against these.Numerous determinations
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were made at each concentration level, and curves were plotted
for a) aqueous solutions of inulin, b) inulin added to urine,
c) inulin added to plasma.

The determination of inulin clearance proved to ue somewhat
more difficult than that of diodrast and involved several further
changes 1in method as will be seen,

Plasma determinations were done on 0.2 cc. of yeast treated
filtrate.Urine,collected as already described,was made up to 50 cc.
with water and determinations were done on 0.2 cc. aliquots of
this solution after treatment with yeast.

Inulin 1is known to be pocrly absorbed from subcutaneous
injection (67).For this reason,it was decided to give inulin
intravenously by injection into the jugular vein., At this point
in the work,several animals were lost while the preliminary fluids
were being administered b, stomach tube,due to rupture of the
oesophagus,consequently,fluids were administered subcutaneocusly
henceforth.

Animals #Inl,In2
Zero time,- G.7 cc. £% sodium sulphate subcuataneously.
15 minutes,- repeated.

30 min.- repeated

60 min.- Bladcer expressed and urethra ligated, then 2 cc. of 2%
inulin injected into the jugular vein under ether
anasethesia.Blood taken from femoral artery. The whole
operation took about twenty wminutes with 5 minutes between
the injection of inulin and the crawing of bplood.

120 min. (60 mins. after ligation) -Ligature removed.Urine collected
and made up to 50 cc.Immedistely after all the urine

was coliected blood was taken from the carotid artery.
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No. Wt. Time. Urine Urine Inulin Clearance

vol. Inulin Plasmal Plasmall cc/min cc/cm/min
Inl £80 70 1.3 10.0 125.0 17.5 0.82 G.0011
Ing 290 70 1.7 27.5 100.0 20.0 0.92 0.0031

The first plasma values here are too low considering that 40 mg. of

inulin had just been administered.The difference between the first

and second plasma value was very great which shows that the time

interval between the first and second blood could be shortened.

In addition, 20 minutes under ansesthesia is too long if the

animal is to be considered normal.On the assumption that inulin

falls sharply from a peak immediately after intrsvenous

administration and that the curve then declines more slowly, it

was decided to let 15 to 20 minutes elapse between the time of

administration and the drawing of the first blood.If the

assumption were corirect then the plasma values would represent

a period of slowly declining concentration and the mia-point

interpolation would represent more nearly a true mean. For the

above reasons the procedure wuas modified as follows:

Animals #Ind,In4,Ind5,In6,In7.

Zero time.- 7 cc. 2% sodium sulphate subcutaneously.

15 mins.- repeated.

30

30 mins.- repeated.

60 mins.- 4nimal was placed in a special holder as illustrated,

and £ cc. of 2% inulin in physiological saline injected

into the jugular vein without anaesthesia.

75 mins.- Bladder expressed,anaesthesia given,the urethra ligsted

and blood arawn from the femorsl artery.The whole time

under the asnaesthetic was less than 10 minutes.

105 mins.-The ligature wes removed,urine collected and timed to the

2 . Q . . - - , ]
last drop.inesthetic g iven ana second blooa taken from
o

the carotid artery.
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No. Wt. Time Urine Urine Inulin Clearence
vol. Inulin Plasmal PlasmaIl cc/min cc/zm/min

Ind 235 30 0.9 KeO 30.0 i18.5 0.3 0.0014
Ind 236 30 C.4 275 8245 27.5 0.3805 0.0013
In5 280 30 0.3 S.25 95.0 5245 0.42 0.0015
Inc 252 30 0.2 2.25 25.0 17.5 0.85 0.0014
In7 250 80 0.2 5.75 41.0 26.0 0.38 0.0015

Work was now commenced on the simultaneous inulin and
diodrast clearances.

Diodrast and Inulin Clearances.

As a compromise,it was necessary to arrange the timing so that
the urine collection period began not more than 60 minutes g_fter
the giving of diodrast,and also so that the second blood was
collected not more than 60 minutes after the intravenous injection
of inulin.This necessitated slictht changes in the timing of the
administration of fluids.Modifications are noted as they were
introduced.

Animsls #1,2.

nas—

Zero time.- 6 cc. 2% sodiium sulphate with 1 cc. dioarast subcutaneous-
ly and 4 cc. sodium sulphate intraperitoneally.

20 mins.- 4 cc. sodium sulphate subcutaneously anda 4 cc. intra-
peritoneally.

40 mins.- 1% cc. 2% inulin in saline injected intravenously using

holder.Operation lasted about 5 minutes.
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50 mins. - Animal anaesthetised,urethra ligated,and blooa drawn
from femoral artery.Operztion toox about 10 minutes,
hence the blood was taken about £0 minutes after the
injection of inulin.
95 mins. (45 minutes after ligation)- urine collected and timed to
the last drop.Animal then anaesthetised and carotid

blood taken.

No. Wt, Time Urine Urine Inulin Diodrast
vol. Inulin Diodr. Plasmal PlasmaIl Pl.l Pl.2

1 273 45 0.4 1.5 3.97 56 .0 35.0 18.86 17. 8
2 265 60 0.7 Te25 5.56 10z.5 26.0 39.44 ©3.4

Inulin clearance DCiodrast clearance

cc/min  cc/gm/min cc/min ce/gm/min
0.08 0.0003 0.47 0.0017
0.23 0.0009 0.17 0.0007

In the case of animal #l,urine collection was proovably
incomplete,because although the plasma levels were falling, little
inulin or diodrast was found in the urine.iMoreover the urine voluue
was small and was obtained with difficulty.Animal %< had frank blood
in the urine and the diodrast clearance was less thnan the inulin
clearance indicationg kidney damage.Neither of these animals can,

therefore,be considered standard normals.

It was decided to return to a 60 minute collection period to
ensure adequate urine collection.To do this,and still keep clo.e to
a 60 minute interval between the intravenous injection of inulin and
the drawing of the second blood, it was necessary to ;erform the
injection of inulin,urethra ligation and first blood collection as

close together as possible.
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Zero time.- 1 cc. diodrast with 4 cc. 2% sodium sulphate suc-
cutaneously,4 cc. sodium sulphate intraperitoneally,
and an additional 3 cc. subcutaneously.
20 mins.- 4 cc. sodium sulphste subcuBéneously and 4 cc. intra-
peritoneally. |
55 mins.- Intravenous injection of 1.5 cc. of 2% inulin in saline
using holder ( finished 1 hour from the giving of
diodrasﬂLUrethra ligated imunediately after intravenous
injection,animal anaesthetised and first blood taken
from femoral artery.In all these anim;is,the taking of
the first blood was completed in from 6 to 9 minutes
after the injection of inulin.
115 mins. (60 minutes after ligation)- urine collected,timed to the
last drop and second blood drawn from carotid artery.
The results are sumuarised in Chart I,page &1,
Diodrast Tm was here determined for the first time because
both clearances were done simultaneously.These animals (#3 - 9)
are not at all in good agreement,considering the values previously
obtained for inulin and diodrast alone.An alteration in method was
hence introduced and the following points were considered,a) the
level of the first plasma inulin in the above animasls is not very
high considering the amount injected,therefore it was felt that a
smaller injection might give a truer first plasma value, b)the urine
volume is very large,therefore it was thought advisable to cut

down on the amount of fluids and thus obtainZ a truer urine flow,

rather than such a great diuresis.

nimals #10 — 18,

Zero time.- 1 cc. diodrast in 4 cc. 2% sodium sulphate subcutaneously

with & cc. sodium sulphate intraperitoneally and an

additional & cc. subcutaneously.
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L JUrina‘ Urine Inulin | Diodrast Inulin clearance ] Diodrast clearance Diodrast Tm
No. fWte Time vole inule |diode| plel | ple2|plel |ple2 ecc/| ©co/ | oo , oo/ | oo/ (occ/ | mg/ | mg/ | mg/
cCe nge mge | mgh |mgh | mghl |mghl min gn/ |gmeky/ | min em/ gmeky/| min gn/  gm.ky/
; min | min f min Imin min |min
3 240 | 60 177 | 21el2] 8245 | 2540 | 50403 36488 0e6 | 0,0025/ 0430 50.81 00034 [0e4l | 0410 [0,0004 {0.05
4 38 | 60 3.0 8049 126.0 | 2640 | 42.4 11.23 0.09 0.64
5 [g80 ) 60 16425 | 188 | 205¢0 | 1540 | 31495 | 8448| 0+49| 0.0014| 0421 |[1e9 [0,0067 {0482 | 0424 |0.0009 | 0,10
6 [223|60| 1.2 Te8 | 15e¢1 | 9040 | 1745 43.03 55.221 O0e32| 000014 0.17 [0¢61 {0,0023 |0.28 | 0,091{ 00004 |0.05
733 R20 1 60 | leB | 21425 | 39¢5 | 5605 | 1040 | 4944 (38416| led 0.0063 l.6 |0.0067
8 f225 60 | 187 | 3567 | T2e5 | 3705 | 356 |24438| 0e59] 00026| 030 [2¢0 [0,0088 |1s0 0.41 [0.0018 | 021
9 ’235 60 | 1le2 | 1025 | 2845 | 5040 TeS | 5003 14047 | 0e65| 040028' 0434 [1e05 [0s0044 {0455 | 0.183| 0.0008 | 0,09
% Right kidney found to be hydronephrotiec
=tFigures indicate no tubuler excretion
CHART = I & I
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20 mins.- 2 cc. sodium sulphate subcutaneously, = cc. intra-

perdtoneally (this step was omitted in animals #13 - 18)
55 mins.- Intravenous injection of 0.8 cc. of 2% inulin in saline.
Remainder of procedure as described sbove for animals #3 - 9.
Results are summarised in Chert II,page 33.

The clearance ranges.of inulin and diodrast are too large
here to be useful for comparison.The daiodrast clearances would be
expected to vary over a wide range due to differences in self-
depression at different plasma levels,but the inulin clearance
should be more constant.Even dioarast Tm,which should give &
steady value over a series of normal animals,varies more thnan is o
desirable.

The range in the unilaterally nephnrectomised animals was
determined.

Animals #19 - 24.

One hour before the procedure was started,the left kidney was
removed through a left lumbar incision.The remainder of the
procedure was as already described for animals #13 - 18.The results
are summarised in Chart III,page 34.

Diodrast Tm here is in all cases lower than in the normal
animals and falls in a fairly definite range.The results in Charts
II and III indicated that the method was not suffici-ntly accurate
in giving a picture of the functioning rat kidney.In addition,two
drawbacks were a) because of the total amount of blood which had to
be drawn,it was necessary to use very large rats which were often
beginning to show senility changes, b) the procedure was rather
long and cumbersome and,as a result,not more than 2 animals could

easily be assessed on one day.
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| 1 Urine ‘ g:::: Inulin Diodrast Inulin clearance Diodrast clearance Diodrast Tm
No.‘ﬁt.\Timq vole innl.1 diode | plel | ple2 |plel |ple2 cc/ | oo/ | o/ | ocoff oc/ | oo/ | mg/| mg/ | mg/

| ccs o« | mg. |mgh | mgh |mgAI |mghl | min | gw/ pmeky/| min| gn/ [gmeky/ | min | gu/ Emeky/

| min |min min | min min | min

10. 233 | 60| 0.8 6.75] 1650 | 6560 | 1765 | 266407 | 16011 {0633 |0.0014 | 0,19 1.01i 0.0043| 0458 [0e21 [0.0009 | 0l.12
1l. 235 | 64 12¢5 | 3640 | 375 540 | 50488 | 2904 |0.81 | 0.0034 1.5 ‘ 0.0063 i0.25 0.,0010
12. 225 | 66 4425 | 184556 | 575 7e5 | 6801 | 51409 [0629 00013 [0e156 | 0452f 0,0023| 0.27 [0.14 |0.0006 ! 0.08
13 228 | 60| O.4 O0eS | 13620 | 625 | 175 | 8448 | 5340 [0e02 |0.0001 0+40| 0.0017 0.22 | 0,0009 | 0.12
14 EZB 60| 0.4 5025 | 19621 | 625 | 175 | 5512 | 27656 | 0426 [0,0012 | 0el4 | 0e82| 040036| 0e45 |0e22 | 0.0009 ‘0.12
15 220 | 60| 1e0 (10625 29¢1 |82e5 | 2245 {62696 | 5172 | 0638 {0s0017 [ 0620 | 0e84f 0.,0038) 0044 |0.26 |0.0011 i0.13
16 237 1| 60 0¢5 | 3566 [60e0 | 1560 | 49¢8 | 26628 | 0452 [ 0.0021 | 0496 | 1le60| 0.0066] 089 |[0¢39 |0.0016 | 020
17 B20 | 65| 1e2 (150 | 2642 |60e0 | 1540 | 47627 | 29646 | 0676 | 00034 | 0045 | 1e07| 0.0048| 0663 0,12 10.0006 0,07
18 R37 | 65 8eT75 | 333 | 5040 0e0 | 33649 | 1789 {0459 | 00024 | 0435 | 2408 00087 le2 036 | 0,0015 | 0,121

CHART

- II




Urine Urine Inulin Diodrast Inulin clearance Diodrast clearance Diocdrast Tm
Noej Wts| Time | vol. | inule |diode| plel |ple2 | plel | ple? cc/ ce/ co/ co/| co/ oo/ mg/ mg/
co. mge | mge | mg% |mgh |mghl| mghl | min gmeky/| min|  gw/ |gnky/ | min| gu/ |gmeky/
| min |min | min | min min { min
i ? !
19 | 215 60 |063 1.5 Be9 | 6540 | 1745 | 87476, 53484 | 0.07 | 040003 | 0607 | 0622 000010 0.23 {0.09 0.0004: 0609
{
1 |
20 | 210{ 60 |0.8 1060 [ 21e8 | 7540 | 2540 { 7753 58451 :0.38 | 000013 | 0447 | 0463 00025/ 0465 | 04107/ 0,0005! 0413
i f ‘
213 225! 60 |03 560 Bed | 0640 | 3245 | 61e48] 59426 | 0,15 | 0,0008 E 0.18| 0.0008
i ' |
22 (235 60 |[0e5 2¢5 [10.6 | 85.0 | 2540 48.54} 44,09 | 0,09 | 0.0004 \ 0.39; 0.0016 0.134| 0,0005
23 | 260{ 60 0.8 10,0 [21.5 {100.0 | 2245 | 524185 65412 | 0e35 | 040014 ' 0.61! 0.0024 0e157| 00006 |
| | |
24 1250/ 60 |05 TeO |15e74! 875 |2540 | 48476] 53484 | 0425 | 0,0010 | 065 0,0026 042085] 0,0008
| |
3% Figures indieate no tubuler excretione.
CHART = III =
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A radical change in crocedure was hence introduced «t this
point.The resulting method was siorter,could be used in smaller
rats,and yielded more consistent results.One blood only,at the
mid-point,was drawn.

Animals #25 - 35,

Zero time.- 0.6 cc. diodrast in 3.4 cc. 2% sodium sulphate
subcutaneously.

20 mins.- 2 cc. 2% inulin in saline subcutaneously and 1.5 cc.
intraperitoneally ( although inulin is slowly absorbed
from these routes,enough was absorbed in the required
time to give a colorimetric reading on a 0.2 cc. sample
of filtrate.This change may account partially for the
more consistent results obtained pecause it avproaches
more nearly the infusion method.)

60 mins.- Bladder expressed (this must e thoroughly done,so that no
urine is left to dilute the urine formeda in the next
60 minutes).Urethra ligated without anaesthesia.This is

usually
done in holder,which itself /causes voluntary micturition.

85 mins.- 8lood taken from carotid artery under ansesthesia.This is
conpleted 30 minutes from the time of ligation.

110 mins. (50 minutes from ligation) - ligature removed and urine
collected.Total collection time was estimated to the
end of urine collection and the time was usually not
greater than 60 minutes.

The results are sumnmarised in Chart IV,page 36. These results

show more consistent diodrast Tm values. As a check,the clearances

of a series of unilaterally nephrectomised aniusls were determined,

Animals #36 - 40.

One hour before the start of the experiment,the left kidney was

removed .The rest of the procedure was the same as that describved

for animals #25 - 35. The results are sumwarieed in Chert V,page 37.



] l Urine Urine Plasma Inulin clearance Diodrast clearance Diodrast Tm
T T o e 1::;3: di;c.i. ;2%1. i;;;. ::ﬁ ;; ;zé | ;; ne/ gm/ Igm ky/
min min min
25 | 160 |60 | Oe4 | 16475| 2145 | 5040 30e74 | 0456 0,0036 | 1.10 0.0070 [04179 [0.0011| 0.139
26 | 195 |57 | 1s0 | 27¢5 | 42.1 | 4540 46444 | 1.0 0,0050 1.50 0.0080 04265 |040013| 04177
27 | 150 (70 [ Oed | 1540 | 23.85| 4245 33492 | 0,504 | 04,0033 1,04 0.0069 [0.170 {0.0011] 0.126
28 | 165 |65 | 046 840 | 26475 2040 25444 | 0.61 040036 1.6 10,0096 |0.225 |0.0013| 0,125
29 | 150 {60 | 0e3 | 1245 | 17.49| 45.0 28477 | 0ed5 0.0030 1,01 0.0067 {04161 {00010 04122
30 | 180 165 | 0e8 | 18475| 33439 | 3745 36,04 | 0490 040050 1.68 0.0092 |0.282 [0.0015| 0,170
31 | 148 |60 ; 07 | 1845 | 30.7 | 4745 57.24 | 0.64 00043 0489 040060 |0¢150 |04000@ 0.103
32 [ 165 (59 | 0s7 | 8 0 | 2245 | 4245 61e48 | 0431 0.0018 0462 0.0037 [04185 [040011| 0.145
33 | 150 |56 | Oe7 | 16425| 2348 | 3245 27456 | 0489 040059 1.5 00100 0.175t0.001150.128
34 E 175 gso | 0.5 11.75| 21.75| 35.0 | 18.86 | 0.56 | 0.0032 Re92  [0.0109 |04255|040014| 04180
35 | 176 £51 0e6 | 1045 i 22452 | 3640 i 17.808 | 04478 | 040027 % 2407 040117 [0.274 {0.0015 0,186
1 9 | ! |
CHART - IV -
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\; Urine Urine Pleasme, Inulin clearence Dicde Clearance Diodrast Tm
No. [Wke Timg vols |inule | diode inule | diode co/ | oo/ | oo/ cc/ | oo/ mg/ mg/ | mg/ | mg/

| coe | mge | mge | mgh | mghI |min | g/ |emky/ | min/| ew/ min | gn/ |gmekyl/| gmelky2
// min | min min min | min min
36 (175 | 61 | 145 12.75 (23458 3765 56481 {06557 [040031 {078 0.68 0.0038 0070 {0,0004| 0,098 | 0,074
37 [158 | 69 | 1.1 17425 [29.41 4540 59478 04649 {00041 (1.0 0.834 [0.0052 0e111 (0.0006| 0s222 | 04154
38 (180 | 58 | 046 13.256 [25.86 35.0 58.088 0,652 i0.00Sé 1.0 0.767 0.,0043 04083 |0,0004! 06137 0,087
39 (170 | 57 | 0.7 1037 (17449 4245 61e586 (00428 (0,0025 0471 0.498 |0.0029 04044 |0,0002 06073 | 0,052
40 |168 654 | 0.8 9.5 [14,04 50,0 67628 |04351 [0002110458 064380 10,0022 0030 |0,0002| 06049 06037

I
Mean Oe81 00003/ 00116 | 0,081
kyele is extirpated kidneye.
kyo2e is surviving hyperaemic kidney
CHART & V =
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These diodrast Tm's all fell in a range well oelow that of the
normal animals and showed consistency.

In both these groups(Charts IV anc V) inulin clearance still
varies considerably and seems high.This may be due to a hyperaemia
caused by the inulin since it was learned ot tids time tihat Seitz
filtration alone is not enough tu reaove the pyrogen coupletely;
the inulin must also be treated with charcoal.

The very large variation in diodrast clearance values is,of
course,due to differences of self-depression because of the wide
range of plasma levels.As a result,tiiese diodrast clearance values
are,per se,meaningless.,Although Tm- can be determined above the
level of maximum clearance,the true value of tihis datum here is
rendered guestionable,particularly without tne calculation of
FW. Above: plasma levels where the tubules are saturated,any futther
increment in excretion is due solely to filtration,hence at the
plasma levels used apove a large fraction of tne total excretion
is probauvly by way of filtration.It thus becomes very important to
know whet per cent of diodrast is not pouna to plasma proteins,out is
fréely filterable. Any atteupt to estimate T acurately at such widely
different plasua levels is of little use,without FW.

The next step in the work should have pbeen to sacrifice a larze
number of rats and determine,by uvitrafiltration,the adsorption
isotherm for diodrast in rat blood in relation to albumin content,
and then to corredt the above Tm figures for Fi. For various
reasons,it was impossible to undertuke a systeuwatic investigation of
FW at thnis time.As a substitutey a large series of animals was
observea at lower plasma alodrgst levels,and with s smaller range
of plasma diodrast.This nas given an inaication of the concentration
of diodrast in piaswa at which the clearance is .restest - and aence

of renal blova flow.In addition,F was deterwiinea rougily on selarate



-39
animals by an ap.lication of the ultrafiitration method descrioed
by Smith ana Smith (68),and a mean vaiue was apyplied in the
calculation of Tm.palthough at these lower rlaswa ievels,F does
not contribute such a largse factor.

The av:aratus used for ultrafiitiration is that -noim in

Fig o Do — mecLe vy Tap

f‘ [
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A pressure tank containing CO, £5 vols.%, and 0, 75 vols.%,
with an outflow needle valve,is connected through an inverteg
litre flask to a mercury wmanometer and & mercury cressure valve,

\\ihe %%flow of gas is directed into a small collodion sac made in

a centrifuge tube and the ultrafiitrate is collected in a stoprered

centrifuge tube which is placed in an oven at a constant Teumperature
of 570 Centigrade.The colliodion is prepared accovaing to tie aeciod

of Marshszll and Vickers (35).Gas from the tank is siowly bubbled

through the apparatus until the pressure in the manometer reacnes

166 mm Hg., which,with tue gas mixture used,gives pCO, 40 mm Hg.
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Constent pressure at this level is maintéined by adjusting tie
mercury valve so that excess pressure is released in the fora of
obub.les.Filtration is ¢llowea to proceed for about 5 hours.

The olood for uvltrsfiitration is taxken im,ediatelf at the
end of the clearance period and hence represents a plasma level
somewhat lower than the mid-point.The blood is centrifuged in a
capped tuve to .revent zersction snd after one-hslf nour,the clasma
is carefully transferred to s collodion sac, 0.3 cc, oeing reservedf
for diodrast analysis. At the end of filtration, the amount of diodz
rast in tne filtrste is determined, and F is calculated from

the formula Concentration diodrast in tne ultrafiltrete.
Concentretion diodrast in plasma

This merely gives a rough idea of F and is by no iweans accurate
since the removal of a second plood sample 30 minutes after the
first probeably means that the blood is hydraemic.In adaition,
diodrast is at a lower concentration in the plasma than at tae

time the clearance is cetermined anc further,with such small
amounts of plasma, changes in pH can yrowsdbly not be avoided. At the
low plasma levels used here,however, a variation in F does not
contribute a sreat factor to the calculation of Tm,

In an effort to obtain a rough icea of the correlation between
plasma protein concentr=ztion sna the amount of diodrast wvound,
protein was determined o, the falliing drop method (71). This method,
although not accurate,was tae only one which could be used on the

smzll amount of plesma availaoble. The results are siown in Graph I,
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There is some indication of = linear corvelation between the
percent of diodrast bound per zram of protein and the plasma
concentration of diodrast ; in zenersl more diodrast is bound at
lower plasma levels.

Charts VI,VII and VIII summsrise the final results obtained in
this work. Chart VI gives a sumuary of the complete findings on
a series of 31 animals (3 animals previously shown are included in
this taole because their range of plasms level is within tle desired
limits) .Chart VII is a statistical analysis of the aiodrast clearance
with relation to plasma level,dividing the clearance values into
groups. Chart VIII gives the values for T in groups treated
statistically.

Chart VI (p.42).

Inulin clearance shows a mean value of 0.0027 cc/gm/min
with 5 deviation frowm the mean of + 0.0006.

A certain difficulty was encountered in 3 animals in w«hich it
was found st autopsy that the bladder had not been completely
emnptied.These animals are not incluced.This c=n be avoided in
further work by drawing the urine directly out of the bladder unaer

anaesthesia at the ena of tihe col.ection period.

Coart VII (p.43).

The clearances are here grouped for comparison in units
representing a spread of 2mg% in plasma level,except for Group 6
in which a spread of 3 wge is used obecause of the fewer data at
this level, and Group 7,which contains the higher values.The
analysis shows no significant difference cetween Groups 1,z or 3,
and 4 or 5, while there is a difference between 1,2 and % on the
one hand and 4 and 5 on the other. Group 6 prooably represents

an intermediate between 5 and 7 since there are only 5 chances in



Urine Plesma Inulin clearsnce Diodrast clearasnce : 3 ¥

Noe Wte Time wvole inule diod. cc/gm/min cc/gm/min mg/gm/min
CCe mﬁ mgﬁl

Bk 160 .60 0,3 37.5 4,4 040022 00101 000036
a8 157 68 0.1 31.0 560 00026 00080 000032
43 154 58 0l 3640 5e7 0.0034 040095 0.,00046
4 180 60 062 45,0 5e9 00029 0.0140 000072
4 178 60 0.2 81l.0 Ged 0.0024 0.0096 0.,00046
46 126 60 Oel 375 Ted 00028 00080 0,00052
47 162 60 03 4745 Te6 00026 00110 0.00072
48 133 60 0Oel 5060 Te8 00037 00109 0.00068
49 152 58 062 1265 8e0 00011 000119 000082 Qe
80 160 60 05 4060 8¢9 00028 00112 0.00082
8l 181 60 062 3160 Oel1 00044 00088 0.00068
52 155 60 0Oel 4040 9e5 00016 00079 0,00068
85 176 58 065 2540 1Ce1 00027 060171 000158
54 180 55 062 3560 10.1 060017 0.0111 000110 Oe76
80 135 568 062 5245 108 0.,0025 00120 0.00118
86 185 60 0e& 3040 1048 00024 0.0142 0.00138
§7 195 60 Q66 4265 1069 00023 060120 000170 De66
58 200 60 066 4245 11le2 040031 040133 0.00150 Oe5
89 200 60 07 375 1le5 040034 00160 000160 Oe46
60 178 58 0Oe4 2540 1360 00034 0.0149 000160 0«69
6l 205 55 0e4 260 1363 000032 0.0114 0.,00%30 0e53
62 195 60 05 2540 14.6 0,0024 060143 0.00180 Oe64
68 185 63 05 3160 1661 00026 0.0104 000140 071
64 176 51 0.6 3640 17.8 00027 060117 000170
66 175 60 Q&5 3560 1848 060032 0.0109 000160
66 192 62 0e5 33e3 233 060022 00070 0.00120 077
67 200 60 06 30,0 2863 060025 00063 000120 0«70
28 165 65 066 2060 254 00036 00096
25 160 60 Q¢4 5060 307 040035 040070
27 150 70 Q44 42,5 3369 040033 00069
68 180 58 Oe4 2540 356 040032 00061 0400140 0e5
Meen 040027 Oe62
o # 040006

CHART « VI =
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Plasme. Clearance Group lesn Probability Group Probebility lean o o FoFe
diode cc/em/min between gpse between gpse X x 100
dod 040101
50 00080 000104 1-2 p)0405
5e7 040095 1=3 p)0.05
_5e8 040140 1-4 p<0.,05
Bed 0.0096 2-3 P70005
Ted 0.0080 00099 2-4 p<0+05 : 0.01C1
Te6 00110
Te8 040109
80 0.0119 3ed p(0e01
B2 0.0112 00100
el 00088
9e5 040079
101 040111 4-6 p(0s05 1563
1048 00120 00137 II-I p<0.01 2068
108 00142 II=I1I P(0.0l 16692
1049 00120 i § 040133 4040021 1548 19,1
1ll.2 040133 233
1le5 00160 2le2
130 aob\fi. Se=6 p(0005 5 38 § 228
1363 0.0114 00135 2840
14,6 060143 1667
16e1 040104
178 040117 060110 6«7 p{P.01
1848 00109
23e3 00070
2303 040063
25e4 00096 0.,0071 III 00090
0e7 00070
33e9 040069
~ 3be6 040061
CHART = VII =
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a hundred thst it is part of Group 5 and less thzn 1 chance that
it is part of Group 7.There are really too few dats here to come
to a definite conclusion about this.,

On regrouping into broader units,further analysis shows that
there is significant difference bevieen groups I,II and III.
According to these datz,it is possible to plot only 3 points on
the curve of diodrast clearance wgainst plasma concentration;

a) a low clearance range below 10 mg»I, b) a range of wmsxi.gum
clearance certainly between 10 and 14 mg%I and possibly between

10 and 18 mg#%I, and c) a depressed clearance range beyond this level.
The data are too few to attempt any further correlation.

From the data in the group with wsxiwui clearance,it apgesrs
that the mean renal blood flow is @.03 cc/gm/min,using an average
haematocrit of 80% for cells. This is ap roximately 1/3 of the
total circulating blood volume in the rat if 7% of body weight is
used to determine vlood volume.This roughly a. _ roximstes the value
in man which is 1/3 of the average cardiac output.

From the maximuwr diodrast clearance it is also possiple to

calculate Filtretion Fraction, inulin clearance x 160
diodrast clearance

This shows what proportion of tne total excretion is due to
glomerular filtretion. The mean value here is 20.02% with a standard
deviation of =+ 3.99%. This may be compared «ith the data for man (18)
where F.F. is 18.9% t+ 2.4%, on a larger series.

Chart VIII (p.45).

The rate of tubular excretion,T, is the aifference between the

total excretion per uminute and the guantity excreted by filtration,

that is,

T _ diodrast excretion _ PIWF
time
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Plasma T Meen  Probebility Group Probability Meen o o
diode min between gpse between gpse f:x]Qg
4e4 000036 1-2 p?0.05
50 0400032 0000046 1-3 p<0.05
Se 7 0400046 1-4 p<.0001
5e 2 0400072
6o 3 0400046
Ted 0400052 0400059 2=3 p>0.05
Te6 000072 2-4 p<0e0l X I-II p{0.01
Te8 000068
8s0 0400082
8¢9 0.00082 0400075 3~4 p<0,01
%1 0600068
945 0400068 ik, ¢ i
10,1 0400158 4-5 pY0.05
10,1 0400110 4-6 py0e05
10,8 000118 4-7 p>0.05
108 0600138 0,00143
10.9 000170
11,2 0400150
1145 0400160
13,0 0400160 5=5 p>005 7 0.00145 +0.00021 137
1343 0400130 0400156 5«7 p»0e05 5%
14,6 000180 bt
1641 000140 6=T7 P70005
178 0400170 000156
1848 0400160 £
2343
2343 0400120
233 0400120
35e4 0400129
30e7
3349
I PR I i b 43 it

CHART = VIII = _
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where P is the quéntity of solute in each cc. of plasma, I the
concurrent rate of glomerular filtration as measured by the
simultaneous inulin clearance, W the fraction of water in the
plasma, and F the fraction of solute which is free in the plasma
and therefore available for filtration. Free diodrast was roughiy
determined in some of the aninmals by tie uethod zlready descrived,
and in these cases, the result is tabulated in Chart I. For others
a mean value of 0,62 was used and is incorporated into the value
for T. The fraction 0.62 was considered valid only at the lower
plasma levels where a difference of ¥ 0.2 in F would give a
maximum difference of only 3 0.0001 mg. in the result for T
expressed in terms of body weight.

W is determined by the formula 1 _ percent plasmz protein
100

(18) .Since the average plasma protein vslue was 5.6% with a
deviation from the mean oft8.4 , this would give a value for W of
0.944 * 0.004 which would influence the calculation of T maximally
by ¥ 0.00002. Since & variation of this msgnitude would hive a

negligible effect on the net result, W is considered s unity in the

calculation.

The data for T are g¢grouped in a similar manner to the clearance
data in Chart VII. Again, there is no statistical difference between
Groups 1,2 amd 3 on the one hand, and 4,5,6 and 7 on tue other. Lcove
10 mg%I the tubular excretion is significantly higher than velow
this level, Hence it appears that above this plasma level the
calculation yields Tmy . In these animals o is + 0.00021 or 13.7%
which compares favourably with the variation found in man (18)

Of 18.8%0
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Conclusions,

Thus, in a range of diodrast plssma level of 10 to 14 mgrI,
meximum diodrast clearance can be calculated in the rat. From this,
together with the simultaneous inulin clearance, it is possiple to
deduce effective renal blood flow,glomerular filtration rate,
filtration fraction,urine concentration, and diodrast Tm, all of
which give further information about the kidney. In view of the
fact that these results show no greater variation than that encountén-
ed by other investigators in the dog and man it is felt that the
clearance method may be applied satisfectorily to a study of the

function of the rat kidney under various experimentzl conaitions.

Summary.

1. A brief historical survey of the metnods of investigating
renal function by clearance tests is presented.
2., The essential features of the simultaneous inulin and

diodrast clearance test as currently applied to larger animals

is outlined.
3. Experimental work is presented to show a) the steps by
which the inulin-diodrast method was adapted to the rat. b) The

results obtained with the method as finally devised.

Addendunm

e ————————

It has recently been shown that p-amino-hippuric acid can be
used as a substitute for diodrast in this work but the preparation
has not as yet been made avcilable. (Finklestein,N., Aliminosa,L.M.

and Smith,H.W. 1941, Am. J. Physiol., 133, 276.)
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