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Renal clearances are usually calculated 
from simultaneously measured levels of uri- 
nary excretion rate and plasma concentra- 
tions of the substance under study. The for- 
mula for renal clearance is: C = UV/P, in 
which U is the concentration of the substance 
in urine, P is the concentration in plasma, 
and Vis the volume of urine formed per unit 
time. When a substance is eliminated from 
the body almost exclusively by being excreted 
into urine in an unchanged form, renal clear- 
ance also represents the mean total body 
clearance. According to pharmacokinetic the- 
ory, the mean total body clearance is: C = 
Dose iv/AUC, in which AUC represents the 
area under the plasma disappearance curve, 
from the time of injection until t = m. 

It is frequently desirable to estimate not 
only the glomerular filtration rate but also 
the renal plasma flow in assessing kidney 
function. Inulin clearance is recognized as a 
valid measure of glomerular filtration rate 
“in all animals from fish to man” (1) and 
thus has been used in our experiments. Al- 
though the clearance of p-aminohippurate 
(PAH) is widely used as an estimate of renal 
plasma flow (2), we have found that the mean 
total body clearance of plasma radioactivity 
after administration of glycyl- 1 -[ 14C]labeled 
PAH in the conscious rat, calculated as Dose 
iv/AUC, is a satisfactory estimate of renal 
plasma flow only if measurements are re- 
stricted to the first few hours after iv injection. 

This paper describes an alternative method 
of estimating renal plasma flow in the unan- 
esthetized rat by measuring the mean total 
body clearance of [14C]labeled tetraethylam- 
monium (TEA) bromide, a commercially 

A preliminary report of this work was presented at 
the 63rd Annual Meeting of the Federation of American 
Societies for Experimental Biology, Dallas, Texas, April, 
1979, Abstract No. 3273. 
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available compound that is rapidly and com- 
pletely excreted unchanged into urine. The 
method does not require catheterization of 
the urinary bladder or of blood vessels and 
is, therefore, suitable for use in the unanes- 
thetized rat. 

Methods. Experiments were performed on 
male, Sprague-Dawley rats (Taconic Farms), 
weighing 150-225 g. Commercial chow and 
water were available ad libitum. 

Chemicals and isotopes. TEA bromide was 
purchased from Aldrich Chemical Co. Inulin 
and PAH (sodium salt) were purchased from 
the Sigma Chemical Co. p-Acetamidoacetyl- 
hippuric acid was prepared from PAH and 
acetic anhydride, as described by Newman et 
al. (3). p-Acetamidohippuric acid and PAH 
were identified by thin layer chromatography 
on microcrystalline cellulose (Avicel) plates 
with a solvent system of n-butano1:acetic acid: 
water (25:4: 10). 

The following radiolabeled compounds 
were purchased from New England Nuclear: 
glycyl- 1 -[ 14C]labeled PAH (44.3 mCi/mmol); 
methoxy-[’H]inulin ( 186.8 mCi/g); methoxy- 
[ ‘‘C]inulin (5.075 mCi/g); (1 -‘“)-TEA bro- 
mide (3.0 and 9.5 mCi/mmol). 

Body clearance determinations. Rats were 
injected in the tail vein with [14C]methoxy- 
inulin, [’H]methoxyinulin, [ 14C]TEA bro- 
mide, or [14C]PAH. The radiolabeled com- 
pounds, as purchased, were diluted with the 
unlabeled compounds so that the desired 
dose, in an injection volume of 1.5 ml/kg, 
contained about 10 pCi/rat for [14C]labeled 
compounds and about 50 pCi/rat for tritium 
labeled compounds. Some rats received both 
[“H]methoxyinulin and [14C]TEA in the same 
injection. Blood samples were obtained from 
the retro-orbital sinus at 8 or more of the 
following intervals after injection of the la- 
beled compounds: 3, 5, 10, 20, 40, 90, 180, 
240, 360, 1440, 1800 and 2880 min. In most 
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rats, the earliest sample was taken at 5 min. 
Since TEA ion and inulin are not metab- 

olized to an appreciable degree, their concen- 
trations were determined from the total trit- 
ium or [‘“Clradioactivity in plasma. A suita- 
ble aliquot of plasma (0.05-0.5 ml) was 
placed in a counting vial. Five times the 
plasma volume of NCS solubilizer (Amer- 
sham/Searle) was added to the vial, which 
was then placed in an oven at 50” for 30 min. 
Fifteen ml of a solution containing 2,5-bis-2- 
(5-t-butylbenzoxazoyl) thiopene (BBOT) was 
added to each vial and the radioactivity was 
determined in a liquid scintillation counter. 
The composition (percentage by weight) of 
the BBOT solution was: 52.15, toluene; 39.35, 
methylcellosolve; 8.10, naphthalene; and 
0.40, BBOT. The same procedure was also 
used to determine hippurate-derived radio- 
activity. 

PAH concentrations were also determined, 
as described by Bauer et al. (4) by a modifi- 
cation of the method developed by Bratton 
and Marshall (5) for sulfanilamide. 

For each rat, the plasma concentrations of 
the compound were plotted on semi-logarith- 
mic paper against time. The data for each rat 
were fitted, if possible, to a two or three 
compartment model, represented by equa- 
tions: 

P = A,e-“t + Bee-@ 

and 

P = A0ePt  + Boe-Dt + Coe-Yt 

AUC was calculated as A , / a  + B,/P for 
the two-compartment model, and A , / a  + B,/ 
P + C,/y for the three-compartment model. 

Results are expressed as mean values M E ,  
with the number of rats indicated in paren- 
theses. 

Results. Problems with PAH clearances, 
The values of plasma radioactivity measured 
after three hr following injection of small 
doses (1-25 mg/kg iv) of [‘“CIPAH were 
higher than the values at 90 and 120 min 
(Fig. 1). Although the height of the “hump” 
was less than 3% of the initial plasma PAH 
level, it had a marked effect on the estimate 
of AUC and thus on the estimate of the 
clearance. When plasma levels of PAH after 
a dose of 125 mg/kg iv were measured by a 
colorimetric method (4), however, no 
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FIG. 1 .  Plasma concentrations of radioactivity in a 
rat plotted against time after an iv injection of [14C]PAH 
( 5  mg/kg). 

“hump” was observed (Fig. 2). Instead, val- 
ues could be fitted to a biexponential model 
and the clearance could be calculated as Dose 
iv/AUC, in which AUC was calculated as 
A , / a  + Bo/P. The absence of  a “hump” in 
the plasma disappearance curve of PAH, 
measured colorimetrically, suggested that the 
“hump” was not PAH, but metabolites of 
PAH. The finding that deproteinization of 
the plasma with 0.6 M perchloric acid de- 
creased the size of the “hump” about 50% 
raised the possibility that [‘“CIPAH was hy- 
drolyzed to unlabeled p-aminobenzoic acid 
and to l-[14C]glycine and that the glycine was 
incorporated into plasma proteins. In addi- 
tion, it also seemed possible that a part of the 
[ ‘“CIPAH might be acetylated to p-acetami- 
dohippuric acid, a reaction that occurs in 
man, but not in dog (3). The formation ofp- 
acetamidohippuric acid could contribute to 
the “hum?:’ in the plasma disappearance 
curves of [ CIPAH radioactivity if its elimi- 
nation were considerably slower than PAH. 

To assess these possibilities, two rats were 
in‘ected with 1 mg/kg (47 pCi/rat) of the 
[’ Cllabeled compound and blood samples d 
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were obtained at 5 ,  10, 20, 40, 90, 180, 300 
and 360 min thereafter. The plasma disap- 
pearance curves for PAH-derived radioactiv- 
ity in these rats confirmed the appearance of 
the “hump”. Aliquots of the 360 min plasma 
samples and of the pooled 5,  10, 20 and 40 
min samples were spotted on TLC plates and 
developed with butano1:acetic acid:water (25: 
4: 10). Using a Packard radiochromatogram 
scanner to detect the radioactive peaks, we 
found that the pooled early samples gave a 
broad two-humped peak, with Rf values cor- 
responding approximately to PAH (0.60- 
0.65) and p-acetamidohippurate (0.72-0.82). 
Unfortunately, the radioactivity in the 6-hr 
sample was too low to assay by the scanner. 
With the hope of obtaining better resolution, 
developed chromatograms of the 6 hour sam- 
ples were divided into 22 zones. Each zone 
was scraped into a counting vial. Water (0.1 
ml) and BBOT (15 ml) were added and the 
radioactivity was counted. Almost all the ra- 
dioactivity was associated with two peaks; 
one peak was at the origin and presumably 
represented glycine that was incorporated 
into protein and the other had a value of 0.18 
which was nearly identical to that of glycine 
in our system (0.20). There was also a much 
smaller peak which migrated with the solvent 

front. No radioactivity was detected at Rf 
values corresponding to PAH or p-acetami- 
dohippuric acid. It therefore seems probable 
that most of the “hump” of radioactivity is 
due to glycine and the glycine incorporated 
into plasma proteins. 

Since the “hump” did not contain detect- 
able PAH, we ignored values of [“CIPAH 
derived radioactivity measured after 3 hr in 
calculating PAH clearances (Table I). The 
mean values of PAH clearance, thus calcu- 
lated, in 17 rats which received doses of 1- 
125 mg/kg iv was 26.4 f 1.52 ml kg-’ min-l. 
However, this value will be in error to the 
extent that a part of the clearance represents 
a metabolic clearance on the one hand and 
the area under the curve of acetamidohip- 
puric acid contributes to the total area under 
the curve on the other hand. 

Clearance of TEA. Since renal plasma flow 
can be measured with any compound which 
is extracted almost completely in one passage 
through the kidney, we have investigated the 
clearance of TEA for this purpose. TEA is 
excreted in man and in dog at rates which are 
“in the range of substances almost completely 
cleared from the renal arterial blood” (6). 
The plasma disappearance curve for [ 14C]- 
TEA radioactivity in the rat is a smooth curve 
(Fig. 3) ,  with no suggestion of a “hump”. 
Plasma levels of [ 14C]TEA radioactivity can 

TABLE 1. MEAN TOTAL BODY CLEARANCES” IN 
UNANESTHETIZED RATS OF INULIN, PAH, AND TEA. 

Com- 
pound Dose Label Clearance 

Inulin 
Inulinh 
PAH 
PAH 
PAH 
PAH 
PAH 

TEA 

mg kg-’ iv 
25 

5 
I 
5 

25 
I25 

1-125 

0.3-20‘ 

[ 14C]methoxy 
[3H]methoxy 
[14clglYcYl 
[14clglycyl 
[14clglycyl 

None 
[14C]glycyl or 

none 
1 -14c 

ml kg-’ min-’ 

5.9 f 0.18 (21) 
6.5 f 0.31 (4) 

22.2 f 2.04 (3) 
29.4 k 2.79 (4) 
29.3 f 1.50 (6) 

26.4 & 1.52 (17) 
22.0 f 2.02 (4) 

27.6 f 0.92 (28) 

Clearances were calculated as Dose iv/AUC. AUC 
was calculated as A , , / a  + B,,/P + CJy for data fitted to 
a triexponential curve (inulin and TEA) and A , / a  + B,/ 
/-l for PAH. In calculating PAH clearances, plasma ra- 
dioactivity values at 4 hr and later were not used. 

These rats also received a simultaneous dose of TEA 
bromide. See Fig. 4. 

See Fig. 4 for the doses in various experiments. 
Twenty-one of these rats also received inulin, 5 mg/kg 
iv, in the same injection as TEA bromide. 
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FIG. 3. Plasma concentrations of radioactivity in a 
rat after iv injection of [14C]TEA (1.9 mg/kg). 

be fitted satisfactorily to the tri-exponential 
equation, P = A.eTaYt + B,e-Pt + Coe-Yt. Un- 
like PAH, AUC for the plasma disappearance 
curve of TEA can be calculated readily for 
each rat and the clearance of TEA can be 
calculated from the relationship, C = Dose 
iv/AUC. 

The clearance values for TEA in our ex- 
periments (Fig. 3, Table I) are about the same 
as those for a dose (125 mg/kg) of PAH 
which is large enough to permit measurement 
of plasma levels by a specific colorimetric 
method (Table I). TEA clearances are also 
approximately the same as [14C]PAH radio- 
activity clearances, provided that PAH radio- 
activity data for 4 hr and later are not used in 
the calculation. We have not measured clear- 
ances higher than those for TEA with any 
other compound. Thus, our data support the 
hypothesis that the clearance of TEA pro- 
vides at least as good an estimate of renal 
plasma flow in this species as does the clear- 
ance of PAH. 

clearance in the 21 rats which also received 
a dose of TEA was 5.9 f 0.18 ml kg-' min-'. 
This value should be compared with another 
experiment in which four rats received only 
14 C-methoxyinulin (25 mg/kg iv); the clear- 
ance in this experiment was 6.5 -t 0.31 ml 
kg-' min-l. Apparently, the glomerular filtra- 
tion rate, as estimated by the clearance of 
inulin, was not significantly affected by the 
simultaneous administration of TEA. 

Filtration fraction. The filtration fraction is 
defined as the ratio of the glomerular filtra- 
tion rate to the total renal plasma flow. If one 
accepts the clearance of TEA as an estimate 
of renal plasma flow and the clearance of 
inulin as an estimate of the glornerular filtra- 
tion rate, then the filtration fraction in the 21 
rats which received both inulin and TEA iv 
simultaneously varied from 0.15 to 0.30, with 
a mean value of 0.21 & 0.009. 

Discussion. The usual method of measuring 
renal clearance (C = UV/P) in animals and 
in man would not involve difficulties from 
the mechanisms responsible for the "hump" 
in our experiments with PAH because the 
experimental procedures are restricted to 
short intervals of 10-60 min, the plasma PAH 
concentrations are kept constant by using an 
iv infusion, and the rate of PAH excretion is 
measured directly. 

Blaufox et al. (7) have described a method 
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FIG. 4. Mean total body clearance of TEA (0.3-20 
mg/kg iv) and inulin (5 mg/kg iv). Each solid circle - -  

Znulin clearance. It is often desirable to 
glomerular filtration rate at the Same 

time as plasma flow' In groups Of rats 
which received [3H1methoxyinu1in (5 "!?/kg 
iv) in the Same injection with a dose Of 

[l4CITEA (0.3-20.0 mg base&, Fig. 4), there 
were no significant differences in the clear- 
ance of inulin. The mean value of inulin 

represents the mean total body clearance of the indicated 
dose of TEA in one rat. Twenty-one of the 28 rats which 
received TEA also received inulin ( 5  mg/kg) in the same 
injection. The inulin clearances are represented by the 
open circles. Seven rats received TEA (1.9 mg/kg) with- 
out inulin. The upper heavy line represents the mean 
TEA clearance in 28 rats f SE (crosshatched area). The 
lower heavy line represents the mean inulin clearance 
f SE (thin lines). 
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for measuring in the anesthetized rat the 
clearance of o-iodohippurate lZ5I. Their cal- 
culations are based on a two-compartment 
model, with body clearances calculated from 
a formula derived from the relationship C = 
Dose iv/AUC. They suggest the use of only 
two blood samples, 10 and 60 min after the 
iv injection of the iodohippurate. They deter- 
mined the slope of the alpha and beta phases 
from a recording of the radioactivity over the 
head, a procedure which was possible because 
the rat had been injected with a gamma 
emitter. Other experiments confirmed that 
the ratio of radioactivity recorded over the 
head to that in the plasma was relatively 
constant. By this method, they obtained a 
clearance for iodohippurate in 14 normal 
anesthetized rats of 21.1 ml kg-’ min-’. Al- 
though this method will be in error to the 
extent that o-iodohippurate undergoes hy- 
drolysis, and the area under the curve is the 
sum of the areas of both o-iodohippurate and 
o-iodobenzoate, this value did not differ sta- 
tistically from PAH clearances in the same 
rats 1-3 days later, using “20-min urine col- 
lection periods and midpoint tail vein blood”. 
Thus the errors theoretically present in their 
method are probably insignificant. It is of 
interest that their clearance for o-iodohippur- 
ate did not differ significantly from the body 
clearances of a large dose (125 mg/kg) of 
PAH in our experiments (Table I). Other 
investigators (8, 9) have also reported PAH 
clearances in the range of 20-25 ml kg-’ 
min-’. 

Neither the PAH nor the TEA method 
takes into account the extraction ratio in cal- 
culating renal plasma flow. Cortney et al. (8) 
reported an average PAH clearance of 24 ml 
kg-’ min-’ and a calculated renal plasma 
flow of 33 ml kg-’ min-’ “in the 31 clearance 
periods in which both PAH clearance and 
extraction ratio were measured.” These in- 
vestigators reported an average value of 0.81 
for the extraction ratio of PAH in the rat. 
The finding that the clearance values of TEA 
are about the same as those of PAH (Table 
I) suggests that the extraction ratio of TEA is 
comparable to that of PAH, a view in accord 
with that held by other investigators (6, 11). 

The existence of two tubular transport 
mechanisms, one for acids such as PAH and 
the other for bases such as TEA, has been 

recognized since the fifties (10, 11). Uptake 
studies with renal slices have proved that the 
two transport mechanisms do not interfere 
with each other (12). Thus, in studying the 
renal effects of an acidic compound, it may 
be advantageous to measure renal plasma 
flow with a base. This view is supported by 
the findings of McNay et al. (13) that the 
blood acids in experimental uremia in the 
dog depress the extraction and clearance of 
PAH without affecting these parameters for 
TEA, 

It is usually accepted that PAH and TEA 
are secreted only by the proximal tubules (1, 
2). The extraction of these substances is re- 
duced by the fraction of blood which perfuses 
the medulla and papilla and which is cleared 
of these substances only through glomerular 
filtration. Although incomplete filtration of a 
substance may result from binding to plasma 
protein, the binding of PAH to plasma pro- 
teins in the rat has been estimated to be only 
about 10% (8). Similarly the binding of TEA 
to plasma proteins is also negligible. Indeed 
Rennick and Farah (1 1) were unable to detect 
any binding of TEA to plasma proteins in the 
dog. 

Objections may be raised to the use of TEA 
clearance as a measure of renal plasma flow 
because TEA causes cardiovascular responses 
(14). However, falls in blood pressure elicited 
by TEA are relatively short-lasting and can 
be avoided by using doses which are too small 
to affect the circulation. In the rat, moreover, 
as in man and the dog, autoregulation of the 
total renal blood flow and the glomerular 
filtration rate has been demonstrated (1 5- 17); 
this phenomenon refers to the relative con- 
stancy of renal blood flow and glomerular 
filtration rate during marked changes in aor- 
tic blood pressure. The relatively constant 
values of TEA and inulin clearances in our 
experiments (Fig. 4) suggest that autoregula- 
tion was effectively controlling the renal 
blood flow and the glomerular filtration rate 
during falls in systemic blood pressure which 
may have occurred with the larger doses of 
TEA. 

Our values of inulin clearance agree with 
the value of 6 ml kg-’ min-’ mentioned by 
Cortney et al. (8) for nondiuretic rats. Higher 
values of inulin clearance, up to about 12 ml 
kg-’ min-’, have been reported by various 
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investigators (8, 16) in rats loaded with saline 
iv (isotonic or hypertonic) or water PO, to 
promote diuresis. 

The use of [14C]TEA and ‘H-inulin permits 
the simultaneous estimation of glomerular 
filtration rate, renal plasma flow, and filtra- 
tion fraction in the same unanesthetized rat. 

Summary. Mean total body clearances 
were measured in unanesthetized rats as Dose 
iv/AUC in which AUC is the area under the 
plasma radioactivity disappearance curve for 
[14C]labeled inulin, PAH, and TEA and also 
for [3H]inulin. The clearance of inulin radio- 
activity, either 14C or ’H, was a satisfactory 
estimate of glomerular filtration rate. The 
clearance of [14C]radioactivity from labeled 
TEA was a reliable estimate of renal plasma 
flow. The renal filtration fraction, which was 
calculated as the ratio of inulin and TEA 
clearances, varied from 0.15 to 0.30, with a 
mean value of 0.21 in the 20 rats in which 
both clearances were measured simultane- 

Renal plasma flow and glomerular filtra- 
tion rate can therefore be estimated in the 
same unanesthetized rat by the clearances of 
TEA and inulin, calculated as Dose iv/AUC 
from the disappearance curves of 14C and ‘H 
plasma radioactivit after a single iv injection 

yinulin. 

ously. 
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