
n unilateral renovascular hypertension, angiotensin
H-mediated efferent arteriolar vasoconstriction acts to
maintain the glomerular ifitration rate (GFR) of the
â€œstenoticâ€•kidney (1,2). Interference with angiotensin
II production or action in this setting causes predomi
nantly efferent arteriolar vasodilatation, thereby lower
ing the GFR of the affected kidney with little or no
change in effective renal plasma flow (ERPF). Concur
rently, the GFR and ERPF in the contralateral kidney
do not change or increase slightly (3,4). Wenting et al.
(5) first used captopril, an angiotensin I converting
enzyme inhibitor, to exaggerate the differences in GFR
and renal uptake between the â€œstenoticâ€•and contralat
cmi kidneys in order to increase the sensitivity of de
tection of renovascular disease by scintigraphy with
technetmium-99m diethylenetriaminepentaacetic acid
([@Tc]DTPA). By performing this procedure before
and after captopril, other workers (6,7,8) have con
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firmed the specificity of this response for renovascular
disease. In other conditions, such as essential hyperten
sion, chronic pyelonephritis, hydronephrosis and renal
hypoplasia (9), GFR and ERPF either do not change,
or may increase somewhat due to nonspecific vasodil
atation from captopril. Some patients with renovascular
disease also do not respond; this behavior has been
viewed as an unfavorable prognostic indicator for alle
viation ofhypertension after correction or bypass of the
renal arterial stenosis (10).

Gates (11) found that the renal uptake of [@mTc]
DTPA 2 to 3 mm after injection expressed as a percent
of the administered activity, corrected for tissue atten
uation, was related linearly to the creatinine clearance.
From a regression equation, therefore, the GFR of each
kidney could be estimated from the renal uptake. With
several renal agents, we observed a similar correlation
between plasma clearance and the renal uptake 0.5 to
1.5 mm after injection in rats with and without glo
merular disease (12,13). In a preliminary study, we
used this approach for estimating the clearance of
[99mTc]DTPA and hippuran in two-kidney, one-clip
Goldblatt hypertensive rats and controls (14). Captopnl
decreased the clearance of [@mTc]DTPA in clipped
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In Goldblatt hypertension in rats produced by implantinga silverclipon the left renal artery,
captopril induces a greater difference in the 1-mm uptake of diethylenetriaminepentaacetic
acid (DTPA)between the two kidneys than in baseline uptakes, similarto the experiences in
unilateralrenovascular hypertension in man. The combination of captopnl and furosemide
induces an even greater difference in renal uptakes than with captopril alone in this rat model.
In pairedexperiments,DTPAcomplexeswereusedas a standardto comparethe differences
in renal uptake between the two kidneys after captopril-furosemide with other existing and
potential renal radiodiagnostic agents. No statistically significant difference was found
between DTPA,glucoheptonate, dimercaptosuccinic acid, aminated dextran, or lysozyme.
However, the differences in renal uptake were significantlyless with hippuran than with
DTPA. Furosemide and captopnl caused delayed renal retention of hippuran after one minute.
This response appeared to be due to non-specificvolume depletion because it occurred in
both dipped and undipped kidneys.
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kidney by 39% from baseline values. Prior volume
depletion with furosemide in addition to captopril pro
duced a more profound decrease, to a level 68% below
baseline. Hence, in renovascular disease, we concluded
that the diagnostic sensitivity of captopril enhanced
renal scintigraphy in detecting differences in renal up
take could be improved further by furosemide-induced
volume depletion.

Other renal radiodiagnostic agents besides DTPA
have been advocated to demonstrate the response from
captopril, particularly [@mTc]dimercaptosuccinic acid
(DMS) (7,15)and iodine-l3l(â€˜@â€˜I)hippuran(7,16).
However, no systematic comparison of these various
agents has been published. In this paper, we have corn
pared [99mTc]DTPAwith [â€˜31I]hippuranin one group
of rats with two-kidney, one-clip Goldblatt hyperten
sion; some aspects ofthis work were reported previously
(1 7). In another group of rats, we have compared four
other agents administered in succession with Tc- or In
DTPA. The goal of this study was to determine if any
agent available to us was superior to labeled DTPA for

this diagnostic application.

Material and Methods
Male Sprague-Dawley rats weighing 182 to 237 g were

anesthetized with ether and a solid silver clip with a slit width
of 0.20 mm was surgically implanted on the left renal artery.
Three weeks after surgery, systolic blood pressure was mom
tored by tail plethysmography under light ether anesthesia, as
described previously (1 7). Only rats with a systolic blood
pressure >150 mrnHg and an estimated baseline DTPA clear
ance >0.18 ml/min/100 g b.w. in the clipped kidney were
accepted to the study. All experiments were carried out under
ether anesthesia within eight weeks of renal artery clipping.
Systolic blood pressure and body weight were determined
immediately prior to each radionuclide study.

In the firstgroup of 12rats,baselinestudieswereperformed
after tail-vein injections of 1 mCi of [@â€˜Tc]DTPA,followed
in 20â€”30mm by 200 @iCi[â€˜311]hippuran.Fifteen-second inter
val images were obtained using a small field scintillation
camera. The images were computer-digitized at 15-sec inter
vals for 3 mm, followed by 1-mm images for an additional 12
mm. The 0.5â€”1.5mm. interval image was quantitated as
percent injected dose in each kidney, as reported previously
(12). For subsequent studies, furosemide (25 mg/kg intraper
itoneally 6 hr prestudy) and captopril (3 mg/kg intraperito
neally 1hr pre-study) were administered either in combination
or individually.These experimentswereperformedon the day
following the baseline study or at weekly intervals for each
animal. The imaging sequences using [@mTc]DTPA and
[â€˜311]hippuranwere repeated in each experiment as described
above.

In a second group of ten rats, the same protocol was
followed, except that baseline studies were performed only
with [99mTcJDTpA,furosemide was given four hours before
the radionuclide experiments, and studies with furosemide
and captopril administered individually were not performed.
The following agents were compared with either [99mTc]DTpA
or indium-l 11 (â€˜Iâ€˜In)DTPA(Medi-Physics, Inc., Richmond,
CA) administeredin tandem_[@mTcJgiucoheptonate(GHA),

acid (Medi-Physics, Inc., Rich
mond, CA), [â€˜â€˜â€˜In]aminateddextran (T5 amdex) prepared as
reported previously (13), and [â€˜â€˜â€˜In]human milk lysozyme.
The last agent was selected as a representative low molecular
weight protein (mol wt 14,000 D), coupled with the cyclic
dianhydride of DTPA and labeled with â€˜â€˜1In as described
previously for amdex(13). Technetium-99m DTPA and GHA
also were â€œin-houseâ€•preparations. These agents were admin
istered through a tail vein in the following sequences:

(1) 100 @CiE99mTc]DTPAfollowed by 100 .@Ci[1111n]
amdex;

(2) 100 @Ci[â€œInIDTPA followed by 500 @Ci[@mTc]GHA;
(3) 100 zCi [â€˜â€˜â€˜In]DTPAfollowed by 500 @iCi[99mTc]DMS;
(4) 100 @Ci[99mTc]DTpA followed by 100 @iCi[â€˜â€˜â€˜InJ

lysozyme.
The imagingand computer processingwerethe same as for

the first group of rats, except that the frames were obtained
every 15sec for 5 mm. For sequences(2) and (3), the second
injection was delayed 45 mm after the first injection, at which
time the residual â€˜@ â€˜Incounts in the @mTcwindow of the
spectrometer were negligible. The results of the renal uptake
studies of all agents from 0.5-1.5 mm after injection were
expressedas a percentofthe administeredactivity per kidney.
These values were corrected for tissue attenuation from a
linear equation predicting renal depth from body weight

y = 6.61 + 0.0238x,

where x is the body weight in grams and y is the depth of the
centroid of the kidney from the posterior skin surface in
millimeters. This equation was obtained by direct measure
ment of kidney depth and animal weight in another series of
60 male Sprague-Dawley rats ranging in weight from 200â€”450
g. The corrected values proved to be a maximum of 5%
greater than corresponding uncorrected valuesâ€”i.e.,the errors
due to tissue attenuation from variationsin renaldepth in the
rat were less than in man. The uptake of [@mTc]DMSwas
measured between 2 and 3 mm after injection, because earlier
values were very low. Uptakes of [@â€œTcJDMSand
[1 I â€˜Injlysozyme were measured also at 2 hr, because these

agents progressively accumulate in the renal parenchyma.
Such delayed measurements were invalid for [@mTc]GHA,
because ofthe excessive late biliary and intestinal excretion of
this agent in the rat.

The differences in corrected uptake values for all agents

were recorded also as R - L x 100% and L/R ratios, where

R and L are rightand left correctedrenal uptakes.Intercom
parison of the agents was performed by analysis of variance.
The clearances ofindividual kidneys were estimated from the
renal uptake values using linear regression equations devel
o_ from previous work (12,13) (listed in the Appendix).
This was not done for [@mTc]DMS,because the coefficient of
correlation between the renal uptake and clearance of this
agent is poor (12).

RESULTS

in the first group of rats, the comparisons between
DTPA and [â€˜31I]hippuranare shown in Figure 1 and
Table 1. The baseline study shows a somewhat greater
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TABLE I
First Series of Hypertensive Rats with L

Stenosis@eft
RenalArteryPred@tedEarly

renaluptakeclearance%
dose/kidneymI/mm/i 00

gb.w.%Agent

A L Difference RatioALBaselineDTPA

7.49 6.00 17.6 0.8230.3970.290(1.76)
(1.57) (19.0) (0.189)(0.110)(0.106)Hippuran

13.7 9.23 30.6 0.6931 .371.18(2.51)
(1.64) (15.0) (0.150)(0.197)(0.120)Furosemide

and captopril
DTPA 7.23 2.89 56.9 0.4390.3850.0986(3.22)

(1.48)(18.6)(0.190)(0.183)(0.0773)Hippuran
17.33 9.31 44.1 0.5431.661.18(4.71)

(3.81) (20.1) (0.191)(0.375)(0.279).

Mean values; s.d. in parentheses; N = 12.
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FIGURE 1
In vivo uptake measurements of right unclipped and left
dipped kidneys comparing DTPA and hippuran at baseline
and following combined treatment with furosemide and
captopill in 12 rats with two-kidney one-dip hypertension.

difference in uptake with hippuran than with DTPA.
However, in response to the captopril-furosemide chal
lenge, the early uptake of DTPA in the clipped left
kidney was markedly and significantly depressed (p <
0.001),whilethe hippuranuptakewasvirtuallyun
changed from the baseline values. Even though the
hippuran uptake increased in the contralateral right
kidney after captopril-furosemide, the percent differ
ence between the two kidneys was significantly greater
with DTPA than with hippuran. Likewise, the left/right
renal uptake ratios were significantly lower with DTPA
than hippuran (p < 0.05 by paired t-test).

Frequently, renal retention ofhippuran was observed
in the 15 minute computer-generated time-activity

Rnal%
Uptake
.5-1.5'

I
Ftwossm@s-cs@*opdl

DTPA

curves. Therefore, the uptakes at 5, 10, and 15 mm
were expressed as % dose/kidney and studied quanti
tatively along with the one minute values. The mean
values are plotted in Figure 2. Captopril alone produced
only a slight increase in renal retention beyond the
baseline values. With furosemide alone, the retention
was greater, and the curve almost horizontal. The great
est retention occurred with the combination of captopril
and furosemide, so their effects appeared additive. A
similar sequence of alterations in renal retention oc
curred in the contralateral kidney (Fig. 2A) as in the
clipped kidney (Fig. 2B). The uptake values in the
clipped kidney for each treatment were not significantly
different at one minute. Although the drug response
mean values became widely separated from baseline
values at later times, the variability from animal to
animal was very large. Consequently, the large standard
deviations (not shown) in these four experiments over
lapped considerably. No criterion was identified from
these late uptake data which could reliably distinguish
differences in response between the clipped and contra
lateral kidneys.

The mean (Â±1s.d.) renal uptakes ofright and clipped
left kidneys for the 10 rats of the second group are
compared in Figure 3. Part of the data required to
evaluate the different agents by analysis of variance are
listed in Table 2. For all agents, the percent difference
in uptake between the clipped kidney and the right
kidney following captopril and furosemide was greater
than that of the initial baseline study with DTPA. The
ten different â€œtreatmentsâ€•including amdex, GHA, four
with DTPA, and early and 2-hr uptakes of dimercap
tosucciic acid (DM5) and lysozyme were compared by
random block analysis ofvariance (18) and by the same
subjects repeated measure analysis of variance (19).
The values used for these tests were the L/R renal
ratios. Neither test showed evidence of significance (p
> 0.05) between any of the â€œtreatmentsâ€•.The lack of

change between the four experiments with DTPA sug
gested that the response to captopril and furosemide
did not change delectably over 4 wk and that the early
uptakes of[@mTcJDTPA and [â€˜â€˜â€˜InJDTPAwere similar.
None ofthe other agents were detectably better or worse
than DTPA. The 2-hr uptake of DM5 was much higher
than the early uptake and therefore easier to measure.
The mean values suggested the 2-hr measurement was
better, but this was not statistically significant.

The percent differences in uptake between the two
kidneys and clearances predicted by regression equa
tions from the renal uptakes also are listed in Table 2.

DISCUSSION

Throughout this study, blood pressure was monitored
continually. Substantial changes in blood pressure were
relatively small using furosemide and a relatively low
dose of captopril. Otherwise, a sizable reduction in
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systemic pressure could result in a nonspecific decrease
in GFR or ERPF. Similarly, in the clinical setting, it
would appear desirable to monitor blood pressure be
fore and after administration of captopril with or with
out furosemide.
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FIGURE 2
In vivo renaluptakemeasurementsof hippuranup to 15 mmafter injection.Datafrom baselinestudies,andfollowing
administration of furosemide and captopril in combination and individually are shown. Increased renal retention after
drug challenge is evident in both the right kidney (A) and clipped left kidney (B).

The poor performance of hippuran in response to
captopril challenge in renal artery stenosis shown in the
present study agrees with previous work. Its high renal
extraction efficiency reflects primarily ERPF. In two
kidney one-clip hypertension in dogs (20), captopril

basslins câ€¢ptoprllandFurosinlds
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Renal %
Uptake 5 -
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mean %

differance
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c.ptopril and

DTPA _________
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FIGURE 3
Invivouptake measurements of right
and clipped left kidneys in a second
group of ten rats. A DTPAcomplex
was paired with one of the other ag
ents in each experiment.
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Eatly renal uptake
%dose/kidneyPred@ted

clearance
mI/mm/bOg b.w.2-h

renal uptake
%dose/kidney%L/R%L/RAgent

A L DifferenceRatioA LALDifferenceRatioBaselineDWA

7.54 5.50 27.10.7360.4350.288(1.08)
(1.11) (10.5)(0.114)(0.0830)(0.0841)Furosemide

and captopril
DTPA 6.24 2.34 60.70.3940.3240.0622(1.85)

(1.34) (21.0)(0.210)(0.150)(0.0774)Amdex
6.91 2.59 61.00.3890.3680.115(1.65)

(1.19) (17.1)(0.173)(0.134)(0.0813)DiVA
5.11 2.50 48.10.5190.2340.0890(1

.19) (1.13) (29.4)(0.293)(0.0961)(0.0793)GHA
6.00 3.15 50.80.4910.2820.165(2.30)

(2.79) (26.5)(0.263)(0.106)(0.109)DTPA
5.05 2.22 56.00.4410.2290.0520(0.765)

(1.09) (20.3)(0.204)(0.0619)(0.0585)DMS
9.78 5.33 45.70.542â€” â€”34.313.858.30.412(1.39)

(2.00) (20.7)(0.206)â€” â€”(5.17)(6.62)(21.5)(0.199)DTPA
7.35 2.76 63.30.3660.4150.0821(1

.54) (1.31) (14.4)(0.144)(0.125)(0.0898)LYS
6.70 3.03 55.30.4480.310 0.10622.89.2254.20.453(1

.32) (1.32) (15.9)(0.159)(0.0675) (0.0737)(4.42)(4.92) (31.9)(0.317).

Mean values; s.d. in parentheses, N = 10.

TABLE2
Second Series of Hypertensive Rats with Left Renal Artery Stenosi&

markedly lowers GFR measured by mum clearance,
whereas ERPF by PAR clearance is not altered signifi
cantly in either kidney. In patients with renal artery
stenosis (5), the clearance ofhippuran does not change
after captopril. Apparently an increase in true renal
plasma flow related to nonspecific dilatation ofthe renal
vasculature is offset by decreased renal extraction effi
ciency from shortening ofthe renal transit time (5).

In our rat model, the hippuran uptake in the right
uncipped kidney increased after captopril and furose
mide compared to baseline levels. We attributed this to
nonspecific vasodilatation from the captopril, because
it occurred when captopril was administered alone (17).
On the contrary, furosemide alone resulted in a slight
decrease from baseline levels. The delayed renal reten
tion ofhippuran after 1mm was probably a nonspecific
phenomenon because it was more pronounced with
furosemide alone than with captopril alone. It occurred
in the contralateral as well as the clipped kidney and
was probably due to volume depletion and reduced
urine flow rate. Alteration in hippuran transport from
the furosemide is a more remote possibility because the
two injections were 6 hr apart. Volume depletion from
furosemide causes additional stimulation of the renin
angiotensin system in the stenotic kidney at reduced
perfusion pressures, thereby potentiating the effects of
captopril in lowering the GFR (17).

The same rats were used to evaluate the other renal
agents (except hippuran) in the second group of exper

iments to minimize the wide variations in response to
both renal arterial clipping, captopril and furosemide
from one group to another. DTPA chelates were used
as a â€œstandardâ€•agent in all experiments. There was no
evidence of consistent decline in renal function and
only minimal changes in blood pressure throughout the
four week study.

The different agents were evaluated because their
mechanisms of renal accumulation and excretion are
dissimilar. The renal uptake and clearance ofthe DTPA
chelates reflect the glomerular ifitration rate. Amdex,
like all dextrans, is cleared only by glomerular ifitration,
but its clearance and early renal uptake normally exceed
those of DTPA (13) because its cationic charge facili
tates transglomerular passage. It demonstrates the loss
of the normal anionic charge in primary glomerular
diseases well. Its similar efficacy to DTPA in the present
study suggests that loss of electrostatic charge barriers
does not occur in this model of â€œearlyâ€•renovascular
disease.

The renal mechanisms for handling GHA are still
not totally settled. Its early renal uptake and plasma
clearance correlate well with DTPA clearance in normal
rats and those with glomerular disease (12), but its later
renal retention does not. Probenecid blockade and PAH
infusion significantly decrease its plasma clearance and
greatly depress its later renal retention, indicating that
transport from peritubular capillaries to proximal tu
bular cells plays a major role (21). The early uptake of
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GHA was similar to DTPA uptake in the present ex
periments. It is suspected that the late retention of GHA
would not reflect changes in GFR from captopril in
renovascular disease, but this could not be evaluated.
Delayed camera images showed considerable intestinal
activity overlapping particularly the left kidney.

The early and 2-hr uptakes of DM5 both mirrored
the changes in GFR demonstrated with DTPA. This is
in keeping with the concept that DMS undergoes gb
merular ifitration and progressively accumulates in the
proximal tubular cells from the tubular lumen (7). Its
slow clearance is attributed to marked plasma protein
binding. Probenecid blockade does not affect the renal
uptake of DM5 (22), but it is influenced by changes in
urinary pH more than GHA uptake (21).

Lysozyme (14,000 daltons) is probably handled like
other small molecular weight proteins which are catab
olized primarily by the kidney rather than the liver, i.e.,
accumulation in the proximal tubules predominantly
by gbomerular filtration and absorption from the
tubular lumen (23), but also by some absorption from
peritubular capifiaries (24). It adequately reflects the
changes in GFR in the present study. Indeed, it appears
that any renal agent which reflects changes in GFR
similar to DTPA chelates may be useful in this challenge
test with captopril and furosemide.

APPENDIX

Linear regression equations for estimating clearances (y) of
individual rat kidneys from in vivo renal uptake (x) expressed
as % dose/kidney.

These were derived from data generated for previous pub
lications (12,13). Plasma clearances obtained from multiple
plasma sampleswere correlatedwith the summed uptake of
right and left kidneysquantitated in vivo by gamma camera
computer techniques in two series of rats. Both of these
included controls and rats with glomerular damage induced
by puromycin aminonucleoside. The [@â€œTc]DTPAseries of
60 rats and the [â€˜31ljhippuranseries of48 rats each contained
24 controls. The remaining series consisted of 12 controls and
12 with gbomerular damage. For the purposes of the present
study, it was assumed that the plasma clearances of the right
and left kidneysin thesepreviousstudieswere equal. Hence,
the renal uptakes of the individual kidneys were regressed
against halfthe plasma clearance values.
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