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This study was undertaken in anesthetized dogs to evaluate the relative participation of prostaglandins (PGs) and nitric oxide
(NO) in the maintenance of total renal blood flow (TRBF), and renal medullary blood flow (RMBF). It was hypothesized that the
inhibition of NO should impair cortical and medullary circulation because of the synthesis of this compound in the endothelial
cells of these two territories. In contrast, under normal conditions of perfusion pressure PG synthesis is confined to the renal
medulla. Hence PG inhibition should predominantly impair the medullary circulation. The initial administration of 25 µM kg-1 min-1

NG-nitro-L-arginine methyl ester produced a significant 26% decrease in TRBF and a concomitant 34% fall in RMBF, while the
subsequent inhibition of PGs with 5 mg/kg meclofenamate further reduced TRBF by 33% and RMBF by 89%. In contrast, the
initial     administration of meclofenamate failed to change TRBF, while decreasing RMBF by 49%. The subsequent blockade of NO
decreased TRBF by 35% without further altering RMBF. These results indicate that initial PG synthesis inhibition predominantly
alters the medullary circulation, whereas NO inhibition decreases both cortical and medullary flow. This latter change induced
by NO renders cortical and RMBF susceptible to a further decrease by PG inhibition. However, the decrease in medullary
circulation produced by NO inhibition is not further enhanced by subsequent PG inhibition.
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Introduction

The relative role of naturally occurring vasodilators in
the renal circulation has remained largely ill defined. How-
ever, identification of their mechanism of action is of critical
importance to understand how the kidney influences the
equilibrium of body fluids and blood pressure (1-4). Of
particular interest are the effects of prostaglandins (PGs)
and nitric oxide (NO), both of which exhibit a high rate of
synthesis in the renal medulla (5-7) and in the renal vascu-
lar endothelium (8). In fact there are observations showing
that the blockade of NO produces, in the rat, a decrease in
medullary circulation which leads with time to excessive
sodium retention and a sustained increase in blood pres-

sure (9,10). Similarly, an increase in diastolic blood pres-
sure has been observed in humans after prolonged block-
ade of PG synthesis with indomethacin (11). In spite of this,
no study has been conducted to determine the specific
changes occurring in cortical and medullary blood flow
when NO and PGs (or vice versa) are inhibited in succes-
sion. This approach implies the definition not only of the
initial effect produced by the inhibition of the synthesis of
each of these substances, but also the determination of
how the inhibition of one substance affects the response to
the other.

The present study was undertaken to answer these
questions. Total renal blood flow (TRBF) was measured
with an electromagnetic flow meter (12) while renal medul-
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lary blood flow (RMBF) was continuously measured using
a laser Doppler flow probe (12). Two basic experimental
protocols were used. In the first, flow determinations were
made under basal control conditions, as well as after the
blockade of NO and PG synthesis with NG-nitro-L-arginine
methyl ester (L-NAME) and meclofenamate (MECLO),
respectively. In the second, the order of PG and NO
inhibition was reversed. The relative effectiveness of L-
NAME and MECLO in blocking the production of NO and
PGs was evaluated by measuring the vasodilator response
to bradykinin (BK).

Material and Methods

Experiments were performed on 14 male mongrel dogs
(body weight 16-23 kg) maintained on a standard labora-
tory diet with free access to water. The animals were fasted
the evening before the surgery. On the morning of the
experiments, the dogs were anesthetized with sodium
pentobarbital (30 mg/kg) and ventilated mechanically with
a Harvard respirator (South Natick, MA, USA) at a tidal
volume appropriate for body weight based on the nomo-
gram of Kleinman and Radford Jr. (13). A catheter was
inserted into a femoral artery and advanced into the aorta
to a position just below the renal arteries for measurement
of renal perfusion pressure (RPP) using a Statham P23ID
pressure transducer (Viggo-Spectramed, Oxnard, CA,
USA), and for collection of peripheral arterial blood samples.
A femoral vein was cannulated for continuous infusions of
0.9% saline. The volume of saline infused into the animals
by the time the experiments were started (~60 mL) was
sufficient to replace any blood lost during surgery and to
render the animals euvolemic. In addition, sodium pento-
barbital (~4 mg kg-1 h-1) was infused to maintain a constant
plane of anesthesia throughout the experiments.

The left kidney was exposed through a flank incision
and the dogs were then suspended in a metal frame that
mimicked their usual standing position. A non-cannulating
electromagnetic flow probe (Carolina Medical Electronics,
King, NC, USA) of suitable diameter was placed on the
renal artery at its origin from the aorta for the measurement
of total renal blood flow. A zero flow baseline signal for the
probe was established at the beginning of each experi-
ment and was checked at the conclusion of each protocol
by occluding the renal artery distal to the probe with a
snare made of a silk ligature enclosed in polyethylene
tubing. A curved 23-gauge needle attached to polyethyl-
ene tubing and connected to a syringe pump (Harvard
model 944) was inserted into the renal artery for continu-
ous infusion of 0.9% saline, BK, or L-NAME at a rate of 1
mL/min. The kidney was then further prepared for meas-

urement of RMBF by creating a cortical window in an
alcohol-injected region of the kidney using an He-Ne-CO2

beam surgical laser and placing a multiple optical fiber flow
probe (model PF 315:72; Perimed, Inc., Stockholm, Swe-
den) connected to a Perimed PF laser Doppler flowmeter
directly on the medulla near the renal crest. This procedure
has been published in detail elsewhere (12). Zero flow
baseline laser Doppler signals were determined at the
beginning of each experiment by occluding the renal artery
for several seconds. After completion of the surgical proce-
dure, a 1-h stabilization period was allowed to elapse
before starting the experiments. The Doppler flowmeter
signal was conventionally normalized to 100% for every
experiment.

Protocol 1
Baseline RPP, TRBF, and RMBF values were recorded.

The intrarenal infusion of saline was then replaced with an
infusion of BK (4 pM kg-1 min-1; 1 mL/min) which was
continued for 10 min. Results of preliminary studies from
our laboratory have shown that the administration of BK in
this manner consistently produced peak increases in TRBF
and associated increases in RMBF within 1-2 min after the
beginning of infusion. Both parameters then declined to-
ward a steady-state level over the remainder of the infu-
sion. The responses to BK were recorded during the peak
(1-2 min) and during the steady-state condition (10 min).
After 10 min, BK infusion was stopped and a 30-min
recovery period was allowed. Following the recovery pe-
riod, an intrarenal infusion of L-NAME (25 µM kg-1 min-1),
an inhibitor of NO synthesis, was started and 20 min were
allowed for renal parameters to stabilize. The administra-
tion of L-NAME was continued and a simultaneous intrarenal
infusion of BK was started. Both infusions were continued
for 10 min before being stopped and replaced with saline.
Another 30-min recovery period was allowed before an
intravenous bolus injection of 5 mg/kg MECLO, an inhibitor
of PG synthesis, was administered. Forty minutes were
allowed for the intrarenal effects of the drug to become
manifest before a final intrarenal BK infusion was begun.
RPP, TRBF, and RMBF were recorded immediately be-
fore, and 20 and 40 min after the administration of L-NAME
and MECLO, respectively. The latter values were recorded
immediately before the BK infusions and thus were also
the baseline values for the subsequent BK responses. The
peak and 10-min responses of these parameters to BK
infusion were also recorded.

Protocol 2
This protocol was identical to the first, except that the

order of L-NAME and MECLO administration was reversed.
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BK was initially infused intrarenally for 10 min to determine
TRBF and RMBF responses. Thirty minutes after the end
of the BK infusion, an intravenous bolus of MECLO (5 mg/
kg) was administered and 40 min were allowed for param-
eters to stabilize. Another identical BK infusion was admin-
istered a second time for 10 min. After the end of BK
infusion, a 30-min recovery period was allowed before an
intrarenal infusion of L-NAME was started. Twenty min-
utes after initiating the administration of L-NAME, a simul-
taneous infusion of BK was started and both infusions
were continued for an additional 10 min. RPP, TRBF, and
RMBF were recorded as described above.

At the end of each experiment, the left kidney was
removed, sectioned along the lines of tissue infarction
caused by alcohol injection, and weighed to determine the
weights of perfused and non-perfused tissue (12). TRBF
was then normalized per gram of perfused kidney weight.

Statistical analyses
Data are reported as means ± SEM. RPP, TRBF, and

RMBF data were compared by repeated-measures analy-
sis of variance, followed by Newman-Keuls tests when a
significant F value was calculated (14,15). All statistical
analyses were considered to be significant if P < 0.05.

Results

It should first be observed that in Figures 1 and 2 the
baseline values of RPP, TRBF, and RMBF were conven-
tionally adjusted to 100%. This allows one to depict the
alterations induced by any of the inhibitors of PGs or NO or
by the rapid infusion of BK as the percent change of control
values.

It can be seen in Figure 1 that the control levels of
TRBF were significantly increased (P < 0.05) by the
intrarenal infusion of BK from 3.6 ± 0.5 to 4.7 ± 0.7 mL g-1

min-1. BK failed to produce any significant change in either
RMBF (from 411.4 ± 69 to 431.4 ± 80 conventional units) or
in RPP (from 128 ± 3.5 to 124 ± 3.2 mmHg). Thirty minutes
later, the inhibition of NO with L-NAME resulted in a signifi-
cant fall in TRBF from 3.28 ± 0.4 to 2.40 ± 0.3 mL g-1 min-1.
Similarly, L-NAME induced a significant decrease in RMBF
from 327 ± 68 to 215 ± 46 conventional units. However, L-
NAME produced a mild but significant increase (P < 0.05)
in RPP from 126 ± 5 to 133 ± 4 mmHg. None of these
changes produced by L-NAME in TRBF or RMBF did affect
the vasodilator response to BK, which significantly in-
creased TRBF (P < 0.05) from 2.4 ± 0.3 to 3.4 ± 5 mL g-1

min-1. Similarly, RMBF increased from 215 ± 46 to 351 ± 65
mL g-1 min-1. These changes in TRBF and RMBF represent
an increase of 41 and 63%, respectively, over preinfusion

values. Under these conditions, the inhibition of PGs by the
intrarenal infusion of MECLO produced a further decrease
in both TRBF (from 2.3 ± 0.3 to 1.56 ± 3 mL g-1 min-1) and
RMBF (from 185 ± 42 to 20 ± 6 conventional units).
Furthermore, Figure 1 shows that, after MECLO, the ad-
ministration of BK failed to induce any significant increase
in either TRBF or RMBF.

Figure 2 shows the same parameters as those illus-
trated in Figure 1, except that the order of the inhibitors
administered was reversed (i.e., MECLO was given before
L-NAME). Doses and routes of administration were the
same used in Figure 1. Infusion of BK alone in this group of
dogs significantly increased (P < 0.001) RMBF from 211.1
± 27 to 261 ± 39 conventional units and TRBF from 3.6 ±
0.6 to 5.6 ± 7.1 above baseline. However, BK failed to alter
RPP (from 126 ± 3 to 125 ± 3 mmHg). Administration of
MECLO had no significant effect on TRBF (from 4.3 ± 1 to
4.6 ± 0.5 mL g-1 min-1) but significantly decreased RMBF
from 169 ± 26 to 81 ± 26 conventional units. Intrarenal
infusion of BK during inhibition of PG synthesis did not alter
significantly TRBF but it did change RMBF from 81 ± 26 to
201 ± 34 conventional units (P < 0.01). Inhibition of intrarenal

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. The response of renal perfusion pressure (RPP), total
renal blood flow (TRBF), and renal medullary blood flow (RMBF)
to intrarenal infusion of bradykinin (BK; 4 pM kg-1 min-1; 1 mL/
min) followed by the sequential intrarenal infusion of 25 µM kg-1

min-1 NG-nitro-L-arginine methyl ester (L-NAME) and then an
intravenous bolus injection of meclofenamate (MECLO; 5 mg/
kg). *P < 0.05 compared to pre-inhibitor baseline recorded imme-
diately before the injection (ANOVA).
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NO synthesis by L-NAME during continued PG synthesis
blockade had no further effect on RMBF (69.3 ± 26 to 35 ±
10 conventional units) but decreased TRBF significantly
by 35% (4.5 ± 0.6 to 2.9 ± 0.8 mL g-1 min-1). BK infusion
after L-NAME administration did not significantly alter TRBF
(3.7 ± 0.8 to 3.2 ± 0.7 mL g-1 min-1) or RMBF (69 ± 26 to 35.5
± 10 conventional units). RPP was increased slightly by
the administration of L-NAME after MECLO (126 ± 4 to 141
± 5 mmHg). Plasma hematocrit averaged 50 ± 2%. Total
kidney weight averaged 31 ± 2 g and the average weight of
the perfused kidney sections after alcohol infusion was 18
± 1 g.

Discussion

There is, at present, a well accepted notion that PGs
(9,10) and NO (5,16,17) play an important role in the
regulation of TRBF. In fact, previous studies have shown
that the blockade of either NO or PG is followed by a
decrease in TRBF and impairment in urine sodium excre-
tion both under basal conditions (5,6) and during pressure-
induced natriuresis (6,7,18). However, the specific effect
of the inhibition of each of these substances when com-

pared under similar conditions or under conditions where
one of them had been previously abolished has never
been tested. This prompted us to perform the present
study in which we assessed the relative significance of NO
and PG in the maintenance of both RMBF and TRBF under
resting conditions and after the consecutive inhibition of
PGs and/or NO. The results confirmed our assumption that
the inhibition of NO synthesis with the administration of L-
NAME produced a significant decrease of both TRBF by
26%, and RMBF by 34%. In contrast, the initial inhibition of
PG synthesis with indomethacin induced a significant 49%
fall in RMBF without altering TRBF. It was also observed
that the initial effects of each of these inhibitors were
altered when given after the response of the other had
been produced. The results also showed that the initial
effect of each of these inhibitors, L-NAME or MECLO, was
altered when one inhibitor was administered after the
response to the other had been obtained.

To a large extent, the primary and secondary effects of
PG and NO inhibition can be understood on the basis of
previous experimental findings showing that the efficacy of
renal vasodilators in modulating renal, and particularly
medullary, circulation is mainly determined by the level of
RPP (5,19,20). Fenoy et al. (21), in agreement with our
observation, observed that the administration of L-NAME
to rats failed to produce significant changes in RMBF in
kidneys perfused at normal levels of RPP. However, the
inhibition of NO synthesis in kidneys perfused at higher
RPP (140 mmHg) was followed by significant decreases in
medullary blood flow. The authors interpreted these re-
sults as indicating that renal NO synthesis at high levels of
perfusion pressure is largely responsible for maintaining
medullary vasodilatation. Since in anesthetized normal
dogs basal blood pressure (125 ± 5 mmHg) is slightly
elevated when compared to non-anesthetized normoten-
sive dogs (110 ± 5), we thought that this might predispose
the kidney to be more responsive to inhibition of NO
synthesis. In fact, the initial NO synthesis inhibition at a
perfusion pressure of 125 ± 5 mmHg was followed by a
significant decrease in TRBF as well as RMBF. In contrast
to the effects observed after the blockade of NO synthesis,
the inhibition of PG synthesis is followed by a marked
reduction of renal blood flow when perfused at low, but not
at high RPP levels (5,7,16,19). This is in agreement with
our results showing that PG inhibition did not alter TRBF.
However, it produced a significant decrease of RMBF even
under normal perfusion pressure. This suggests that PG
synthesis is important to maintain RMBF under normal
conditions. It should be emphasized that the specific effect
of PG inhibition at different levels of pressure on RMBF has
not been studied, although it has been well established

Figure 2.Figure 2.Figure 2.Figure 2.Figure 2. The response of renal perfusion pressure (RPP), total
renal blood flow (TRBF), and renal medullary blood flow (RMBF)
to intrarenal infusion of bradykinin (BK; 4 pM kg-1 min-1; 1 mL/
min) followed by the sequential intravenous bolus injection of
meclofenamate (MECLO; 5 mg/kg) and then intrarenal infusion
of 25 µM kg-1 min-1 NG-nitro-L-arginine methyl ester (L-NAME).
*P < 0.05 compared to pre-inhibitor baseline recorded immedi-
ately before the injection (ANOVA).
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that PGs have a protective effect on the renal circulation
during a decrease in perfusion pressure (5,7,11).

In the present study, the efficacy of L-NAME and MECLO
in inhibiting NO and PGs was assessed by the decrease
caused by this inhibitor in the endothelium-dependent
vasodilator effects of BK. In this respect, BK was used
according to the characteristics shown by previous stud-
ies, i.e., that the simultaneous stimulation of PG and NO
synthesis produced by any endothelium-dependent va-
sodilator is not altered when only one of these substances
(i.e., NO or PG) is inhibited (22). In the present study, we
confirmed this characteristic, since the vasodilator response
to BK was increased after the blockade of either PG or NO,
but these responses were abolished after both NO and PG
synthesis was inhibited. Mean arterial pressure (MAP) was
not altered by any of the surgical procedures performed on
the kidney or by the intrarenal infusion of BK. This latter
observation indicates that the actions of BK were mainly
limited to the renal vasculature.

The reason why the blockade of one vasodilator com-
pensates for the actions of the other is not known, nor is it
known why there are circumstances in which the inhibition
of NO or PGs enhances the vasodilator effect of the other.

The findings of this study conducted on anesthetized
dogs with the systematic inhibition of PGs or NO can be
summarized as follows: 1) NO inhibition produced a sys-
tematic decrease of cortical circulation when performed
before or after PG inhibition; 2) conversely, PG inhibition
produced a systematic decrease in medullary circulation
when performed before or after NO inhibition; 3) NO inhibi-
tion decreased medullary circulation only when NO was
given before MECLO, and 4) PG inhibition affected cortical
blood flow only when given after NO inhibition. All of these
observations indicate that NO has a consistent influence
on the cortical circulation, whereas PG exhibits a predomi-
nant effect on the medullary circulation. Conversely, it
would appear that the effects of PG on the cortical circula-
tion and of NO on the medullary circulation became notice-
able after the other vasodilator had been inhibited.

It should be mentioned that preservation of renal med-
ullary circulation appears to be important, not only to

maintain the ability of the kidney to concentrate urine, but
also to preserve sodium balance and thereby to maintain
blood pressure (9,10,22). Furthermore, in some animal
species such as the rat, significant elevations of systemic
blood pressure have been obtained after selective NO
inhibition in the renal medulla (10). These effects are not as
evident when PG synthesis is inhibited. Our study does not
allow us to draw further conclusions on these issues be-
cause a) the changes induced by PG or NO synthesis
inhibitors were acutely limited to a short period of time (40
min), and b) the homeostasis of the renal medullary circu-
lation in the dog may differ significantly from that of the rat
(18). In the rat, changes in RPP above 75-80 mmHg are
accompanied by good cortical autoregulation, while auto-
regulatory responses in the medulla are conspicuously
absent (23). However, in the dog, Majid et al. (18) ob-
served that the medullary circulation exhibits an autoregu-
latory response that does not differ from that observed in
the cortical vasculature. Similarly, Strick et al. (12) re-
ported a similar finding in the dog, except that the auto-
regulatory response of the renal medulla was not as effi-
cient as in the cortex in the lower range of autoregulation.
Furthermore, investigations on intrarenal blood flow redis-
tribution with electron beam computerized tomography
have shown in the dog that increments of RPP within the
range of autoregulation are accompanied by some redistri-
bution of blood perfusion between the outer and inner
medullary zone without altering overall medullary flow
(24).

The significance of PGs in the maintenance of the
medullary circulation should be further explored. In normo-
tensive humans, chronic inhibition of PGs leads to decre-
ments in plasma renin activity, hypoaldosteronism, and a
sustained increase in diastolic pressure (11). There is also
evidence showing that, in the rat, inhibition of NO produces
a sustained decrease in medullary blood flow and hyper-
tension. Bergström and Evans (25) have suggested that
differences in medullary function and their importance for
the maintenance of blood pressure may vary widely in
different animal species.
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