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Abstract

 

The angiotensin AT

 

2

 

 receptor modulates renal production

of cyclic guanosine 3

 

9

 

, 5

 

9

 

-monophosphate (cGMP; 

 

J. Clin.

Invest. 

 

1996. 97:1978–1982). In the present study, we hy-

pothesized that angiotensin II (Ang II) acts at the AT

 

2

 

 re-

ceptor to stimulate renal production of nitric oxide leading

to the previously observed increase in cGMP. Using a mi-

crodialysis technique, we monitored changes in renal inter-

stitial fluid (RIF) cGMP in response to intravenous infusion

of the AT

 

2

 

 receptor antagonist PD 123319 (PD), the AT

 

1

 

 re-

ceptor antagonist Losartan, the nitric oxide synthase (NOS)

inhibitor nitro-

 

L

 

-arginine-methyl-ester (

 

L

 

-NAME), the spe-

cific neural NOS inhibitor 7-nitroindazole (7-NI), or Ang II

individually or combined in conscious rats during low or

normal sodium balance.

Sodium depletion significantly increased RIF cGMP.

During sodium depletion, both PD and 

 

L

 

-NAME caused a

similar decrease in RIF cGMP. Combined administration of

PD and 

 

L

 

-NAME decreased RIF cGMP to levels observed

with PD or 

 

L

 

-NAME alone or during normal sodium intake.

During normal sodium intake, Ang II caused a twofold

increase in RIF cGMP. Neither PD nor 

 

L

 

-NAME, individu-

ally or combined, changed RIF cGMP. Combined adminis-

tration of Ang II and either PD or 

 

L

 

-NAME produced a sig-

nificant decrease in RIF cGMP compared with that induced

by Ang II alone. Combined administration of Ang II, PD,

and 

 

L

 

-NAME blocked the increase in RIF cGMP produced

by Ang II alone.

During sodium depletion, 7-NI decreased RIF cGMP, but

the reduction of cGMP in response to PD alone or PD com-

bined with 7-NI was greater than with 7-NI alone. During

normal sodium intake, 7-NI blocked the Ang II–induced in-

crease in RIF cGMP. PD alone or combined with 7-NI pro-

duced a greater inhibition of cGMP than did 7-NI alone.

During sodium depletion, 7-NI (partially) and 

 

L

 

-NAME

(completely) inhibited RIF cGMP responses to 

 

L

 

-arginine.

These data demonstrate that activation of the renin–

angiotensin system during sodium depletion increases renal

nitric oxide production through stimulation by Ang II at the

angiotensin AT

 

2

 

 receptor. This response is partially medi-

ated by neural NOS, but other NOS isoforms also contribute

to nitric oxide production by this pathway. (

 

J. Clin. Invest.

 

1997. 100:264–269.) Key words: AT

 

2

 

 receptor 

 

• 

 

nitric oxide 

 

•

 

kidney 

 

• 

 

L

 

-NAME 

 

• 

 

7-nitroindazole

 

Introduction

 

The majority of studies suggest that the renal actions of angio-
tensin II (Ang II)

 

1

 

 (1) are mediated via subtype 1 angiotensin
(AT

 

1

 

) receptors (2). Subtype 2 angiotensin (AT

 

2

 

) receptors,
however, are also present in the kidney (3), and have been re-
ported to regulate pressure natriuresis in rats (4). Recently, we
demonstrated that activation of the renin–angiotensin system
during sodium depletion increases renal interstitial fluid (RIF)
cyclic guanosine 3

 

9

 

, 5

 

9

 

 monophosphate (cGMP), an effect me-
diated via the AT

 

2

 

 receptor (5).
In this study, we used a novel microdialysis technique (5–8)

to investigate whether changes in RIF cGMP observed during
AT

 

2

 

 receptor blockade are related to changes in renal nitric
oxide (NO) production. We studied conscious rats during so-
dium depletion, a condition known to activate the renin–angio-
tensin system. Our microdialysis technique has several advan-
tages over the traditional measurements conducted in blood or
urine. First, repeated blood sampling in small animals may
cause undesirable hemodynamic changes. Second, RIF sam-
pling provides the ability to monitor autocoids in vivo at al-
most any site in an organ or tissue. Measurement of circulating
hormones/autocoids may not reflect local changes within that
organ. Third, the concentration of hormones/autocoids in the
circulation may differ from that in the interstitial space, which
is closer to target receptors. Fourth, autocoids (e.g., kinins) can
be formed and degraded in urine, measurement of which does
not reflect their concentrations within the target organ. Fifth,
the molecular weight cutoff of the microdialysis membrane
can function as a barrier separating small and large molecules,
and can help to exclude undesirable substances (degrading en-
zymes and carrier proteins). The isolation of free (unbound)
materials can facilitate their bioanalytical measurement in a
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1. 

 

Abbreviations used in this paper:

 

 7-NI, 7-nitroindazole; Ang II, an-
giotensin II; AT

 

1

 

, subtype 1 angiotensin receptor; AT

 

2

 

, subtype 2 an-
giotensin receptor; 

 

D

 

-Arg, 

 

D

 

-arginine; D

 

5

 

W, 5% dextrose in water;

 

L

 

-Arg, 

 

L

 

-arginine; LNa, low sodium intake; 

 

L

 

-NAME or NAM, nitro-

 

L

 

-arginine methyl ester; MAP, mean arterial pressure; NNa, normal
sodium intake; NO, nitric oxide; NOS, nitric oxide synthase; PD, PD-
123319; RIF, renal interstitial fluid; U

 

NA

 

V, urinary sodium excretion.

 



 

Angiotensin AT

 

2

 

 Receptor Modulates Nitric Oxide

 

265

 

small volume without a need for complicated extraction proce-
dures.

In this study, we hypothesized that Ang II acts at the AT

 

2

 

receptor to stimulate renal production of NO leading to an in-
crease in RIF levels of cGMP.

 

Methods

 

In vivo renal microdialysis technique.

 

For the determination of RIF
cGMP, we constructed a microdialysis probe as previously described
(5–8). Each end of single 0.5-cm-long hollow fiber dialysis tubing
(0.1-mm inner diameter; molecular mass cutoff, 5,000 D; Hospal,
Meyzieu, France) was inserted into a manually dilated end of two
30-cm-long (inflow and outflow) hollow polyethylene tubes (0.12-mm
inner diameter, 0.65-mm outer diameter; Bioanalytical Systems, Indi-
anapolis, IN). The distance between the ends of the polyethylene
tubes was 3 mm (dialysis area), and the dialysis fiber was sealed in
place within the polyethylene tubes with cyanoacrylic glue. The dead
volume of the dialysis tubing and outflow tube was 3.6 

 

m

 

l. The mi-
crodialysis probe was sterilized by a gas sterilization method.

 

In vitro microdialysis.

 

In vitro best recoveries for cGMP were ob-
served with a perfusion rate of 3 

 

m

 

l/min, and were 

 

z 

 

70% for cGMP
(5). A negligible amount of cGMP sticks to the polyethylene tubes of
the dialysis probes, as demonstrated by the in vitro recovery of
[

 

3

 

H]cGMP at 99.8% (5).

 

Animal preparation.

 

Experiments were conducted in 4-wk-old fe-
male Sprague-Dawley rats (

 

n

 

 

 

5

 

 8–10 in each group) purchased from
Harlan Sprague-Dawley Inc. (Harlan Teklad, Madison, WI). With
the rats under general anesthesia with 80 mg/kg ketamine intramus-
cularly (IM) (Fort Dodge Laboratories, Fort Dodge, IA) and 8 mg/kg
xylazine intramuscularly (IM) (Bayer, Animal Health Div., Shawnee,
KS), the right and left kidneys were exposed via a midline abdominal
incision. The renal capsule of each kidney was penetrated with a 31-
gauge needle that was tunneled in the outer renal cortex 

 

z

 

 1 mm
from the outer renal surface for 0.5 cm before it exited by penetrating
the capsule again. The tip of the needle was inserted into one end of
the dialysis probe, and the needle was pulled together with the dialy-
sis tube until the dialysis fiber was situated in the renal cortex. The in-
flow and outflow tubes of dialysis probes were tunneled subcutane-
ously through a bevel-tipped stainless steel tube, and were exteriorized
near the interscapular region. To obtain vascular access, a heparin-
ized polyethylene tube (PE 50; Becton Dickinson, Sparks, MD) was
inserted into the right carotid artery. This tube was flushed daily with
10% heparin in 5% dextrose in water (D

 

5

 

W), and was capped with
a small piece of copper wire. Exterior ends of these tubes were se-
cured in place by suturing them to skin at the exit site. The exterior-
ized portions of the tubes were placed in a stainless steel spring to
prevent the rats from damaging them. Rats were allowed 7 d to re-
cover and to acclimatize to the laboratory. Rats were housed under
controlled conditions (temperature: 21

 

6

 

1

 

8

 

C; humidity: 60

 

6

 

10%;
lighting: 8–20 h). Experiments were started at the same time (8 a.m.)
each day to avoid any diurnal variation of the measured substances.
For collection of RIF, the inflow tube was connected to a gas-tight sy-
ringe filled with lactated Ringer’s solution and perfused at 3 

 

m

 

l/min.
The effluent was collected from the outflow tube for 30-min sample
periods in nonheparinized plastic tubes, and was stored at 

 

2

 

80

 

8

 

C un-
til assayed for cGMP.

 

Analytical methods.

 

Urinary sodium levels were measured by a
NOVA analyzer (NOVA Biomedical, Waltham, MA). RIF cGMP
levels in dialysate samples were measured by enzyme immunoassay
kit (Cayman Chemical Co. Inc., Ann Arbor, MI). The sensitivity and
specificity of this method for cGMP were 0.11 pmol/ml and 100%, re-
spectively. The intra- and interassay coefficients of variation were

 

,

 

 10%. Cross-reactivity of the cGMP assay was 

 

,

 

 0.01% with other
cyclic nucleotides.

 

Effects of sodium depletion, angiotensin AT

 

2

 

 receptor blockade,

and nitric oxide synthase inhibition (NOS) on RIF cGMP.

 

In this study,

 

rats (

 

n

 

 

 

5

 

 8) were placed in metabolic cages. A baseline 24-h urine
collection was obtained for calculation of urinary sodium excretion
(U

 

Na

 

V), and RIF samples were obtained for cGMP (experimental
day 1) while rats were consuming a normal sodium diet (0.28% NaCl;
BioServe Biotechnologies, Frenchtown, NJ). Then the rats were
placed on a low sodium diet (0.05% NaCl) for 10 d. We continued to
monitor 24-h U

 

Na

 

V and RIF cGMP daily for 4 d (experimental days
2–6). While the rats continued to consume the low sodium diet (days
7–10), RIF cGMP was monitored during the right intracarotid admin-
istration (20 

 

m

 

l/min for 30 min) in random order of (

 

a

 

) D

 

5

 

W at 20 

 

m

 

l/
min, (

 

b

 

) PD123319 (PD; Parke-Davis, Warner Lambert Co., Ann Ar-
bor, MI), a specific AT

 

2

 

 receptor antagonist (half-maximal inhibitory
concentration [IC

 

50

 

]2 

 

3

 

 10

 

2

 

8

 

 M for AT

 

2

 

 receptors and 

 

.

 

 10

 

2

 

4

 

 M for
AT

 

1

 

 receptors) (4, 5), or (3) nitro-

 

L

 

-arginine methyl ester (

 

L

 

- NAME),
an NOS inhibitor (Sigma Chemical Company, St. Louis, MO). PD
was infused at 50 

 

m

 

g/kg/min, which yields plasma concentrations near
3 

 

3

 

 10

 

2

 

6

 

 M (a value that remains highly specific for AT

 

2

 

 receptors)
(2, 4, 5), and 

 

L

 

-NAME was infused at 1 

 

m

 

g/kg/min. To determine the

 

L

 

-NAME dose, 

 

L

 

-NAME was infused intravenously at 0.1, 1, 10, and
100 

 

m

 

g/kg/min in conscious rats on normal sodium intake, and BP and
RIF cGMP were monitored. There were no significant changes in
BP or RIF cGMP associated with 

 

L

 

-NAME at 0.1 and 1 

 

m

 

g/kg/min.

 

L

 

-NAME at 10 and 100 

 

m

 

g/kg/min caused a decrease in RIF cGMP,
but did not change BP. We chose the 

 

L

 

-NAME dose at 1 

 

m

 

g/kg/min
since this dose did not elicit any changes in BP or cGMP while ani-
mals were on normal sodium intake. Mean arterial pressure (MAP)
was measured every 10 min in the rat tail (Rat Tail Manometer-
Tachometer System, Natsume model KN-210; Peninsula Laborato-
ries Inc., Belmont, CA) and the recorded values were averaged for
each study period. The study was repeated during concomitant ad-
ministration of PD (50 

 

m

 

g/kg/min) and 

 

L

 

-NAME (1 

 

m

 

g/kg/min).

 

Effects of sodium depletion, angiotensin AT

 

1

 

 receptor blockade,

and inhibition on RIF cGMP.

 

To evaluate the relationship between
AT

 

1

 

 receptor and NO during sodium depletion, the above study
was repeated in another group of rats (

 

n

 

 

 

5

 

 8) except that PD re-
placed by Losartan (DuPont Merck Pharmaceutical Co., Wilming-
ton, DE), a long-acting nonpeptide Ang II antagonist at AT

 

1

 

 recep-
tors (IC

 

50

 

 3 

 

3

 

 10

 

2

 

4

 

 and 7 

 

3

 

 10

 

2

 

9

 

 M for AT

 

2

 

 and AT

 

1

 

 receptors,
respectively) (2, 4, 5).

 

Effects of angiotensin AT

 

2

 

 receptor blockade and neural NOS in-

hibition on RIF cGMP during sodium depletion.

 

To differentiate the
effects of blockade of neurally derived NOS, the above protocol was
repeated in a separate group of rats (

 

n

 

 

 

5

 

 10), except that a selective
inhibitor of neural NOS, 7-nitroindazole (7-NI, 50 mg/kg; BIOMOL
Research Labs, Inc., Plymouth Meeting, PA) was given by intraperi-
toneal injection instead of 

 

L

 

-NAME. This compound, 7-NI, has an
IC

 

50

 

 of 0.47 

 

m

 

M (9) and selectively blocks the synthesis of NO by neu-
ronal NOS (9, 10). In vitro, 7-NI completely blocks cerebellar conver-
sion of 

 

L

 

-arginine to citrulline. In vivo, a dose of 20–50 mg/kg of 7-NI
blocks nociceptive responses mediated by noncholinergic, nonadren-
ergic neurons.

 

Effects of angiotensin AT

 

2

 

 receptor blockade and 

 

L

 

-NAME on

RIF cGMP during normal sodium intake.

 

To evaluate whether the
observed changes in RIF cGMP during AT

 

2

 

 receptor blockade and
NOS inhibition were related to changes in renal Ang II during so-
dium depletion, we repeated the above study (days 6–10) after rats
(

 

n

 

 

 

5

 

 8) were placed on a normal sodium diet for 5 d. RIF cGMP was
monitored during a control period (D

 

5

 

W was infused into right ca-
rotid artery at 20 

 

m

 

l/min for 30 min), and during an experimental pe-
riod (30 min) during which (

 

a

 

) D

 

5

 

W (20 

 

m

 

l/min), (

 

b

 

) Ang II (30 ng/kg/
min), (

 

c

 

) PD (50 

 

mg/kg/min), or (d) L-NAME (1 mg/kg/min) individu-
ally or combined were administered intravenously. The dose of Ang
II was determined from a dose-pressor response curve for Ang II (5).
We chose the largest dose of Ang II that did not elicit any rise in
blood pressure.

Effects of angiotensin AT1 receptor blockade and L-NAME on

RIF cGMP during normal sodium intake. To evaluate the relation-
ship between the AT1 receptor and NO during normal sodium intake,
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we repeated the above study after rats (n 5 8) were placed on normal
sodium diet, except that PD was replaced by Losartan.

Effects of L-arginine, D-arginine, L-NAME, and 7-NI on RIF

cGMP during sodium depletion. To evaluate if the observed changes
in RIF cGMP during PD or L-NAME administration were specifi-
cally related to changes in NO generation, RIF cGMP levels were
monitored in conscious rats (n 5 10) while they were on low sodium
balance, and during intravenous administration of the NO precursor
L-arginine (2.5 mg/kg/min), its inactive isoform D-arginine (2.5 ng/kg/
min), L-NAME (1 mg/kg/min), or PD (50 mg/kg/min) individually or
combined.

This study was repeated in a separate group of rats (n 5 10) with
replacement of L-NAME with 7-NI (50 mg/kg by intraperitoneal in-
jection).

Statistical analysis of data. Comparisons among pharmacologic
agents and controls were examined by ANOVA including a repeated
measures term, using the General Linear Models procedure of the
Statistical Analysis System. Multiple comparisons of individual pairs
of effect means were conducted by use of values of least-square
means pooled variance. Data are expressed as mean61 SE. Statistical
significance was identified at P , 0.05.

Results

MAP responses to PD, L-NAME or Ang II individually or

combined. When rats (n 5 8) were in metabolic balance at low
sodium intake, MAP was 11563 mmHg. There were no signif-
icant changes in MAP during administration of PD, Losartan,
L-NAME, or 7-NI. During normal sodium intake, MAP was
11464 mmHg, and did not change significantly during infusion
of Ang II, PD, Losartan, L-NAME, or 7-NI.

RIF cGMP responses to sodium depletion, PD, and/or

L-NAME during low sodium intake. A progressive reduction
in 24 h UNaV was observed during a low sodium intake. 24-h
urine sodium excretion decreased progressively from 600630
mmol/d during a normal sodium diet to 30612 mmol/d on day 5
of low sodium intake (Fig. 1). RIF cGMP levels (Fig. 1) in-
creased significantly and progressively during dietary sodium

depletion. RIF cGMP increased from 1.060.1 to 1.960.1 pmol/
min (P , 0.0001) by the fifth day of sodium depletion. At the
end of the fifth day of sodium depletion (Fig. 2), RIF cGMP
decreased significantly in response to administration of PD
from 1.960.1 to 1.060.2 pmol/min (P , 0.0001). Similarly, RIF
cGMP significantly decreased from 2.160.1 to 0.760.1 pmol/
min (P , 0.0001) in response to L-NAME. Combined infusion
of PD and L-NAME significantly decreased RIF cGMP to the
levels observed during normal sodium diet (P , 0.0001).
There were no significant differences between RIF cGMP
levels during sodium depletion and administration of PD or
L-NAME alone or combined.

RIF cGMP responses to Ang II, PD, and/or L-NAME dur-

ing normal sodium intake. RIF cGMP (Fig. 3) increased dur-
ing Ang II infusion from 0.960.1 pmol/min to 1.860.1 pmol/
min (P , 0.0001). PD or L-NAME individually did not change
RIF cGMP. Combined administration of Ang II and PD or
L-NAME blocked the cGMP response to Ang II (0.860.09
and 0.760.1 pmol/min, respectively) (P , 0.0001). Simulta-
neous administration of Ang II, PD, and L-NAME blunted the
RIF cGMP response to Ang II (P , 0.0001). There were no
significant differences among RIF cGMP levels during com-
bined administration of Ang II and PD, Ang II and L-NAME,
and Ang II, PD, and L-NAME.

RIF cGMP responses to sodium depletion, Losartan, and/or

L-NAME during low sodium intake. RIF cGMP levels (Fig. 4)
increased significantly during dietary sodium depletion. RIF
cGMP increased from 1.060.1 to 2.060.2 pmol/min (P ,

0.0001) by the fifth day of sodium depletion. RIF cGMP dur-
ing sodium depletion (Fig. 4) did not change in response to
Losartan, but decreased to levels observed during normal
sodium intake in response to L-NAME (P , 0.0001). Com-
bined infusion of Losartan and L-NAME significantly de-
creased RIF cGMP to the levels observed during normal so-
dium diet and during combined treatment with low sodium
intake and L-NAME.

RIF cGMP responses to Ang II, Losartan, and/or L-NAME

during normal sodium intake. RIF cGMP (Fig. 5) increased

Figure 1. 24-h urinary sodium excretion (UNaV; solid dots and dashed 

lines) and RIF cGMP levels (open dots and solid lines) in conscious 
rats (n 5 8) on normal sodium intake (NNa) or on each of 5 d dietary 
sodium depletion (LNa). Data represent mean6SE; *P , 0.0001 
from values during NNa.

Figure 2. RIF cGMP responses to NNa, LNa, PD, or L-NAME 
(NAM) alone or combined in conscious rats (n 5 8). Open bars rep-
resent time control values in which vehicle was administered. Closed 
bars represent experimental values in which vehicle, PD, NAM, or 
the combination was administered. Data represent mean6SE. 1P , 
0.0001 vs. NNa; *P , 0.0001 from respective time control values.
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during Ang II infusion from 1.060.1 to 1.760.1 pmol/min (P ,
0.0001). Losartan or L-NAME individually in the absence of
Ang II did not change RIF cGMP. Combined administration
of Ang II and Losartan did not change the cGMP response to
Ang II. Combined Ang II and L-NAME (Fig. 5) blocked the
cGMP response to Ang II (0.960.1 vs. 1.860.1) (P , 0.0001).
There were no significant differences among RIF cGMP levels
during combined administration of Ang II and L-NAME, or
Ang II, Losartan, and L-NAME.

RIF cGMP responses to L-arginine, D-arginine, or com-

bined L- and D-arginine during sodium depletion. RIF cGMP

(Fig. 6) increased during L-arginine infusion from 1.560.1
pmol/min to 2.560.18 pmol/min (P , 0.001). D-arginine did
not cause any significant change in RIF cGMP. Combined ad-
ministration of L-arginine and L-NAME blocked the increase
in RIF cGMP observed with L-arginine alone (P , 0.001).

RIF cGMP responses to PD and/or 7-NI during sodium de-

pletion. Fig. 7 depicts RIF cGMP levels in rats on the fifth day
of dietary sodium depletion. PD administration decreased RIF
cGMP (P , 0.001). Administration of 7-NI decreased cGMP

Figure 4. RIF cGMP responses to NNa, LNa, Losartan (L), or
L-NAME (NAM) alone or combined in conscious rats (n 5 8). Open 
bars represent time control values in which vehicle was administered. 
Closed bars represent experimental values in which vehicle, L, NAM, 
or the combination were administered. Data represent mean6SE.
1P , 0.0001 vs. NNa; *P , 0.0001 from respective time control
values.

Figure 5. RIF cGMP responses to Ang II, Losartan (L), or L-NAME 
(NAM) alone or combined in conscious rats (n 5 8) during normal 
sodium intake. TC represents time control values in which vehicle 
was administered. Open bars represent control values before admin-
istration of pharmacologic agent. Closed bars represent experimental 
values in which vehicle, Ang II, PD, or NAM were administered 
alone or combined. Data represent mean6SE. 1P , 0.0001 vs. TC;
*P , 0.0001 vs. respective control values or Ang II.

Figure 6. RIF cGMP in sodium-depleted conscious rats (n 5 10) in 
response to L-arginine (L-Arg), D-arginine (D-Arg) or L-NAME 
combined with L-Arg. TC represents time control values in which
vehicle was administered. Open bars represent control values before 
administration of pharmacologic agent. Closed bars represent experi-
mental values in which vehicle, L-Arg, D-Arg, or L-Arg combined 
with L-NAME were administered. Data represent mean6SE.
*P , 0.001 from TC and respective control values; 1P , 0.001 from 
L-Arg administration alone and respective control.

Figure 3. RIF cGMP responses to Ang II, PD, or L-NAME (NAM) 
alone or combined in conscious rats (n 5 8) during normal sodium in-
take. TC represents time control values in which vehicle was adminis-
tered. Open bars represent control values before administration of 
pharmacologic agent. Closed bars represent experimental values in 
which vehicle, Ang II, PD, or NAM were administered alone or com-
bined. Data represent mean6SE. 1P , 0.0001 vs. TC; *P , 0.0001 vs. 
respective control values or Ang II.
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(P , 0.001), but the reduction in cGMP due to PD was greater
than that due to 7-NI (P , 0.001). Combined administration of
PD and 7-NI resulted in a similar decrease in RIF cGMP as
observed with PD alone.

RIF cGMP responses to Ang II, PD, and/or 7-NI during

normal sodium intake. Ang II increased RIF cGMP from
1.160.1 to 2.360.1 pmol/min (P , 0.0001) (Fig. 8). Neither PD
nor 7-NI alone influenced RIF cGMP. The increase in RIF
cGMP resulting from Ang II administration was blocked com-
pletely by PD, 7-NI, or the combination (P , 0.0001). The de-
gree of inhibition of cGMP, however, was greater for PD alone
and for PD combined with 7-NI than for 7-NI alone (P ,

0.05).

RIF cGMP responses to L-arginine and 7-NI during sodium

depletion. L-arginine infusion increased RIF cGMP (P ,

0.001) (Fig. 9). 7-NI partially blocked the increase of RIF
cGMP engendered by L-arginine.

Discussion

This study demonstrates to our knowledge for the first time
the interaction between the renal subtype-2 angiotensin (AT2)
receptor and NO in the rat. RIF cGMP increased by approxi-
mately twofold in response to dietary sodium depletion or Ang
II administration. This response was blocked by administra-
tion of the AT2 receptor antagonist PD. These data confirmed
our previous observations that the renal AT2 receptor stimu-
lates the release of cGMP (5). The modulation of renal cGMP
by the AT2 receptor is active only during states of increased ac-
tivity of the renal renin–angiotensin system as demonstrated
by absence of PD effects on cGMP during normal sodium in-
take.

In this study, we hypothesized that Ang II acting via the
AT2 receptor stimulates renal production of NO leading to the
previously described increase in RIF levels of cGMP. We ob-
served that the NOS inhibitor L-NAME inhibited cGMP re-
lease in response to endogenous Ang II stimulated by sodium
depletion or exogenous administration of Ang II. Administra-
tion of PD or L-NAME inhibited to the same degree the
cGMP response to sodium depletion or exogenous administra-
tion of Ang II. In the presence of PD or L-NAME, cGMP lev-
els were not significantly different from control values before
sodium depletion or exogenous ANG II, respectively. In this
study, the lack of L-NAME effect on cGMP during normal so-
dium intake was dose dependent since larger doses caused a
decrease in RIF cGMP. These results suggest that NO is pro-
duced tonically under normal conditions, leading to produc-
tion of cGMP, and are in agreement with results of previous
studies demonstrating an important physiological role for en-
dogenous renal NO (11).

We confirmed the specificity of L-NAME effects on NO

Figure 7. RIF cGMP in sodium-depleted conscious rats (n 5 10) in 
response to vehicle, PD, or 7-NI alone or combined. TC represents 
time control values in which vehicle was administered. Open bars 
represent control values before administration of pharmacologic 
agent. Closed bars represent experimental values in which PD or
7-NI alone or combined were administered. Data represent 
mean6SE. *P , 0.001 from respective control and time control;
1P , 0.001 from 7-NI alone.

Figure 8. RIF cGMP in conscious rats (n 5 8) on normal sodium in-
take in response to vehicle, Ang II, PD, or 7-NI alone or combined. 
TC represents time control values in which vehicle was administered. 
Open bars represent control values before administration of pharma-
cologic agent. Closed bars represent experimental values in which ve-
hicle, Ang II, PD, or 7-NI alone or combined were administered. 
Data represent mean6SE. 1P , 0.0001 from TC; *P , 0.0001
from Ang II.

Figure 9. RIF cGMP in sodium-depleted rats (n 5 10) in response to 
vehicle, L-arginine (L-Arg), or L-Arg combined with 7-NI. TC repre-
sents time control values in which vehicle was administered. Open 
bars represent control values before administration of pharmacologic 
agent. Closed bars represent experimental values in which vehicle,
L-Arg or L-Arg, and 7-NI were administered. *P , 0.001 vs. respec-
tive control and time control values. 1P , 0.001 from L-Arg.
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production by demonstrating that L-NAME blocked the in-
crease in RIF cGMP levels engendered by L-arginine, a sub-
strate for NO. We also validated the specificity of L-arginine to
produce a rise in RIF cGMP by demonstrating the absence of
a similar effect by the inactive isomer, D-arginine. The absence
of additive inhibition of RIF cGMP when PD and L-NAME
were coadministered strongly suggests that each of these inhib-
itors decreases cGMP by inhibition of NO production.

Previously published data demonstrated interactions be-
tween the AT1 receptor and NO in the kidney (12). In the
present study we failed to demonstrate that the AT1 receptor
modulates NO production in the kidney based on our observa-
tions that Ang II– or sodium depletion–stimulated increases in
RIF cGMP were not inhibited by Losartan, a specific AT1 re-
ceptor antagonist. In conscious rats, pretreatment with Lo-
sartan did not modify the renal effects of the NOS inhibitor,
L-NAME (13), a finding consistent with the observations of
the present study. Recent studies also have shown that sodium
restriction stimulated the expression of NOS isoforms in the
kidney that were not influenced by the AT1 receptor antago-
nist, Losartan (14). Ang II, however, can increase the produc-
tion of NO in some tissues through an action at the AT1 recep-
tor. For example, in the rat carotid artery, contractions to Ang
II are decreased by AT1 receptor–stimulated release of endo-
thelium-derived NO (15).

All types of NOS genes are present in the kidney (16–19).
The effects of Ang II on NOS expression in the kidney to our
knowledge have not been studied previously. A recent study
(20) demonstrated that short-term Ang II infusion in anesthe-
tized rats increased the excretion of the NO stable metabolites,
nitrate and nitrite. In a preliminary communication (21), Ang
II was shown to increase type III NOS (endothelial NOS) gene
expression in bovine pulmonary endothelial cells. Endothelial
(constitutive) NOS is expressed in the tubular epithelium and
vascular endothelium. Neuronal NOS is localized to the mac-
ula densa and epithelium of the Bowman’s capsule. Inducible
NOS is expressed in the proximal tubule, glomerulus, medul-
lary thick ascending limb, and inner medullary collecting duct
(16–19). In the present study, we investigated the possible role
of neuronal NOS in mediating the Ang II stimulatory effect on
NO release through the AT2 receptor. We demonstrated that
neuronal NOS is partially involved, but that it is likely that one
or both of the other NOS enzymes also are involved. While
7-NI inhibited cGMP responses to sodium depletion and Ang
II administration, the 7-NI–induced reduction in cGMP was al-
ways significantly less than that due to PD. Since 7-NI also
only partially abrogated the increase in cGMP due to L-argi-
nine administration, but L-NAME completely inhibited this in-
crease, it is highly likely that several NOS enzymes (including
neuronal NOS) are involved in the generation of NO in renal
interstitial fluid.

In conclusion, we have shown that the renal AT2 receptor is
stimulated tonically to enhance the production of NO in re-
sponse to a physiologic stimulus, sodium depletion. The AT2

receptor antagonist PD and the NOS inhibitor L-NAME
blocked the increase in renal interstitial fluid cGMP engen-
dered by dietary sodium depletion or by exogenous Ang II
during normal sodium intake. There was no additive inhibition
of renal interstitial fluid cGMP when PD and L-NAME were
coadministered, suggesting that the increase in renal NO pro-
duction associated with sodium depletion or Ang II adminis-

tration is highly likely to be mediated by an action at the angio-
tensin AT2 receptor.
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