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Abstract

Because the kidneys are vasodilated and the endogenous
production of nitric oxide is increased in gravid rats, we
tested whether nitric oxide mediates the renal vasodilatory
response to pregnancy. Chronically instrumented, conscious
rats of gestational days 12-14 were studied concurrently
with age-matched virgin control animals. GFR and effective
renal plasma flow (ERPF) were determined by the renal
clearances of inulin and para-aminohippurate before and
during acute infusion of Nw-nitro-L-arginine methyl ester
(NAME; 2, 20, and 50 ug/min) or N°-monomethyl-L-argi-
nine (100 ug/min). Baseline GFR and ERPF were signifi-
cantly increased, and effective renal vascular resistance was
decreased by 30-40% in gravid rats compared with virgin
controls. During infusion of all three dosages of NAME and
N€-monomethyl-L-arginine, effective renal vascular resis-
tance, GFR, and ERPF were equalized in the pregnant and
virgin rats (the only exception being GFR during the 20
pg/min NAME infusion). When compared with virgin rats,
the gravid animals were more responsive to nitric oxide
synthase inhibition, showing a significantly greater decline
in GFR and ERPF and rise in effective renal vascular resis-
tance at each timepoint during the infusion of inhibitor. To
exclude the possibility that nonspecific renal vasoconstric-
tion per se led to equalization of renal function in the two
groups of rats, we investigated angiotensin II. In contrast
to the results observed with nitric oxide synthase inhibitors,
pregnant rats were less responsive to the renal vasoconstric-
tory effects of angiotensin II, such that the baseline differ-
ences in renal parameters measured before infusion of the
hormone were increased during the infusion. To determine
whether nitric oxide synthase was inhibited to a similar
extent in gravid and virgin rats, aortic and renal cortical
c¢GMP content was assayed ex vivo at the end of inhibitor
infusion. The lower 2-ug/min dose of NAME consistently
reduced cGMP content of these tissues to comparable levels
in the two groups of rats. In conclusion, we suggest that

Portions of this work were published in abstract form (1994. J. Am.
Soc. Nephrol. 5:576, and Society for Gynecologic Investigation, 42nd
Annual Meeting, 1995, In press). This work served to partly fulfill the
requirements of the Ph.D. degree for L. A. Danielson.

Address correspondence to Kirk P. Conrad, M.D., Magee-Womens
Research Institute, 204 Craft Avenue, Pittsburgh, PA 15213. Phone 412-
641-6003; FAX: 412-641-1503.

Received for publication 20 December 1994 and accepted in revised
form 14 March 1995.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/95/07/0482/09 $2.00

Volume 96, July 1995, 482-490

482 L. A. Danielson and K. P. Conrad

nitric oxide mediates reduced renal vascular resistance and
hyperfiltration during pregnancy in conscious rats. (J. Clin.
Invest. 1995. 96:482-490.) Key words: renal blood flow
glomerular filtration rate - renal vascular resistance » angio-
tensin II + cyclic guanosine-3’,5’-monophosphate

Introduction

Profound vasodilation of the maternal circulation typifies nor-
mal human gestation. The renal vascular bed participates in this
vasodilatory response to pregnancy. Both renal blood flow and
glomerular filtration rate peak at 40—80% above preconception
values during the late first or early second trimester (reviewed
in reference 1). Moreover, renal blood flow rises in the face of
a 5- to 10-mmHg decline in blood pressure (2), underscoring
the marked fall in renal vascular resistance that occurs during
human pregnancy. The chronically instrumented conscious rat
undergoes alterations in renal function during pregnancy that
are comparable with those observed in gravid women. Both
glomerular filtration rate and renal blood flow increase in early
pregnancy and peak during midgestation at 20-40% above pre-
conception values (3). Like human pregnancy, the rise in renal
blood flow and glomerular filtration rate is secondary to a fall
in renal vascular resistance. Although renal vasodilation in preg-
nancy is likely to be under endocrinologic control, the hormones
or autocoids involved remain unknown. In this regard, earlier
work demonstrated that vasodilatory prostaglandins are unlikely
to mediate the renal hemodynamic changes of rat pregnancy
(4-6).

Other endothelial-derived vasodilators, however, may be in-
volved. We postulated that the elevated plasma level, urinary
excretion, and ‘‘metabolic production’’ of cGMP observed in
rat gestation reflect enhanced biosynthesis of endothelium-de-
rived relaxing factor or nitric oxide (7, 8). This hypothesis
has been recently substantiated (9). Because the kidneys are
vasodilated in gravid rats and the endogenous production of
nitric oxide is increased, we tested whether nitric oxide mediates
the renal vasodilatory response to pregnancy. Demonstration of
a critical role for nitric oxide in the maternal vasodilatory re-
sponses of normal pregnancy would strengthen the hypothesis
that deficient nitric oxide production contributes to vasocon-
striction of the kidney and other vascular beds in preeclampsia.

Methods

Animal preparation. Female Long-Evans rats aged 12-14 wk were
purchased from Harlan Sprague-Dawley (Indianapolis, IN) and fed Har-
lan Teklad Rodent Chow #8604 containing 0.31% sodium. The rats
were habituated to a Plexiglas restraining cage on at least five different
occasions, each lasting several hours, before surgical preparation. This
experimental cage was especially designed to accomodate the swollen
abdomen of gravid rats and to allow for grooming of the face and front
paws while preventing the rat from turning around. Thus, accurate timed



urine collections were possible via the chronically implanted bladder
catheter (see below). Rats that failed to habituate to the cage (< 5%
of all animals) were eliminated from the study. Details of the surgical
procedure have been previously described (3, 4).

In brief, under ketamine (6.0 mg/100 g body weight) and pentobar-
bital sodium (2.1 mg/100 g body weight) anesthesia, Tygon catheters
(0.015 in ID, 0.030 in OD; Norton, Akron, OH) were implanted in the
abdominal aorta and inferior vena cava via the femoral artery and vein,
respectively. The tips of these catheters lay below the level of the renal
vessels. The catheters were then routed subcutaneously, exteriorized
between the scapulae, filled with a dextrose-heparin mixture, and
plugged with stainless steel pins. A cannula of silastic-covered stainless
steel was then sewn into the urinary bladder with a purse string suture
and exteriorized through the ventral abdominal wall. The bladder can-
nula was stoppered with a silastic-covered 18-gauge pin so that the rat
voided through the urethra while in her home cage. During experiments,
the obturator was removed for urine collection. All surgical procedures
were performed using aseptic technique. The rats were housed individu-
ally after surgery and allowed a minimum of 7 d of recovery. The
vascular catheters were then allowed to slip beneath the skin in all of
the animals. They were next randomly divided into two groups. One
group, destined to become pregnant, was housed with male rats. The
other group was not mated and served as age-matched virgin control
animals. The presence of spermatozoa in the vaginal lavage marked day
0 of gestation (term pregnancy, 22 d). On gestational days 4-5, a third
catheter was implanted in the right jugular vein and the other vascular
catheters were reexteriorized under anesthesia. The virgin control rats
underwent the same procedures. Renal function experiments were then
conducted on gestational days 12—14, when changes in renal hemody-
namics and glomerular filtration rate are maximal in this species (3).

Experimental protocol. For each experiment, a midterm pregnant
and age-matched virgin control rat were placed in experimental cages
and studied concurrently. The arterial catheter of each rat was connected
to a Gould P23 ID pressure transducer (Statham Instrument, Hato Rey,
Puerto Rico) and a Gould Universal amplifier. Phasic and mean blood
pressures were displayed on two channels of a Gould 3000 series chart
recorder. This catheter was also used for collection of blood samples.
The jugular venous catheter was used to administer a priming bolus
followed by constant infusion of inulin and para-aminohippurate at a
flow rate of 10 pl/min delivered by a Sage infusion pump (model 355;
Orion Research, Cambridge, MA). The femoral venous catheter was
connected to another Sage infusion pump for administration of nitric
oxide synthase inhibitors or angiotensin II at a flow rate of 10 ul/
min. Finally, the bladder cannula was extended with a short piece of
polyethylene tubing, and timed urine collections were made. This tech-
nique of urine collection proved to be reliable, because after reaching
steady-state conditions, the excretion rates of inulin and para-aminohip-
purate were 97+2 and 97+2% of their respective infusion rates for
virgin rats (n = 47) and 93*2 and 94+2% for the gravid rats (n = 47).
The renal clearance of inulin and para-aminohippurate thus provided an
accurate measure of GFR and effective renal plasma flow, respectively.

After the priming dose and constant infusion of inulin (0.2 ml/100
g body weight of 10% inulin, 0.25 mg/min- 100 g body weight ') and
para-aminohippurate (0.2 ml/100 g body weight of 1% para-aminohip-
purate, 0.05 mg/min - 100 g body weight ~') were administered, an equil-
ibration period of 60 min was allowed for the compounds to reach
steady-state plasma concentration. Then, three 30-min urine collections
were made with midpoint blood samples (200 ul each). After centrifu-
gation of blood samples and separation of plasma from cells, the latter
were resuspended in Ringer’s solution and returned to the rat. Infusion of
Nw-nitro-L-arginine methyl ester (NAME', Sigma Chemical, St. Louis,
MO) HCl (2, 20, or 50 ug/min), N°-monomethyl-L-arginine (NMA,
Calbiochem, La Jolla, CA) monoacetate (100 xg/min) or angiotensin

1. Abbreviations used in this paper: ERPF, effective renal plasma flow;
ERVR, effective renal vascular resistance; MAP, mean arterial pressure;
NAME, Nw-nitro-L-arginine methyl ester; NMA, N°-monomethyl-L-
arginine.

II (3 ng/min) was next begun. After another 60-min equilibration period
by which time blood pressure had stabilized, four additional 30-min
renal clearances were conducted. After the last renal clearance period,
the rats were anesthetized with pentobarbital sodium (6 mg/100 g body
weight), and the aorta and kidneys were rapidly excised, rinsed in cold
PBS, flash frozen in liquid nitrogen, and stored at —80°C until assay
for cGMP. Time-control experiments showing the stability of renal he-
modynamics and glomerular filtration rate in this rat preparation have
been previously published by us (4, 10).

Tissue cGMP. A 2-cm length of aorta was homogenized in 1.0 ml
of ice-cold 0.6 N perchloric acid. After centrifugation at 3,000 g for 10
min at 4°C, the pellet was frozen at —20°C for determination of protein.
The supernatant was neutralized with 5.0 N KOH. After another centrif-
ugation to pellet the KCIO,, the supernatant was frozen at —20°C for
subsequent measurement of cGMP by radioimmunoassay. Identical pro-
cedures were used to process two 0.5-mm slices of renal cortex taken
from each kidney with a Stadie-Riggs microtome (Thomas Scientific).
Procedural losses were monitored for each tissue homogenization by
adding tracer amounts of [*H]cGMP (1,400 cpm) to the perchloric acid.
Each result was corrected accordingly. Recovery averaged 69+1%.

Preparation of drugs. NAME HCl and NMA monoacetate salt were
freshly prepared in Ringer’s solution for each experiment. Angiotensin
II (5-ILE ANG 1I or Hypertensin II, Sigma Chemical ) was prepared as
a 100-ug/ml stock solution in 5% dextrose and frozen in aliquots at
—20°C. For each experiment, working solutions were prepared in Ring-
er’s solution. Inulin (5 g/50 ml, Isotex, Friendswood, TX) was stored
in 15-ml aliquots at 4°C. For each experiment, an aliquot was placed
in a boiling water bath until fully dissolved, usually for 3 min. It was
then diluted along with para-aminohippurate (20% sodium hippurate,
Merck, Sharpe and Dohme, West Point, PA) in Ringer’s solution for
infusion.

Analytical techniques. Inulin in plasma and urine was measured by
the anthrone method (11) and para-aminohippurate by the method of
Bratten and Marshall as modified by Smith et al. (12). Urine volume
was determined gravimetrically. All renal clearance data have been
expressed per whole animal. Radioimmunoassay of cGMP was per-
formed as previously reported and validated (7-9). Tissue proteins
were measured by the Bradford technique (13).

Statistical analysis. Data are presented as means*+SEM. Differences
in baseline parameters between virgin and midterm pregnant rats (Table
I) were analyzed by unpaired Student’s ¢ tests. All other data were
analyzed by two-factor univariate ANOVA. If significant main effects
were observed, then individual group means were contrasted by the
Tukey test (14). P < 0.05 was taken to be significant.

Results

Table I summarizes baseline values for all of the virgin and
midterm pregnant rats studied. In particular, both GFR and
effective renal plasma flow (ERPF) were significantly increased
by 30-40% in the gravid rats when compared with virgin con-
trol animals. Furthermore, effective renal vascular resistance
(ERVR) was significantly decreased by a similar degree in the
pregnant animals.

The impact of nitric oxide synthase inhibition on renal func-
tion and blood pressure using the arginine analogue, NAME, is
depicted in Figs. 1 and 2. Averaged results are shown in Fig.
1. With each dosage of NAME, blood pressure significantly
increased in midterm pregnant and virgin rats reaching a plateau
after 60 min of infusion. With the lowest dosage of NAME (2
pg/min), mean arterial pressure (MAP) rose by 5-10 mmHg,
whereas the highest dosage (50 pg/min) produced elevations
of 30-40 mmHg. Before infusion of the nitric oxide synthase
inhibitor, GFR and ERPF were greater and ERVR was less in
the gravid rats when compared with the virgin animals (P
< 0.01). During infusion of each of the three doses of NAME,
these renal parameters were equalized in the two groups of rats.
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Table 1. Summary of Baseline Values for Virgin and Pregnant Rats

MAP GFR ERPF ERVR FF Hct Body Weight No. fetuses
mmHg ul/min ul/min mmHg/ml - min™’ % % g
Virgin rats (n = 47) 113+1 2176+38 7075+125 9.5+0.2 31+1 42+0 283+4 —
Pregnant rats (n = 47) 112+1* 2825+52% 9934+154* 6.5+0.1* 28+1* 39+0* 316+4* 8+2

* P < 0.05 pregnant vs. virgin by unpaired Student’s ¢ tests. FF, filtration factor; Hct, hematocrit.

(An exception, which we are at a loss to explain, is GFR during
the 20-pg/min infusion). Fig. 2 depicts the time course of
change in GFR, ERPF, and ERVR during the 2-ug/min NAME
infusion and highlights the reason for normalization of renal
function in gravid rats. The midterm pregnant rats were more
responsive to nitric oxide synthase inhibition, showing a greater
decline in GFR and ERPF and rise in ERVR at each time point
during the infusion of inhibitor compared with virgin animals.
Similar time course curves were observed for the other dosages
of NAME (data not shown). Before infusion of NAME, filtra-
tion fraction was 31+1 and 28+1% in virgin and gravid rats,
respectively (P < 0.05). During infusion of 2 and 20 pg/min
NAME, filtration fraction rose to 41+2% and 47+2% in both
groups of rats, respectively; at 50 ug/min, filtration was 53+2%
for virgin rats and 51+3% for the gravid animals.

To substantiate these results using NAME, we investigated
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another nitric oxide synthase inhibitor, NMA (Table II and Fig.
3). Inspection of the time course data (Fig. 3) reveals that the
midterm pregnant rats were more responsive to inhibition of
nitric oxide synthase with NMA, as they showed a greater de-
cline in GFR and ERPF and rise in ERVR than virgin control
animals. Thus, GFR, ERPF, and ERVR were equalized during
the 100-ug/min infusion of NMA (Table II).

To exclude the possibility that nonspecific renal vasocon-
striction per se led to equalization of renal function in gravid
and virgin rats, we tested the response to angiotensin II. Table
IIT and Fig. 4 depict the average and time course, respectively,
of blood pressure and renal responses to the vasoconstrictor
hormone infused at 3 ng/min. MAP rose by 30-40 mmHg in
both groups of rats. In contrast to the results obtained with nitric
oxide synthase inhibitors, the pregnant rats were less responsive
to the vasoconstrictory effects of angiotensin II (Fig. 4), such
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Figure 2. Effect of NAME over time on the change in GFR (A), ERPF
TIME (min) (B), and ERVR (C) in midterm pregnant (0) and virgin control (®) rats.

Table I1. Effect of Intravenous Infusion of NMA on Blood Pressure and Renal Function in Conscious Virgin and Pregnant rats

Control 100 pg/min NMA
Virgin Pregnant Virgin Pregnant
Mean arterial pressure (mmHg) 115+2 108+1* 138+4 130+4
GFR (pl/min) 2,144+108 2,772+105* 1,963+166 2,119+98
Effective renal plasma flow (ul/min) 7,500+377 9,928+411* 5,409+278 5,981+348
Filtration fraction (%) 29+2 28+2 37+3 35+1
Effective renal vascular resistance (mmHg/ml - min™') 8.8+0.5 6.3+0.4* 14.0+1.2 13.3+1.0

Eight virgin and midterm pregnant rats were tested. * P < 0.05, ¥ P < 0.01 pregnant vs. virgin by Tukey test.
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Figure 3. Effect of NMA over time on the change in GFR (A), ERPF (B),
and ERVR (C) in midterm pregnant (O) and virgin control (@) rats.

Table III. Effect of Intravenous Infusion of Angiotensin Il on Blood Pressure and Renal Function in Conscious Virgin and Pregnant Rats

Control 3 ng/min Angiotensin II
Virgin Pregnant Virgin Pregnant
Mean arterial pressure (mmHg) 112+2 1073 132+3 1302
GFR (ul/min) 2,228+126 3,008+142* 1,841+128 2,713+226%
Effective renal plasma flow (ul/min) 7,015+405 10,578 +383* 4,143+256 8,878+293%
Filtration fraction (%) 32+2 29+2 45+3 31+3¢
Effective renal vascular resistance (mmHg/ml - min™") 9.6x0.7 5.9+0.2¢ 19.5+1.4 9.9+1.0*

Six virgin and midterm pregnant rats were studied. * P < 0.01, ¥*P < 0.001 pregnant vs. virgin by Tukey test.
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that baseline differences in renal parameters measured before
infusion of the hormone were magnified during the infusion
(Table III).

To determine whether nitric oxide synthase was inhibited
to a similar extent in the gravid and virgin rats, we killed the
animals at the end of the inhibitor infusion and assayed cGMP
content in the aorta and kidney cortex ex vivo (Table IV).
Because cGMP is a second messenger molecule of nitric oxide
generated by soluble guanylate cyclase, we measured tissue
cGMP levels as a sensitive bioassay of nitric oxide activity.
Additional virgin and pregnant rats were used to provide control
values. Baseline cGMP content of aorta and kidney cortex was
not significantly different between the two groups of rats. The
lower 2-pg/min dose of NAME consistently reduced cGMP
content of aorta and kidney to comparable levels in the midterm
pregnant and virgin rats.
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Figure 4. Effect of angiotensin II over time on the change in GFR (A),
ERPF (B), and ERVR (C) in midterm pregnant (O) and virgin control (®)
rats.

Discussion

Most mammalian species, including the rat and the human,
manifest renal vasodilation and hyperfiltration during pregnancy
(reviewed in references 1 and 7). In the present study, we
corroborated these findings for conscious gravid rats (Table I).
Because endogenous production of nitric oxide and its second
messenger, cCGMP, are increased during gestation in rats (7—
9), we reasoned that this potent vasodilatory system may medi-
ate renal vasodilation and hyperfiltration of pregnancy. The ob-
jective of the present work, therefore, was to test this hypothesis.
The major findings were as follows: (a) several dosages of
the nitric oxide synthase inhibitor, NAME, acutely equalized
effective renal plasma flow and renal vascular resistance, as
well as glomerular filtration rate in gravid and virgin rats; (b)
identical results were obtained with a structurally different nitric
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Table IV. Effect of Intravenous Infusion of Nitric Oxide Synthase Inhibitors on Aortic and Kidney Cortex cGMP Content

(fmol/mg protein)
Name
Control 2 pg/min 20 pg/min 50 pg/min NMA (100 pg/min)

Virgin rats

Aorta 3,370+380 1,289+207* 3,071x469 1,722+179* 775£114*

Kidney 1,636+242 431+92%* 2,482+173 553+91* 1,231+112
Pregnant rats

Aorta 2,428+454 901+231* 2,762+274 2,211+304 1,495+281

Kidney 1,484*135 382+32% 1,684+407 747+235* 1,398+209

Tissues were harvested from five to seven rats for the control values and for each dosage of NAME and NMA. * P < 0.05 vs. control by Tukey
test. There was no significant difference in aortic or renal cGMP content between virgin and pregnant rats in the control condition and after nitric

oxide synthase blockade.

oxide synthase inhibitor, NMA; (c) aortic and renal cGMP
content was reduced to comparable levels in virgin and gravid
rats ex vivo (consistently so with the low dosage of NAME,
see below ), indicating that comparable inhibition of nitric oxide
synthase was reached during infusion of the inhibitor in the two
groups of animals; and (d) infusion of angiotensin II magnified
the baseline differences in renal hemodynamics and GFR be-
tween virgin and gravid rats, demonstrating that the equalization
of these parameters after nitric oxide synthase inhibition was
not merely a consequence of nonspecific renal vasoconstriction.

Various potential mechanisms for gestational changes in
renal function have been previously raised and tested. Marked
expansion of extracellular and plasma volume occurs during
gestation in most mammalian species, including rodents and
humans (15, 16). This expansion, however, does not correlate
well with the changes in renal function. It is minimal during
early gestation when ERPF and GFR are rapidly increasing and
is maximal during late pregnancy when ERPF and GFR are
more or less stable. Nevertheless, plasma volume expansion
may contribute to the gestational changes in renal hemodynam-
ics and GFR. Baylis and co-workers (17) tested the effects of
acute expansion of plasma volume in conscious virgin female
rats and found that it had little impact on GFR and ERPF. Acute
expansion of total body water (including plasma volume) also
had little effect on GFR and ERPF in conscious Brattleboro
rats of either sex (18). One of the few conditions which does
recapitulate the renal hemodynamic changes of pregnancy is
chronic expansion of total body water produced by continuous
administration of arginine vasopressin or oxytocin (reviewed in
reference 19). Whether the mechanisms responsible for marked
elevation of ERPF and GFR in the two conditions are related,
however, is unknown.

Renal innervation is apparently unnecessary for renal hyper-
filtration during pregnancy, as the response is also observed
in women with renal allografts (20). Baylis and Blantz (21)
postulated that suppression of tubuloglomerular feedback activ-
ity by plasma volume expansion may contribute to renal vasodi-
lation and hyperfiltration of pregnancy. Pregnancy, however,
did not suppress tubuloglomerular feedback in the rat, rather
the mechanism was reset at a higher single nephron glomerular
filtration rate. These results suggest that the expanded plasma
volume of pregnancy is actually sensed as being normal presum-
ably because of increased vascular capacity.

Ultimately, renal vasodilation in pregnancy is likely to be
under endocrinologic control. Unfortunately, so many hormonal
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systems change that it is difficult to know which ones deserve
investigation in this regard. Nevertheless, when administered to
nonpregnant women, progesterone significantly increased ERPF
and GFR (22, 23). Prolactin has also been considered, but the
reports of its effects on ERPF and GFR in rats are conflicting,
and further investigation is needed (reviewed in reference 7).
Placental lactogen, a hormone that has considerable homology
with prolactin, may also warrant study. On the other hand, a
maternal factor or hormone is apparently sufficient, because
increases in ERPF and GFR have been documented in pseudo-
pregnant rats (24, 25). By mating a female rat which a vasecto-
mized male, pseudopregnancy, a condition which physiologi-
cally mimics the first half of gestation but lacks fetoplacental
development, is produced.

Other possible candidates include various endothelial fac-
tors such as vasodilatory PGs, endothelium-derived relaxing
factor or nitric oxide, and endothelium-derived hyperpolarizing
factor. The potential role of PGs has been tested in gravid
animal models. Gestational increases in ERPF and/or GFR were
unaffected by administration of cyclooxygenase inhibitors to
conscious pregnant rabbits (26) and rats (4, 5). Moreover,
measurements of vasodilatory PG production by relevant renal
tissues ex vivo failed to show increased synthesis by the tissues
from pregnant animals (6, 27). A role for vasodilatory PGs in
the gestational elevation of ERPF and GFR, therefore, seems
doubtful. On the other hand, a role for another endothelium-
derived vasodilator, nitric oxide, and its second messenger,
c¢GMP (7-9), is possible and addressed by the current investi-
gation. Alternatively, it may not be change of endothelial func-
tion alone that mediates renal vasodilation during pregnancy
but rather modification of vascular smooth muscle may contrib-
ute (28).

Various isoforms of nitric oxide synthase have been local-
ized to renal tubules and blood vessels by immunohistochemis-
try or after microdissection by PCR (reviewed in reference 29).
Thus, the potential for nitric oxide modulation of glomerular
and tubular function is established. By acutely administering
nitric oxide synthase inhibitors (analogues of L-arginine), nu-
merous investigators have documented the importance of nitric
oxide in the maintenance of renal vascular tone in nongravid
animals, including the conscious rat (e.g., 30, 31). Nitric oxide
was also found to modulate vascular tone and GFR in the iso-
lated perfused rat kidney (32). Renal vasoconstriction produced
by acute nitric oxide synthase inhibition was reversible by L-
arginine (30—32) and not related to endogenous angiotensin II



(33, 34). Whether renal vasoconstriction produced by acute
nitric oxide synthase inhibition is dependent on renal nerve
activity remains controversial (34—36). Renal micropuncture
studies in anesthetized rats showed that intravenous administra-
tion of NMA leading to large increases of blood pressure pro-
duced a rise in both preglomerular and efferent arteriolar resis-
tances as well as in glomerular hydrostatic pressure and a fall
in the glomerular capillary ultrafiltration coefficient (K;); in
one study, glomerular plasma flow declined relatively more
than single nephron glomerular filtration rate (37), whereas in
another, single nephron GFR did not fall at all (38). Lower
dosages of NMA administered directly into the renal artery
leading to smaller increases of blood pressure produced a rise
only in preglomerular arteriolar resistance and a fall in K such
that a greater decline was noted for single nephron GFR relative
to glomerular plasma flow in this setting (37). Nitric oxide was
also reported to modulate vascular tone of isolated perfused
juxtamedullary interlobular, afferent, and efferent arterioles
from the rat (39, 40).

In the present study, three different dosages of NAME were
administered, leading to elevations of MAP ranging from 5 to
50 mmHg. The changes in renal function of virgin rats were
similar to those previously reported (30, 31). That is, marked
renal vasoconstriction concommittant with a decline in ERPF,
relative maintenance of GFR, and a steep rise in filtration frac-
tion were observed (Figs. 1 and 2, and see Results). Identical
findings were obtained with NMA (Table II and Fig. 3). For
the midterm pregnant rats, however, GFR also declined during
nitric oxide synthase blockade (Figs. 1-3 and Table IT). Despite
this decline in GFR, a rise in filtration fraction comparable
with virgin rats was observed, because ERPF declined relatively
more than GFR in the gravid animals (Figs. 1-3 and Table
II, and see Results). Although micropuncture experiments are
clearly needed, these data suggest that the nitric oxide synthase
inhibitors affected the glomerular microcirculation differently
in virgin and midterm pregnant rats. Whereas efferent arteriolar
constriction was most notable in virgin rats leading to relative
maintenance of GFR despite a decline in ERPF, preglomerular
arteriolar constriction was most notable in gravid animals as
GFR was not maintained in the face of a decline in ERPF.
Alternatively, K¢ may have been decreased to a greater extent
in the pregnant rats. In either case, the finding that ERPF and
GFR were equalized in gravid and virgin rats by nitric oxide
synthase blockade strongly suggests that nitric oxide mediates
gestational hyperfiltration and renal vasodilation. Nitric oxide
may act both directly on the renal microcirculation and, possi-
bly, indirectly by modulating renal sympathetic nerve activity
(34-36), thereby dilating the renal arterioles in pregnancy. An
indirect effect by modulation of renal sympathetic activity
seems less likely, however, because gestational hyperfiltration
is apparently independent of renal innervation (at least in wo-
men) (20).

To approximate the extent of nitric oxide synthase blockade
in the midterm pregnant and virgin rats, we measured aortic
and renal cortical cGMP content ex vivo as a bioassay of tissue
nitric oxide synthase activity (41). We found that the low dose
of NAME (2 pg/min), which produced only modest increases
of blood pressure, consistently reduced tissue cGMP content to
comparable levels in the two groups of rats (Table IV). Thus,
comparable blockade of nitric oxide synthase was most likely
achieved by our infusion protocol. On the other hand, higher
doses of NAME and NMA, which markedly increased blood
pressure, failed to consistently reduce tissue cGMP content in

either group of rats. Because atrial natriuretic hormone release
is augmented by increases of blood pressure, this finding may
relate to the overriding effect of the hormone on tissue particu-
late guanylate cyclase (41). At the higher doses of nitric oxide
synthase inhibitor, therefore, tissue cGMP content is apparently
no longer a reliable index of nitric oxide synthase activity.

Of additional interest are the data showing that basal levels
of renal and aortic cGMP content are not significantly different
between the virgin and gravid rats (Table IV). This observation
corroborates our previous work in which we systematically
measured basal cGMP of aortic tissue in the presence and ab-
sence of endothelium, hemoglobin, phosphodiesterase inhibi-
tors, and L-arginine (42). No differences in cGMP content be-
tween virgin and gravid rats were detected in any of these
treatments. We concluded that basal production of nitric oxide
synthase is comparable in aortae from virgin and pregnant rats
at least when assessed by cGMP bioassay ex vivo, and the
inducible isozyme is not expressed during gestation. Thus, the
continuous presence of some factor in vivo may be required for
enhanced nitric oxide production by aorta and kidney cortical
tissues in gravid rats. Alternatively, because renal cortical tissue
is mainly comprised of tubules, augmented nitric oxide produc-
tion by the microvasculature affecting hemodynamic changes
may not have been detectable by our bioassay. Conceivably,
enhanced biosynthesis of nitric oxide and cGMP during rat
gestation may effect long-lived modification of vessel function,
which can persist for some time despite reduction of endothelial
nitric oxide production and vascular cGMP content to nonpreg-
nant levels.

To exclude the possibility that renal vasoconstriction per se
led to the normalization of renal function in gravid rats by a
nonspecific mechanism, we also tested the response to angioten-
sin II. In contrast to the vasoconstriction produced by nitric
oxide synthase inhibitors, midterm pregnant rats were less re-
sponsive to angiotensin II than virgin animals, such that the
baseline differences in renal function between the two groups
of rats were actually enhanced during infusion of the hormone
(Table III and Fig. 4). Attenuation of renal vascular reactivity
to angiotensin II has been previously reported for conscious
pregnant rats during late pregnancy (4) and in conscious gravid
rabbits (43), although not all investigators have reported an
attenuated response (44). The decrement of GFR in response
to angiotensin II was also diminished in pregnant women of
26-35 gestational weeks (45). We speculate that the attenuation
of renal vascular responses to angiotensin II during rat gestation
is mediated by nitric oxide. [We previously reported that it is
not dependent on vasodilatory prostaglandins (4).] The resis-
tance to the systemic pressor effect of angiotensin II is not
consistently observed until late gestation in rats (4).

To our knowledge, the contribution of nitric oxide to re-
duced vascular tone and increased blood flow in other organs
during pregnancy has not been investigated. Teleologically
speaking, reduced vascular tone in nonreproductive vascular
beds such as the kidney serves to reduce total systemic vascular
resistance and blood pressure, which stimulates sodium appetite
and thirst as well as renal retention of sodium and water (46).
These factors allow for expansion of plasma volume, which in
turn abets the increase of cardiac output and ultimately of oxy-
gen and nutrient delivery to the fetus and placenta. In previous
work, we identified increased biosynthesis of nitric oxide and
cGMP during gestation in rats (7—9). In the present study, we
provide evidence that nitric oxide mediates the reduction in
renal vascular resistance during pregnancy in this species. If
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this finding pertains to women, then a deficiency of nitric oxide
production may account for the reductions in ERPF and GFR
observed in preeclampsia (see reference 47 for review).
Clearly, further investigation is needed to identify the stimulus
for enhanced biosynthesis of nitric oxide in the kidney during
gestation and to determine whether nitric oxide synthase protein
and mRNA expression are increased and, if so, by which renal
anatomical structures.
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