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Adaptation to Increased Dietary Salt Intake in the Rat

Role of Endogenous Nitric Oxide

Pamela J. Shultz and Jonathan P. Tolins

Department of Medicine, Veterans Affairs Medical Center and University of Minnesota School of Medicine,

Minneapolis, Minnesota 55417

Abstract

Previous studies have suggested that nitric oxide (NO) plays a
role in regulation of renal vascular tone and sodium handling.
We questioned whether the effects of NO synthase inhibition
on renal function are direct or due to increased renal perfusion
pressure (RPP) and whether stimulation of endogenous NO
activity plays a role in adaptation to increased dietary salt in-
take. Intrarenal arterial infusion of the NO synthase inhibitor
NC€-monomethyl-L-arginine (L-NMMA) in control rats re-
sulted in decreased glomerular filtration rate, renal vasocon-
striction, natriuresis, and proteinuria. When RPP was held at
basal levels with a suprarenal aortic snare, L-NMMA had simi-
lar hemodynamic effects but decreased sodium excretion and
did not induce proteinuria. Exposure of rats to high salt intake
(1% NaCl drinking water) for 2 wk induced increased serum
concentration and urinary excretion of the NO decomposition
products, NO, + NO,. Urinary NO, + NO, and sodium excre-
tion were significantly correlated. Compared with controls,
chronically salt-loaded rats also demonstrated enhanced renal
hemodynamic responses to NO synthase inhibition. We con-
clude that the endogenous NO system directly modulates renal
hemodynamics and sodium handling and participates in the
renal adaptation to increased dietary salt intake. Enhanced NO
synthesis in response to increased salt intake may facilitate
sodium excretion and allow maintenance of normal blood pres-
sure. (J. Clin. Invest. 1993. 91:642-650.) Key words: endothe-
lium-derived relaxing factor e nitric oxide » N©-monomethyl-L-
arginine ¢ nitro-L-arginine-methylester « sodium « natriuresis

Introduction

In 1980, Furchgott and Zawadski ( 1 ) demonstrated that vascu-
lar relaxation induced by the muscarinic agent acetylcholine
was dependent on the presence of a functionally intact endothe-
lium and postulated the release by endothelial cells of a labile
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factor termed endothelium-derived relaxing factor (EDRF).!
Since that initial observation our understanding of the EDRF
system has expanded rapidly. It is currently believed that
EDRF is nitric oxide (NO), which is derived from the terminal
guanidino nitrogen atom of the aminoacid, L-arginine (2-6).
A soluble enzyme, currently termed NO synthase, is involved
in the formation of NO and L~citrulline from L-arginine (7, 8).
Synthesis of NO can be inhibited by L-arginine analogues such
as L-NS-monomethyl-arginine (L-NMMA) and L- N%-nitro-
arginine-methylester (L-NAME) (9-11). In vitro studies have
demonstrated that NO activates soluble guanylate cyclase in
target cells, such as vascular smooth muscle (12) and glomeru-
lar mesangial cells (13), inducing a rise in levels of guanosine
3',5'-cyclic monophosphate (¢cGMP), which mediates subse-
quent physiological effects. Urinary ¢cGMP levels have also
been demonstrated to reflect activity of the NO system in
vivo (14).

Using this understanding of the basic physiology of the en-
dogenous NO system, attention has recently focused on the
role of this mediator in the regulation of vascular tone in vivo.
By observing the effects in vivo of endothelium-dependent ago-
nists, such as acetylcholine, and NO synthase inhibitors, such
asL.-NMMA and L-NAME, it has become clear that NO plays a
prominent role in regulation of renal hemodynamics and ex-
cretory function (15-20). When infused into the renal artery
of the rat, L-NMMA induces a fall in GFR and renal vasocon-
striction and a rise in filtration fraction (15). Micropuncture
studies in the rat during intravenous infusion of L-NMMA
have demonstrated glomerular arteriolar vasoconstriction,
with a predominant effect on the efferent arteriole, a decrease
in the ultrafiltration coefficient, K¢, and an increase in glomer-
ular capillary pressure, Pgc (16).

Several investigators have reported that NO synthase inhibi-
tion in vivo induces natriuresis and diuresis (16, 17, 20). Al-
though some investigators have suggested that the increased
excretion of sodium and water during NO inhibition is due to
““pressure natriuresis” (18, 21), others have hypothesized a di-
rect tubular action of NO, observing that NO synthase inhibi-
tion results in decreased proximal reabsorption of sodium
(20). This issue has been complicated by the difficulty in sepa-
rating direct renal effects of NO synthesis inhibition from sys-
temic hemodynamic effects, such as increased arterial pressure

1. Abbreviations used in this paper: cGMP, guanosine 3',5'-cyclic
monophosphate; EDRF, endothelium-derived relaxing factor; L-
NAME, nitro-L-arginine-methylester; L-NMMA, NC-monomethyl-L-
arginine; NO, nitric oxide; NO,, nitrite; NO,, nitrate; PAH, para-
aminohippurate; RPF, renal plasma flow; RPP, renal perfusion pres-
sure; RVR, renal vascular resistance.



and subsequent renal autoregulation, in the various experimen-
tal models. Chen and Sanders (22 ) recently suggested that activ-
ity of the endogenous NO system may be related to sensitivity
or resistance to salt-induced hypertension in rats, further sug-
gesting a role for NO in renal sodium handling, and, in particu-
lar, in adaptation to increased dietary salt loads.

Since NO is a very labile substance, direct measurement of
NO has proven to be difficult, especially in vivo. Thus, much of
the in vivo work to date has been limited to interpretation of
the responses to NO synthase inhibitors. Although this is a
useful approach, it is clear that it would be important to de-
velop markers of NO activity that could be quantitated in vivo.
Tolins et al. (14), previously demonstrated that, in the rat,
hemodynamic responses to the endothelium-dependent va-
soactive agonist, acetylcholine, correlated with urinary excre-
tion of cGMP, and that the cGMP and hemodynamic re-
sponses to acetylcholine infusion could be inhibited by adminis-
tration of L-NMMA. These investigators suggested that urinary
c¢GMP excretion could potentially be used as a biological
marker of EDRF activity. More recently, Marletta et al. (23)
demonstrated that NO decomposes rapidly in biological solu-
tions into nitrite (NO,) and nitrate (NO;). These stable de-
composition products can be measured as markers of NO pro-
duction in vitro, as demonstrated in macrophages (23), vascu-
lar smooth muscle (24), and glomerular mesangial cells (25) in
culture. Recently, NO, + NO; have been used as markers of
NO activity in vivo. Shultz and Raij (26) reported increases in
levels of NO, + NO; in the serum and urine of rats treated with
endotoxin. The increase in NO, + NO; levels was inhibited by
coadministration of the NO synthase inhibitor, L-NAME. Fur-
thermore, this inhibitory effect was overcome by administra-
tion of excess L-arginine, confirming that the NO, + NO; mea-
sured in the serum and urine after endotoxin reflected changes
in NO production. Thus, urinary levels of cGMP, as well as
serum and urine levels of NO, + NO;, may be useful as in vivo
“footprints™ of activity of the NO pathway.

In the present studies we have used both the pharmacologi-
cal inhibitors of NO synthase and markers of in vivo NO pro-
duction to address the following questions: What is the effect of
inhibition of NO synthase on renal hemodynamics and excre-
tory function when the influence of systemic hemodynamic
responses 1s eliminated? Does the endogenous NO system play
a role in adaptation of the normal animal to increased dietary
salt intake?

Methods

Studies were performed in male, Sprague-Dawley rats (275-375 g;
Harlan Sprague Dawley, Inc., Indianapolis, IN). In study I we exam-
ined the effects of intrarenal NO synthase inhibition on renal hemody-
namics and excretory function when renal perfusion pressure was kept
constant with a suprarenal aortic snare. In study II we examined the
effects of chronic exposure to a high dietary salt intake on endogenous

NO activity.

Study I. Role of increased renal perfusion pressure in the
effects of NO synthase inhibition on renal hemodynamics
and excretory function

Clearance studies. Rats were anesthetized (Inactin, 100 mg/kg i.p.)
and surgically prepared for determination of intra-arterial pressure,
GFR, renal plasma flow (RPF), and urinary excretion of sodium,
water and protein, by clearance techniques as previously described ( 14,

15). The left femoral artery was cannulated with a PE-50 catheter for
blood pressure monitoring ( transducer model TNF; Gould Inc., Medi-
cal Products Div., Oxnard, CA) and blood sampling. Renal perfusion
pressure (RPP) was assumed to be equivalent to the arterial pressure
measured in the left femoral artery. A solution of normal saline con-
taining [methoxy-H}inulin (4 xCi/ml) and p-aminohippurate
(PAH, 20 mg/ml; Merck Sharpe & Dohme, West Point, PA) was in-
fused at a rate of 1.2 ml/h after a priming dose of 0.5 ml. To maintain
euvolemia, 5% bovine serum albumin in normal saline (Sigma Chemi-
cal Co., St. Louis, MO) was infused at 1.5 ml/h after a priming dose of
1% body weight. Timed urine collections were obtained from the left
ureter for gravimetric determination of urine flow rate, with blood
collected at the midpoint of each clearance period (250 ul).

For renal artery infusions, a PE-10 catheter with a curved atten-
uated tip was advanced in a retrograde fashion from the right femoral
artery and placed in the orifice of the left renal artery under direct
visualization. In this fashion, dissection and manipulation of the renal
artery were unnecessary and thus potential denervation or vascular
damage avoided. To maintain patency in the renal artery catheter,
heparinized saline was infused at a rate of 0.5 ml/h when other agents
were not being administered.

Analytical techniques. Radioactivity in urine and serum was quan-
titated by liquid-scintillation counting. PAH levels in urine and serum
were determined by AutoAnalyser (Technicon Instruments Corp.,
Tarrytown, NY). Urine sodium was determined by flame photometer
(Instrumentation Laboratory Inc., Lexington, MA). Urinary total pro-
tein excretion was assayed by the Coomassie dye method (Bio-Rad
Laboratories, Richmond, CA). GFR and RPF were calculated with
standard formulas. Renal blood flow (RBF) was calculated by dividing
RPF by 1 — hematocrit and renal vascular resistance was calculated
(RVR) by dividing RPP by renal blood flow.

Experimental protocols. Two groups of rats (n = 8 in each group)
were studied after overnight fast. Group I rats (control ) were allowed to
equilibrate for 30 min after surgical preparation and then two baseline
(15 min) clearances were performed. The intrarenal infusion was then
changed to L-NMMA (generous gift of S. Moncada, Wellcome Re-
search Laboratories, Beckenham, Kent, UK) dissolved in normal sa-
line and delivered at 250 and 500 g - kg ! per min. There was a 15-min
equilibration period at each dose level followed by two 15-min clear-
ance periods. In group II (snare) rats, a length of suture was placed
around the abdominal aorta, proximal to the renal arteries, during
surgical preparation. The ends of the suture were suspended in an appa-
ratus that allowed graded upward tension to be applied. Group II rats
then underwent a protocol identical to that in group I with the excep-
tion that after the baseline clearances, the tension on the aortic snare
was continuously adjusted to maintain RPP at baseline levels. An addi-
tional group of rats (n = 6) was prepared for clearance studies in a
manner identical to that of group II (snare ) except that no tension was
applied to the aortic snare. Saline vehicle was infused into the renal
artery (0.5 ml/h) for the duration of the experiment. Renal function
was determined according to the exact protocol described above, thus
providing a time-control group.

Study II. Experimental protocols

Effect of salt loading on serum NO, + NO; levels and urinary NO,
+ NO; excretion rates. Two groups of rats (n = 6 in each group) were
studied. On day 0, while consuming standard rat chow and tap water ab
libitum, all rats were placed in metabolic cages and urine was collected
for 24 h in sterile tubes containing antibiotic/antimycotic solution
(100 U/ml penicillin, 100 U/ml streptomycin, and 0.25 pug/ml am-
photericin B). Blood was obtained by distal tail-vein sampling for deter-
mination of serum NO, + NO;. Group III (control) was continued on
standard rat chow and tap water ad libitum. Group IV (salt loaded ) was
provided the same chow, but was switched to 1% NaCl solution as
drinking water. After 2 wk rats were placed in metabolic cages, urine
collected for 24 h, and final blood samples obtained by cardiac punc-
ture after brevital anesthesia.
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Serum and urine samples were assayed for the stable NO end prod-
ucts, NO, and NO;, as previously described (26-28). Briefly, samples
were incubated for 1 h at 37°C with Escherichia coli nitrate reductase,
prepared from bacteria grown under anaerobic conditions, effecting
complete reduction of NO; in the sample to NO,. NO, in the sample
was then quantitated using the Griess reagent, as previously described
(25, 26, 29). Known concentrations of NaNO, and NaNO, were used
as standards in each assay and each sample was run in duplicate. The
NO, measured in this way reflects the sum of NO, and NO; in the
original sample. Urinary excretion was calculated by multiplying the
total concentration of NO, + NO; in each sample by 24-h urinary
volume. Because rats exhibited significant increases in body weight
over the course of the experiment, NO, + NO, values were normalized
for body weight to allow comparison of basal and final values. Baseline
and final urine samples were also assayed for cGMP concentration by
radioimmunoassay as previously described (14, 25) and for sodium
concentration by flame photometer.

Effect of chronic salt loading on renal hemodynamic responses to
NO synthase inhibition. Two additional groups of rats (7 = 10 in each
group) were studied. Group V (control) was provided standard rat
chow and tap water, whereas group VI (salt loaded) received standard
rat chow and 1% NaCl in the drinking water, for 2 wk. At the end of this
time period rats in groups V and VI were surgically prepared for clear-
ance studies to evaluate renal function before and after intrarenal infu-
sion of the NO synthase inhibitor, L-NAME, infused at 50 and 125
ug- kg™ per min using a protocol identical to that described above for
group I rats. Pilot studies demonstrated that renal artery infusion of the
higher dose of L-NAME (125 ug-kg™' per min) results in maximal
renal hemodynamic responses (unpublished observations).

Statistical analysis

Data are presented as mean+SEM. Differences for parameters between
baseline and subsequent time points within one group were compared
by analysis of variance for repeated measures and subsequent Scheffe
test. Differences between two groups at a given time point were com-
pared by unpaired Student’s ¢ test. Differences were considered signifi-
cant for P < 0.05. All statistical analyses were done with STATVIEW
512 software (Brainpower, Calabases, CA).

Results

Study 1. Role of renal perfusion pressure in response

of renal hemodynamics and excretory function

to NO synthase inhibition

There was no difference in body weight (384+7 vs. 390+6 g, P
= NS) or left kidney weight (1.39+0.04 vs. 1.41+0.03 g, P

Table I. Renal Hemodynamic Parameters of Rats in Study I

= NS) between group I (control) and group II (aortic snare)
rats. Renal hemodynamic parameters in the basal state and in
response to intrarenal arterial infusion of L-NMMA at 250 and
500 ug-kg~' per min are shown in Table I. In control rats
intrarenal arterial infusion of L-NMMA induced a dose-depen-
dent increase in RPP, reflecting a systemic pressor response
occuring despite intrarenal infusion. Both GFR and RPF pro-
gressively and significantly decreased during L-NMMA infu-
sion, in association with marked renal vasoconstriction. In
group II (aortic snare) rats initial RPP was slightly, but signifi-
cantly elevated compared with control animals; however, RPP
was effectively maintained at basal levels during L-NMMA in-
fusion. There was no difference in GFR, RPF, or RVR between
group I and group II rats in the basal state, indicating that
placing the aortic snare did not effect basal renal function. In
snared rats GFR and RPF decreased in a dose-dependent fash-
ion in response to intrarenal L-NMMA infusion, falling to sig-
nificantly lower levels as compared with group I at the highest
dose. L-NMMA infusion also resulted in renal vasoconstric-
tion, as reflected in a progressive increase in RVR. The magni-
tude of the increase in RVR was similar in group I and group II
rats. Thus, intrarenal EDRF inhibition resulted in exaggerated
decreases in GFR and RPF when the concomitant increase in
RPP was prevented.

In time control rats an aortic snare was placed, but no ten-
sion was applied, and saline vehicle was infused into the renal
artery. Renal hemodynamics were determined at time points
corresponding to measurements in groups I and II. This group
of rats had body weights (379+10 g) and left kidney weights
(1.34+0.04 g) that were similar to those of rats in groups I and
I1. Hematocrit was stable over the time course of the experi-
ment (basal vs. final, 51.2+0.9 vs. 50.5+1.0%, P = NS). RPP
did not change over the course of the experiment in time con-
trol rats (basal vs. final, 121+4 vs. 118+2 mmHg, P = NS).
GFR had decreased somewhat by the end of the protocol (basal
vs. final, 0.98+0.06 vs. 0.76+0.03 ml/min, P < 0.05), how-
ever, RPF (basal vs. final, 5.01+0.29 vs. 5.44+0.36 ml/min, P
= NS) and RVR (basal vs. final, 12.09+0.82 vs. 11.05+0.71
mmHg-min~! per ml, P = NS) were unchanged over the
course of the experiment.

The effect of intrarenal infusion of L-NMMA on urinary
excretion of sodium, water, and protein in rats of groups I and

Group RPP GFR RPF RVR
mmHg ml/min mmHg- min~' per ml
Group I v
Control, baseline 116+3 0.97+.04 5.47+.36 11.04+.65
L-NMMA
250 ug-kg™! per min 129+3* 0.86+.02* 4.69+.18* 14.09+.59*
500 ug/kg/min 138+2* 0.69+.02* 3.88+.28* 18.83+1.06*
Group II
Snare, baseline 12621 0.99+.06 5.52+.31 11.39+.56
L-NMMA
250 pg/kg/min 126+2 0.85+.02* 4.64+.24* 13.60+.71
500 pg/kg/min 12621 0.61+.03* 3.21+.24% 20.69+1.98*

Refer to glossary for definition of terms. All values expressed as mean+SEM. * P < 0.05 vs. baseline; ' P < 0.05 group II vs. group I same period.
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Figure 1. Renal excretory function in rats of study I in the baseline
and after renal arterial infusion of the NO synthase inhibitor, L-
NMMA. Urinary excretion rates of sodium (A ), water (B), and pro-
tein (C) are shown for control rats (group I), in whom RPP varied
spontaneously, and aortic-snare rats (group II), in whom RPP was
fixed at baseline levels. * P < 0.05 vs. baseline; 1 P < 0.05 group I vs.

group II.

II is shown in Fig. 1. In control rats, in whom RPP was allowed
to increase, a significant increase in sodium excretion com-
pared with baseline was observed at both doses of L-NMMA
(Fig..1 A). In contrast, in snared rats, in whom RPP remained
at basal levels, urinary sodium excretion did not increase at 250
ug-kg™! per min and significantly decreased compared with
baseline at the higher dose of L-NMMA. In snared rats, urinary
sodium excretion was significantly decreased compared with
control rats at both dose levels of L-NMMA. Thus, when the
increase in RPP is prevented, intrarenal NO synthase inhibi-
tion has a significant antinatriuretic effect. A similar pattern

was observed for urine flow rate (Fig. 1 B). In group I rats,
L-NMMA infusion resulted in a dose-dependent increase in
urine flow rate. In contrast, in group II rats, infusion of L-
NMMA induced a marked antidiuretic effect. Fig. 1 C shows
the effect of intrarenal L-NMMA infusion on urinary protein
excretion rate. As can be seen in group I rats, when RPP is
allowed to increase, the highest dose of L-NMMA induced a
significant increase in protein excretion rate. The proteinuric
effect of intrarenal L-NMMA was completely prevented when
RPP was maintained at basal levels (group II). Thus, L-
NMMA-induced proteinuria was dependent on a concomitant
increase in RPP.

Study 11. Effect of salt-loading on serum NO, + NO; levels
and urinary NO, + NO; excretion rates

Body weight increased significantly over the 2-wk experimental
period in both group III (control, baseline vs. final, 280+3 vs.
366+6 g, P < 0.05) and group IV (salt-loaded, 281+2 vs.
355+2 g, P < 0.05) rats, however, final body weight was not
different between control (group III) and salt-loaded (group
IV) rats. Urine sodium excretion increased slightly in group III
rats (baseline vs. final, 0.78+0.27 vs. 1.90+0.12 meq/24 h, P
< 0.05) consistent with growth. In group IV rats, urine sodium
excretion increased dramatically in response to salt loading
(baseline vs. final, 0.63+0.14 vs. 5.30+0.66 meq/24 h, P
< 0.05, P < 0.05 vs. group III).

60
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Figure 2. Serum concentrations of NO2 + NO3 (4) and urinary NO2
+ NO3 excretion rate ( B) in rats of study II, in the baseline and after
2 wk of either normal (group III) or increased (group IV) dietary salt
intake. * P < 0.05 vs. baseline; + P < 0.05 group III vs. group IV.
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Serum levels of NO, + NO; in group III and group IV rats
at baseline and after the 2-wk experimental period are shown in
Fig. 2. Baseline values for serum NO, + NO, were not different
between the two groups (Fig. 2 4). After 2 wk the serum NO,
+ NO,; was 41.1+3.7 nmol - m1~! per 100 g body wt in control
rats, a value not significantly different from baseline in this
group. In contrast, the serum levels of NO, + NO; rose signifi-
cantly in group IV (salt-loaded) rats to 51.9+3.6 nmol - ml™!
per 100 g body wt. This value was significantly higher than
baseline for this group (P < 0.05) and, in addition, was signifi-
cantly higher than the 2-wk value in group II (control, P
< 0.05).

Fig. 2 B demonstrates a significant rise in urinary excretion
of NO, + NO; in both the control (group III) and salt-loaded
(group IV) rats between baseline and 2 wk (Fig. 2 B). How-
ever, at the end of the 2-wk experimental period, urinary excre-
tion of NO, + NO, was significantly higher in salt-loaded as
compared with control rats (group IV vs. group III, 4,078+478
nmol- 24 h~! per 100 g body wt vs. 3,123+182 nmol-24 h™!
per 100 gm body wt, P < 0.05). Thus, in these normal rats, salt
loading was associated with a significant increase in the serum
concentration and urinary excretion of NO, + NO,. Further-
more, as shown in Fig. 3, when baseline and final values of rats
in groups III and IV were considered, there was a highly signifi-
cant correlation between urinary excretion of NO, + NO; and
urinary sodium excretion (R? = 0.728, P < 0.001).

Group III and group IV rats had similar urinary cGMP
excretion rates at baseline (Fig. 4), and ¢cGMP excretion rate
increased significantly compared with baseline after 2 wk in
both groups of rats. However, as shown in Fig. 4, salt-loaded
rats (group IV) demonstrated a greater increase in urinary
cGMP excretion rate, reaching a final level that was signifi-
cantly increased as compared with control rats (group III).
Similar to the urinary NO, + NO, excretion, urinary cGMP
excretion was also significantly correlated with urinary sodium
excretion (P < 0.001). Finally, we also found a significant and
positive correlation between urinary excretion of NO, + NO,
and cGMP (P < 0.01, data not shown), thus confirming an
association between these three urinary parameters, and
strongly suggesting that salt loading causes increased produc-
tion of endogenous NO.

17500

12500 °

2
R =0.728

P < 0.001

2500 T T T T
0 2000 4000 6000
Urinary Na Excretion Rate
(neq/24 h)

Urinary NO2+NO3 Excretion Rate
(nanomol/24 h)

1
8000

Figure 3. Regression line of urinary NO, + NO, excretion rate on
urinary sodium excretion rate in rats of study II. Data points are for
rats in baseline condition and after 2 wk on either normal (group
IIT) or increased (group IV) salt intake.
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Figure 4. Effect of dietary salt intake on urinary excretion of cGMP in
rats of study II. Urinary cGMP excretion is shown in the baseline
and after 2 wk on normal (group III) or increased (group IV) salt in-
take. * P < 0.01 vs. baseline; 1 P < 0.05 group III vs. group IV.

Effect of chronic salt loading on renal hemodynamic
responses to NO synthase inhibition

Values for body weight, left kidney weight, 24-h urine volume,
and sodium excretion for rats in group V (control) and group
VI (salt loaded) are shown in Table II. As can be seen, although
high dietary salt intake did not significantly effect body weight,
salt loading was associated with a significant increase in kidney
weight. As expected, urinary sodium excretion rate increased
markedly in response to increased salt intake in group VI rats.
Urine volume tended to increase as well in group VI compared
with group V rats, but this difference did not achieve statistical
significance.

Renal hemodynamic responses to intrarenal NO synthase
inhibition are shown in Table III. L-NAME infusion induced a
dose-dependent increase in RPP that was similar in magnitude
in control and salt-loaded rats. As expected, group V (control)
rats demonstrated a dose-dependent decrease in GFR and
RPF, whereas RVR significantly increased. These hemody-
namic effects were similar to those observed in study I after
renal artery infusion of L-NMMA. In group VI rats these
changes were directionally similar; however, at the highest dose
of L-NAME, GFR fell to a significantly lower level as compared
with group V rats. The fall in RPF and increase in RVR also
tended to be of greater magnitude in salt-loaded as compared
with control rats, but these differences did not achieve statisti-
cal significance. To facilitate comparison of the magnitude of

Table 2. Characteristics of Rats in Group V (Control)
and Group VI (Salt loaded) after 2-wk Experimental Period

Left Urine Urine sodium
Group Body weight kidney weight volume excretion
&g mi/24 h meq/24 h
Group V,
control 391+4 1.45+.03 16.2+2.2 2.04+.37
P value NS <0.01 NS <0.001
Group VI,
salt loaded 40619 1.65+.05 20.6+4.6 8.10+1.10




Table II1. Renal hemodynamic parameters of rats in Study IT

Group RPP GFR RPF RVR
mmHg mi/min mmHg- min~' per ml
Group V
Control, baseline 121+4 0.93+.05 5.64+.41 11.09+.83
L-NAME
50 ug- kg™ per min 133+4* 0.73+0.4* 3.33+.28* 21.83+2.47*
125 ug/kg/min 146+3* 0.67+.03* 3.00+.23* 26.18+2.42*
Group VI
Salt-loaded, baseline 124+4 1.02+.06 5.79+.25 10.85+.57
L-NAME
50 ug/kg/min 135+4* 0.73+.04* 3.31+.17* 20.81+1.25*
125 ug/kg/min 145+4* 0.60+.03* 2.57+.17* 30.00+2.69*

Refer to glossary for definition of terms. All values expressed as mean+SEM.

* P < 0.05 vs. baseline; ' P < 0.05 group VI vs. group V same period.

the hemodynamic responses of groups V and VI to the highest
dose of L-NAME, Fig. 5 shows these data expressed as percent
change from baseline values. As can be seen in Fig. 5 4, the
systemic pressor response was not different in control and salt-
loaded rats, however, the renal vasoconstrictor response to
high-dose L.-NAME tended to be greater in group VI (salt-
loaded) as compared with group V (control) rats (P = 0.06).
The decrease in GFR and RPF, expressed as percentage change
from baseline values, was significantly greater in salt-loaded as
compared with control rats (Fig. 5 B). Thus, in rats exposed to
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Figure 5. Effect of renal arterial infusion of the NO synthase inhibitor,
L-NAME (125 ug- kg™ per min), on renal hemodynamics in rats of
study II, after 2 wk on normal (group V) or increased (group VI) di-
etary salt intake. (A4) Percent change from baseline in RPP and RVR.
(B) Percent change from baseline in GFR and RPF.

a high dietary salt intake for 2 wk, there was a greater renal
hemodynamic response to maximal NO synthase inhibition
than was observed in control rats.

Discussion

Over the last decade it has become increasingly apparent that,
in addition to regulation of vascular permeability and control
of hemostasis, the vascular endothelium is important in the
regulation of vascular tone and regional hemodynamics (30).
Investigation in this area has made it clear that control of vascu-
lar function by the endothelium is quite complex and involves
the balanced synthesis and release of both vasodilator (prosta-
cyclin, EDRF/NO) and vasoconstrictor (endothelin, endothe-
lium-derived contracting factor) substances (31). Modulation
of regional hemodynamics by the endothelium has perhaps
been best demonstrated by investigations into renal hemody-
namics and excretory function.

It has become clear that the vasodilatory action of acetyl-
choline, when studied in vitro, is due to stimulation and release
of the EDRF, NO (1-3). Tolins and coworkers ( 14) recently
demonstrated that the renal hemodynamic effects of acetylcho-
line in vivo are also mediated by the EDRF, NO. In experimen-
tal animals acetylcholine infusion results in decreased systemic
blood pressure, a large increase in glomerular capillary plasma
flow, but no change in single-nephron GFR, resulting in a fall
in filtration fraction (32, 33). Acetylcholine infusion has also
been reported to have a diuretic and natriuretic effect (33, 34).
Lahera et al. (35) reported that this acetylcholine-induced di-
uretic effect was dependent on intact NO synthase activity.
Thus, in vivo experimental evidence suggests that stimulation
of NO synthesis results not only in vasodilatation, but diuresis
and natriuresis as well.

Further evidence supporting a role of NO in modulation of
renal function has come from studies using inhibitors of NO
synthase in vivo (15-20). These studies suggest that inhibition
of endogenous NO synthase results in decreased GFR and
renal vasoconstriction with a subsequent increase in filtration
fraction. On a microcirculatory level, these changes are asso-
ciated with a predominant vasoconstrictor effect on the post-
glomerular circulation, an increase in glomerular capillary

Nitric Oxide and Adaptation to Increased Dietary Salt Intake ~ 647



pressure, and a fall in glomerular ultrafiltration coefficient.
However, interpretation of these studies has been complicated
due to the simultaneous systemic effects of these NO synthase
inhibitors, resulting in increased RPP. It has remained unclear
to what degree the effects of inhibition of NO synthase on renal
hemodynamics (increased RVR) and excretory function (di-
uresis and natriuresis) are direct or due to renal responses to
increased RPP, such as autoregulation (36) and pressure natri-
uresis (37), respectively.

In this regard, Radermacher et al. (38) observed that both
L-NMMA and nitro-L-arginine increased renal vascular resis-
tance in the isolated perfused kidney of the rat, an experimen-
tal model free from systemic hemodynamic influences. Lahera
et al. (18) investigated the renal functional response to intrave-
nous infusions of L-NAME in the rat. They reported that dur-
ing low-dose L-NAME infusion (1 ug-kg™' per min i.v.),
which did not significantly change systemic arterial pressure,
there was a significant decrease in renal sodium and water ex-
cretion rate. In contrast, higher doses of L-NAME (50 ug-kg™!
per min) induced an increase in systemic blood pressure and
were associated with a diuretic and natriuretic effect. Both
these studies suggested that NO synthase inhibition had effects
on renal hemodynamics and excretory function that were inde-
pendent of systemic hemodynamic responses.

Study I was designed as an attempt to discern direct from
indirect effects of NO synthase inhibition on both renal hemo-
dynamics and excretory function. Our experimental model al-
lowed evaluation of responses of the intact in situ kidney to
maximal intrarenal NO synthase inhibition, while preventing
any influence of alterations in RPP. We have demonstrated
that the renal vasoconstriction and fall in GFR observed during
NO synthase inhibition occur, and are perhaps accentuated,
when renal perfusion pressure remains constant. This suggests
that the renal hemodynamic effects of NO synthase inhibition
are due to a direct action on the kidney and not secondary to
adaptations such as renal autoregulation. In contrast, it is ap-
parent that the diuresis and natriuresis observed during NO
synthase inhibition are indeed secondary to and dependent on
the concomitant increase in RPP, and thus represent a pressure
natriuresis. These results are in agreement with the work of
Johnson and Freeman (21), who previously suggested that sys-
temic inhibition of NO synthase produces a pressure-depen-
dent natriuresis. The results of study I are also consistent with
previous reports of a natriuretic effect of agonists of the EDRF,
NO, such as acetylcholine (33, 34); as well as the work of
Alberola et al. (39) in which it was reported that, in the dog, the
natriuresis and diuresis induced by extracellular volume ex-
pansion with saline was blunted during intrarenal L-NAME
infusion. These previous studies suggest that stimulation of NO
activity increases renal sodium excretion. Our data suggests
that the direct renal effect of inhibition of NO activity is a
decrease in sodium excretion. Taken together, these results
suggest that activity of the endogenous NO system may play an
important role in modulation of renal sodium handling.

In study I we also made the novel observation that acute
NO synthase inhibition has a significant proteinuric effect and
that this increase in protein excretion is completely prevented
by fixing renal perfusion pressure at basal levels. This suggests
that the proteinuric effect of NO synthase inhibition is second-
ary to acute hemodynamic alterations in association with an
increase in RPP, most likely increased glomerular capillary
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pressure and increased filtration fraction (40), hemodynamic
changes previously observed during NO synthase inhibition by
Zatz and DeNucci (16). Because the increase in proteinuria
was prevented in snared rats, we can speculate that the increase
in glomerular capillary pressure observed after NO synthase
inhibition (16) also depends on an increase in RPP and trans-
mission of this pressure to the glomerular capillary bed. It is
interesting that identical glomerular hemodynamic effects and
proteinuria have been demonstrated during exogenous angio-
tensin Il infusion in the rat (41). Indeed, previous reports have
suggested that part of the renal hemodynamic effect of NO
synthase inhibition may be secondary to increased activity of
angiotensin II within the glomerular circulation (15, 20). It
should be emphasized that the mechanism underlying L-
NMMA-induced proteinuria was not directly addressed in the
current study and so the importance of glomerular microcircu-
latory effects must remain speculative.

The results of study I suggested that the endogenous NO
system may play a role in renal sodium handling, with in-
creased NO activity stimulating sodium excretion and de-
creased NO activity resulting in sodium retention. Further-
more, a recent report by Chen and Sanders (22 ) suggested that
a defect in NO synthesis may underlie the phenomenon of
salt-sensitive hypertension in rats. These investigators noted
that, in Dahl rats, an increased dietary salt load resulted in
increased activity of the NO system in salt-resistant, but not
salt-sensitive rats. They hypothesized that the development of
salt-sensitive hypertension may be secondary to an inability to
enhance NO synthesis in response to increased dietary salt
load. However, the conclusions of this study were based pre-
dominantly on the hemodynamic response to NO synthase
inhibitors or the response to exogenous L-arginine, rather than
direct measurements of NO metabolites. Furthermore, it is pos-
sible that the defect in NO production in hypertensive Dahl
rats is a result rather than a cause of salt-sensitive hypertension
(42). Study II was designed to further define the relationship
between the adaptation to increased dietary salt intake and the
endogenous NO system in normal rats.

In study II we observed that the serum concentration and
urinary excretion of the NO decomposition products, NO,
+ NO,, were increased in salt-loaded rats as compared with
control rats, providing evidence that NO production increases
in response to increased dietary salt intake in normal rats. Al-
though the circulating and excreted NO, + NO; may not be
exclusively derived from metabolism of NO, our previous stud-
ies in rats given endotoxin (26) as well as a recent study using
5N-labeled substrate for NO synthase in humans (43) have
established that changes in serum and urine levels of NO,
+ NO; do reflect in vivo production of NO. The source of the
increased NO detected in response to increased dietary salt
intake cannot be determined from the present studies. How-
ever, ex vivo incubations of tissues from rats exposed to endo-
toxin suggest that both vascular tissue and the kidney, particu-
larly the glomerulus, are a major source of inducible NO pro-
duction (26, 44). Whether this holds true in the setting of
salt-loading will need to be determined in future studies.

The conclusion that NO production increases in response
to increased dietary salt intake is supported by the finding of a
significant correlation between urinary sodium excretion, a re-
flection of intake, and urinary NO, + NO; excretion. Similarly,
urinary sodium excretion also correlated with urinary cGMP



excretion, another biological marker of NO activity in vivo
(14, 26). Moreover, there was a significant correlation between
urinary NO, + NO; and cGMP excretion rates, providing fur-
ther evidence that these two markers are related, most likely by
reflecting endogenous NO activity. The urinary cGMP excre-
tion rate was significantly increased in salt-loaded as compared
with control rats. This latter finding must be interpreted
cautiously, however, as an increase in atrial natriuretic peptide
levels in response to salt loading could be contributory (44).

The hemodynamic responses of rats in study II to NO syn-
thase inhibition also support our conclusion that increased di-
etary salt intake increases endogenous NO activity. After 2 wk
of exposure to a high dietary salt intake, although baseline renal
hemodynamic parameters were similar, intrarenal infusion of
L-NAME was associated with a greater decrease in GFR and
RPF and a tendency to an enhanced RVR response compared
with control rats. This suggests that the basal renal hemody-
namic state was characterized by enhanced endogenous NO
activity in the salt-loaded group.

In summary, the current study demonstrates that inhibi-
tion of NO synthase in vivo results in direct renal hemody-
namic and excretory effects, independent of changes in RPP.
In particular, NO synthase inhibition is associated with a de-
crease in urinary sodium excretion when a concomitant in-
crease in RPP is prevented. Furthermore, exposure of normal
rats to a high salt diet for 2 wk induces increased NO produc-
tion as determined by increases in serum concentrations of
NO, + NO; and increased urinary excretion rate of NO, + NO,
and cGMP. Chronically salt-loaded rats also demonstrated an
enhanced renal hemodynamic response to NO synthase inhibi-
tion compared with rats with a normal salt intake. We con-
clude that the endogenous NO system participates in the physi-
ological renal adaptation to increased dietary salt intake. Clari-
fication of the role of NO in salt-induced hypertension and
other pathological conditions associated with abnormal so-
dium homeostasis awaits future studies.
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