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Role of Inducible Nitric Oxide Synthase in Rostral
Ventrolateral Medulla in Blood Pressure Regulation
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Nitric oxide (NO) in the brainstem modulates blood pressure (BP). Overexpression of
inducible NO synthase (iNOS) in the rostral ventrolateral medulla (RVLM) increases
BP in normotensive Wistar-Kyoto rats (WKY), but its role in BP regulation in sponta-
neously hypertensive rats (SHR) is unknown, We examined iNOS expression and the
effect of iNOS inhibitors in the RVLM on BP and heart rate in SHR and WKY. iNOS
levels in the RVLM were significantly higher in SHR than in WKY. Bilateral microin-
Jjection of aminoguanidine into the RVLM dose-dependently decreased BP and heart
rate in SHR, but not in WKY. These findings suggest that iNOS expression in the RVLM
of SHR contributes to increase BP.

Keywords blood pressure, heart rate, brain, nitric oxide, sympathetic nervous system

Introduction

Nitric oxide (NO) in the brainstem plays an important role in cardiovascular regulation via
the autonomic nervous system (1,2). In general, NO in the brainstem inhibits sympathetic
nerve activity (1,2). The rostral ventrolateral medulla (RVLM) in the brainstem is respon-
sible for maintaining the tonic excitation of the sympathetic nervous system in cardiovas-
cular regulation (3,4). Thus, the functional integrity of the RVLM is essential for
maintaining basal vasomotor tone, and abnormalities of the RVLM might be involved in
the pathogenesis of hypertension (3,4).

There are three types of NO synthase (NOS): neuronal NOS (nNOS), endothelial
NOS (eNOS), and inducible NOS (iNOS) (5,6). nNOS is normally abundant in the brain
(5,6). nNOS and eNOS are constitutively expressed, but iNOS expression is induced by
inflammatory stimuli (5,6). Hypertension may be, in part, an inflammatory disorder (7-9).
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We previously demonstrated that overexpression of iNOS in the RVLM elicits hypertension
in normotensive rats by activating the sympathetic nervous system (10). The aim of the
present study was thus to examine whether iNOS expression levels in the RVLM are
enhanced in spontaneously hypertensive rats (SHR) compared to Wistar-Kyoto rats (WKY),
and if so, whether inhibiting iNOS in the RVLM reduces blood pressure (BP) in SHR.

Material and Methods

The present study was approved by the Committee on Ethics of Animal Experiments,
Faculty of Medicine, Kyushu University, and conducted according to the Guidelines for
Animal Experiments of the Faculty of Medicine, Kyushu University.

General Preparation

Male SHR and WKY (14 weeks old, SLC Japan, Hamamatsu, Japan) were placed on stan-
dard feed and had free access to drinking water.

Western Blot Analysis for iNOS in the RVLM

The animals were deeply anesthetized with sodium pentobarbital (100 mg/kg IP) and
perfused transcardially with phosphate-buffered saline. Western blot analysis for iNOS
protein was performed on tissue obtained from the RVLM, anatomically identified using a
punch-out technique, as previously described (11). We used mouse immunoglobulin G
monoclonal antibody to iNOS (1:2500, Transduction Laboratories, Lexington, KY).

Microinjection into the RVLM

Rats were placed in a stereotaxic frame and the dorsal surface of the medulla was exposed
under anesthesia induced by sodium pentobarbital (50 mg/kg, IP followed by 20 mg/kg
per h, IV). The pressor site of the RVLM was identified as described previously (10,12).
We microinjected aminoguanidine (50, 125, or 250 pmol) or 2-amino-5,6-dihydro-6-
methyl-4H-1,3thiazine (AMT; 5 pmol) bilaterally into the RVLM of SHR and WKY.

Statistical Analysis

All values are expressed as means = SEM. An unpaired r-test was used to compare the values
between the two groups. Differences were considered to be significant at the level of P <0.05.

Results

Expression Level of iNOS in the RVLM

The results of the Western blot analysis indicated that iNOS protein expression levels in
the RVLM were significantly higher in SHR than in WKY (Figure 1).

Effect of Microinjection of iNOS Inhibitors Into the RVLM on BP and Heart Rate

The time courses of changes in BP and heart rate (HR) induced by bilateral microinjection
of aminoguanidine into the RVLM are shown in Figure 2.
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Figure 1. Western blot analysis for INOS protein in RVLM tissues taken from WKY and SHR (n =5
for each). *P < 0.05 between the groups. Abbreviations: iNOS- inducible No Synthase, RVLM-
rostral ventrolateral medulla, WKY- Wistar-Kyoto rats, SHR-Spontaneously hypertensive rats.
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Figure 2. Time courses of mean blood pressure and heart rate induced by bilateral microinjection of
aminoguanidine into the RVLM of WKY and SHR (n = 6 for each). *P < 0.05. Abbreviations:
RVLM- rostral ventrolateral medulla, WKY- Wistar-Kyoto rats, SHR- Spontaneously hypertensive
rats.
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Figure 3. Changes in mean blood pressure evoked by bilateral microinjection of 2-amino-5,6-dihydro-
6-methyl-4H-1,3thiazine (AMT) into the RVLM of WKY and SHR (n = 5 for each). *P < 0.05.
Abbreviations: RVLM = rostral ventrolateral medulla, WKY- Wistar-Kyoto rats, SHR- spontaneously
hypertensive rats.

Aminoguanidine elicited dose-dependent decreases in BP and HR in SHR. The
highest dose of aminoguanidine (250 pmol), however, did not affect BP or HR in WKY
(Figure 2). Bilateral microinjection of AMT into the RVLM also decreased BP in SHR,
but not in WKY (Figure 3).

Discussion

The major findings of the present study were that 1) iNOS expression levels in the RVLM
were greater in SHR than in WKY, and 2) inhibition of iNOS in the RVLM elicited a
depressor response in SHR, but not in WKY. Together, these findings suggest that increased
iNOS expression in the RVLM might be involved, at least in part, in hypertension in SHR.

The expression of iNOS protein in the RVLM was higher in SHR than in WKY. Ina
previous study, we demonstrated that iINOS expression levels in the brainstem were also
greater in stroke-prone SHR (SHRSP) than in WKY (13). In the present study, we did not
compare the expression levels of constitutively expressed NOS, such as eNOS and nNOS.
The expression levels of eNOS and nNOS in the RVLM of SHRSP do not differ, however,
between SHRSP and WKY (12). Moreover, overexpression of eNOS in the RVLM
decreases blood pressure in SHRSP (12), suggesting that NO produced by eNOS behaves
differently from that produced by iNOS.

Hypertension may be, in part, an inflammatory disorder (7-9). There is increased
iNOS expression in the aorta of SHR, which is attenuated by anti-hypertensive therapy,
suggesting that abnormal expression of iNOS is associated with hypertension (9).

Interestingly, there is a smaller decrease in eNOS activity and expression in the aorta
of SHR compared with that of WKY (9). This smaller decrease in eNOS is also observed
in brain microvessels in SHR (6). Our findings are consistent with the results of these pre-
vious studies and further suggest that the inhibition of iNOS in the RVLM reduces blood
pressure in SHR, but not in WKY. Overexpression of eNOS in the RVLM decreases blood
pressure in SHRSP (12). In contrast, overexpression of iNOS in the RVLM increases
blood pressure in WKY (10), which might be due to an increase in oxidative stress in the
RVLM (10). Therefore, we hypothesize that an increase in oxidative stress in the RVLM
of SHR is associated with an increase in iNOS expression, although we did not examine



