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Reduction of Nitric Oxide-Mediated y-Amino Butyric
Acid Release in Rostral Ventrolateral Medulla Is
Involved in Superoxide-Induced
Sympathoexcitation of Hypertensive Rats
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Takuya Kishi, MD, PhD; Kenji Sunagawa, MD, PhD

Background: The rostral ventrolateral medulla (RVLM) in the brainstem is responsible for regulation of the sympa-
thetic nervous system. In the RVLM, nitric oxide (NO)-mediated y-amino butyric acid (GABA) is a major sympatho-
inhibitory amino acid neurotransmitter and superoxide is a major sympathoexcitatory factor. In this study, we inves-
tigated whether or not NO-mediated GABA release is involved in superoxide-induced sympathoexcitation in the
RVLM of hypertensive rats.

Methods and Results: For our model hypertensive rats with sympathoexcitation, we used stroke-prone spontane-
ously hypertensive rats (SHRSP). GABA levels in the RVLM were measured by in vivo microdialysis. Microinjection
of tempol, a superoxide scavenger, into the RVLM decreased arterial pressure (AP), heart rate (HR), and renal
sympathetic nerve activity (RSNA) with an increase in GABA release in the RVLM. Microinjection of NG-mono-
methyl-L-arginine (L-NMMA), an NO synthase inhibitor, into the RVLM increased AP, HR, and RSNA with a decrease
in GABA release in the RVLM. Prior microinjection of L-NMMA into the RVLM attenuated the tempol-induced
changes in AP, HR, RSNA, and GABA release in the RVLM. Microinjection of bicuculline, a GABA receptor blocker,
into the RVLM attenuated the tempol- and L-NMMA-induced changes in AP, HR, and RSNA.

Conclusions: The findings suggest that reduction of NO-mediated GABA release in the RVLM is partly involved in
superoxide-induced sympathoexcitation of SHRSP. (Circ J 2012; 76: 2814—-2821)
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an important role in the pathogenesis of hyperten-

sion! and central mechanisms are crucially involved
in sympathetic hyperactivity.!> The rostral ventrolateral me-
dulla (RVLM) in the brainstem contains the pre-sympathetic
neurons that maintain baseline sympathetic tone,>? and previ-
ous studies have demonstrated that nitric oxide (NO) in the
RVLM inhibits the activation of the SNS.*7 The sympathoin-
hibitory effect of NO in the RVLM is considered to be reduced
in spontaneously hypertensive rats (SHR).*® Furthermore, y-
amino butyric acid (GABA) is a major inhibitory neurotrans-
mitter'” and GABA receptors in the RVLM have been demon-
strated.!12 Activating the GABAAa receptor inhibits the activity
of the RVLM neurons,'*!3 and it has been reported that, in

!- ctivation of the sympathetic nervous system (SNS) has

SHR, there is a GABAergic disinhibition of neuronal activ-
ity in the RVLM.*10.14-16 NO is an important mediator in the
autonomic nuclei, such as RVLM, paraventricular nucleus
(PVN), and nucleus tractus solitarii,*”-17-22 for cardiovascular
regulation, and acting on presynaptic terminals to increase ve-
sicular GABA release.!”-221 NO has been shown to increase
the release of GABA in the PVN and decrease arterial pres-
sure (AP), although the release of excitatory amino acids in the
PVN was also increased by NO.2> We also have demonstrated
that increased NO production by overexpression of endothe-
lial NO synthase (eNOS) caused GABAergic inhibition in the
RVLM.7?

Many previous studies in experimental animal models of
hypertension have indicated that superoxide in the brain con-
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tributes to the activation of the SNS, thereby increasing AP.?3-31
It has already been determined that superoxide causes sympa-
thoexcitation in the RVLM.?326-28 Although several mecha-
nisms of superoxide-induced sympathoexcitation have already
been determined,* the aim of the present study was to deter-
mine whether or not NO-mediated GABA release is involved
in superoxide-induced sympathoexcitation in the RVLM of
hypertensive rats with sympathoexcitation, which has not been
fully clarified. For this purpose, we used stroke-prone SHR
(SHRSP), and infused either 4-hydroxy-2,2,6,6-tetramethyl pi-
peridinoxyl (tempol), a superoxide dismutase (SOD) mimetic,
or NS-monomethyl-L-arginine (L-NMMA), an NO synthase
(NOS) inhibitor, into the RVLM. GABA levels in the RVLM
of SHRSP were measured before and during infusion of each
drug. Furthermore, bicuculline was also injected into the RVLM
to confirm the effects of GABA on superoxide-induced sym-
pathoexcitation and NO-induced sympathoinhibition in the
RVLM.

Methods

Animals and General Procedures

The study protocol was reviewed and approved by the Com-
mittee on the Ethics of Animal Experiments at the Kyushu
University Graduate School of Medical Sciences and conduct-
ed according to the Guidelines for Animal Experiments of
Kyushu University. Experiments were performed on male
SHRSP and Wistar-Kyoto rats (WKY) (280-340g, 14-18
weeks old; SLC Japan, Hamamatsu, Japan). Rats were initially
anesthetized with sodium pentobarbital (50 mg/kg intraperito-
neal followed by 20mg-kg'-h-! intravenous infusion). A cath-
eter was inserted into the femoral artery to record mean AP
(MAP) and heart rate (HR), and another catheter was inserted
into the femoral vein to allow for intravenous drug injections.
A tracheal cannula was connected to a ventilator, and the rats
were artificially ventilated. The left renal nerve was exposed
with a left retroperitoneal flank incision. Stainless steel bipolar
electrodes were placed beneath the renal nerve to record mul-
tifiber renal sympathetic nerve activity (RSNA).3>33 The rats
were placed in a stereotaxic frame with incisor bar and the
dorsal surface of the medulla was surgically exposed to allow
for positioning of the microinjection pipettes into the RVLM
(with the pipette angled rostrally 18°, 1.8 mm lateral, 3.5 mm
below the calamus scriptorius), as described previously.”-33
After identification of the RVLM by monitoring the response
to an injection of a small dose of L-glutamate,*?7-33 microin-
jection or microinfusion studies with in vivo microdialysis
were performed. At the end of each experiment, microinjec-
tion of the vehicle solution containing Evans blue dye (100nl)
was made into the RVLM injection or infusion site, using the
same coordinates as for the drug injections. The animal was
then killed by an overdose of sodium pentobarbital, and the
brain removed and placed in 10% formalin for at least 48 h.
Subsequently, 100-ym thick coronal sections of the brainstem
were cut on a microtome. The labeled sites of microinjection
were identified by examining the sections using a microscope.

Measurement of GABA Levels by In Vivo Microdialysis

A microdialysis probe with juxtapositional infusion cannula
(MI-C-I-12-01FEP; Eicom, Kyoto, Japan) was inserted in one
(unilateral) of the RVLM. The RVLM was perfused with Ring-
er solution (140 mmol/L NaCl, 4 mmol/L KCI, 1.26 mmol/L
CaClz, and 1.15 mmol/L. MgClz, pH 7.4) at a constant flow rate
of 3 yl/min through a microdialysis probe. To measure GABA
levels, the perfused dialysates were collected every 5 min, and

GABA levels were measured by high-performance liquid chro-
matography with an electrochemical detector (HTEC-500,
Eicom, Kyoto, Japan).”3* GABA levels were quantitated by
averaging 2 consecutive dialysate samples, which were ob-
tained at approximately >1 h after starting the brain perfusion
with Ringer’s solution.

Experimental Protocols

(1) To confirm the role of superoxide in the RVLM in the
regulation of AP, HR, and sympathetic nerve activity, tempol
(1nmol in 100nl) was acutely microinjected into both (bilat-
eral) RVLM of SHRSP and WKY. The dose of tempol was
chosen because there is a dose-response relationship between
different doses of tempol (0.01, 0.1, and 1 nmol) and effects
on MAP, as determined in a previous study,?” and was used
for subsequent microinjection experiments.

(2) To explore the role of superoxide in the RVLM in the
regulation of the GABA release, tempol (0.01, 0.1, or 1 nmol/
50nl/min) was infused for 10 min into the unilateral RVLM of
SHRSP through the juxtapositional infusion cannula attached
to the microdialysis probe, while recording AP, HR, and RSNA,
and collecting the perfused dialysates. We chose the dose of
tempol as 1 nmol/min for subsequent infusion experiments, be-
cause of the apparent sympathoinhibitory response to it.

(3) To explore the role of endogenous NO in the RVLM in
the regulation of AP, HR, RSNA, and the GABA release, L-
NMMA (10nmol/50nl/min) was infused for 10 min into the
unilateral RVLM of SHRSP through the juxtapositional infu-
sion cannula. This dose of L-NMMA was chosen because the
increases in MAP induced by infusion of 100nmol (10 nmol/min
for 10min) and 1 ymol (100 nmol/min for 10 min) in the uni-
lateral RVLM did not different (data not shown), and we con-
sidered that a total infusion of 100nmol (10nmol/min for
10 min) L-NMMA into the unilateral RVLM would be suffi-
cient to inhibit the effects of NO in the RVLM.

(4) To explore the role of endogenous NO in the RVLM in
superoxide-induced changes, tempol (1 nmol/50nl/min) was
infused for 10 min into the unilateral RVLM of SHRSP through
the cannula following the infusion of L-NMMA into the ipsi-
lateral RVLM (10nmol/50 nl/min for 10 min).

(5) To confirm that changes in AP, HR, and RSNA caused
by infusion of tempol or L-NMMA for 10 min were the re-
sult of an increase or decrease in GABA release, bicuculline
(200 pmol in 100nl) was acute microinjected into the bilateral
RVLM of SHRSP followed by acute microinjection of tempol
(1nmol in 100nl) or L-NMMA (10nmol in 100nl). The dose
of bicuculline was chosen because of the results in previous
studies.”? The dose of L-NMMA was chosen because we con-
firmed the pressor and sympathoexcitatory responses by infu-
sion of 10nmol/min L-NMMA in the unilateral RVLM at 1 min
after the initiation.

(6) To investigate whether glutamatergic excitatory inputs
into the RVLM are involved in superoxide-induced sympa-
thoexcitation, a glutamate receptor antagonist, kynurenic acid
(2.7nmol in 100nl) was acutely microinjected into the bilat-
eral RVLM of SHRSP, followed by acute microinjection of
tempol (1 nmol in 100nl). This dose of kynurenic acid was
chosen because of the results in previous studies.”*>3 Tempol
was acutely microinjected at 20-30min after the injection of
kynurenic acid, because we confirmed that the decreases in AP
and RSNA occurred rapidly and reached a peak value within
15-20min after the acute microinjection of kynurenic acid
into the bilateral RVLM, lasting for 40 min in the preliminary
experiments.
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Figure 1. Raw data of the response
of arterial pressure (AP), heart rate
(HR), and renal sympathetic nerve
activity (RSNA) to infusion of tempol
(1nmol/50nl/min for 10min) into the
unilateral rostral ventrolateral medulla
- of stroke-prone spontaneously hyper-
5 min tensive rats. bpm indicates beats/min.
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Figure 2. Response of arterial pressure (AP),
heart rate (HR), renal sympathetic nerve ac-
tivity (RSNA), and GABA levels in the unilat-
eral rostral ventrolateral medulla (RVLM) to
infusion of tempol (1 nmol/50 nl/min for 10min)
of stroke-prone spontaneously hypertensive
rats. Group data of tempol-induced changes
in mean AP (MAP), HR, RSNA, and GABA
levels in the RVLM. *P<0.01 (n=5 for each).
bpm indicates beats/min.

Tempol

Statistical Analysis

All values are expressed as the mean+=SEM. A paired t-test
was used to compare the changes in MAP, HR, RSNA, and
GABA values with a few exceptions. An unpaired t-test was
used to compare the baselines and changes in MAP, HR, and
RSNA between SHRSP and WKY, and to compare the chang-
es in MAP, HR, RSNA, and GABA values between the infu-
sion of tempol and L-NMMA plus tempol during the experi-
ments. Values of P<0.05 were considered significant.

Results

Effects of Tempol in the RVLM of SHRSP and WKY

Basal MAP and HR were significantly higher in SHRSP than
in WKY (18212 vs. 101£3 mmHg, 365%3 vs. 30543 beats/min,
P<0.01, n=5 for each). Acute microinjection of tempol into
the bilateral RVLM decreased MAP, HR, and RSNA (AMAP,
—33£8 mmHg; AHR, —29+5beats/min; ARSNA %baseline, —19+
2 %; n=5) in SHRSP, but not in WKY (AMAP, —4+1 mmHg;
AHR, —3%1 beats/min; ARSNA %baseline, —3%1 %; n=5). The

magnitude of the decreases in these variables was significantly
greater in SHRSP than in WKY (P<0.01).

Effects of Tempol on GABA Levels in the RVLM of SHRSP
Infusion of tempol for 10min into the unilateral RVLM de-
creased MAP (=192 mmHg from baseline 170+3 mmHg, n=5),
HR (-18+2beats/min from baseline 36712 beats/min, n=5), and
RSNA (-16%1%, n=5), and increased the level of GABA in the
dialysates (5.2+1.0nmol/sample from baseline 9.1+0.8 nmol/
sample, n=5) in SHRSP (Figures 1,2).

Effects of L-NMMA in the RVLM of SHRSP

Infusion of L-NMMA for 10min into the unilateral RVLM
increased MAP (921 mmHg from baseline 1692 mmHg, n=5),
HR (15%1 beats/min from baseline 367+4 beats/min, n=5), and
RSNA (51 %, n=5), and decreased the level of GABA in the
dialysates (—1.130.2 nmol/sample from baseline 10.621.4 nmol/
sample, n=5) in SHRSP (Figure 3).
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Figure 3. Response of arterial pressure (AP),
heart rate (HR), renal sympathetic nerve ac-
tivity (RSNA), and GABA levels in the rostral
ventrolateral medulla (RVLM) to infusion of
L-NMMA (10nmol/50nl/min for 10min) into
the unilateral RVLM of stroke-prone sponta-
neously hypertensive rats. Group data of L-
NMMA-induced changes in mean AP (MAP),
HR, RSNA, and GABA levels in the RVLM.
*P<0.01 (n=5 for each). L-NMMA, NG-mono-
methyl-L-arginine. bpm indicates beats/min.
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Figure 4. Raw data of the response
of arterial pressure (AP), heart rate
(HR), and renal sympathetic nerve ac-
tivity (RSNA) to infusion of L-NMMA
(10nmol/50nl/min for 10min) and sub-
sequent tempol (1nmol/50nl/min for
10min) into the unilateral rostral ven-
trolateral medulla of stroke-prone spon-
taneously hypertensive rats. L-NMMA,
NE-monomethyl-L-arginine. bpm indi-
cates beats/min.

5 min

Effects of L-NMMA on the Responses to Tempol in RVLM
of SHRSP

Following the infusion of L-NMMA for 10min into the uni-
lateral RVLM, infusion of tempol for 10 min into the ipsilat-
eral RVLM decreased MAP (—11£1 mmHg from baseline 176+
2mmHg, n=5), HR (-11+2beats/min from baseline 377t
5beats/min, n=5), and RSNA (-8%+1 %, n=5), and increased
the level of GABA in the dialysates (2.330.5 nmol/sample from
baseline 9.5+1.3 nmol/sample, n=5) in SHRSP (Figures 4,5).
The tempol-induced changes in these variables were signifi-
cantly attenuated by prior infusion of L-NMMA (Figure 5).
Although prior infusion of L-NMMA changed the basal val-
ues before the infusion of tempol, the percentage changes from
baseline induced by tempol were also significantly attenuated
by L-NMMA.

Effects of Bicuculline on the Responses to Tempol or
L-NMMA in the RVLM of SHRSP

Prior acute microinjection of bicuculline into the bilateral
RVLM of SHRSP attenuated the tempol-induced depressor

Circulation Journal

and sympathoinhibitory responses and L-NMMA-induced pres-
sor and sympathoexcitatory responses (Figure 6). Although
prior acute microinjection of bicuculline changed the basal
values before acute microinjection of tempol or L-NMMA, the
percentage changes from baseline induced by tempol or L-
NMMA were also significantly attenuated by bicuculline.

Effects of Kynurenic Acid on the Responses to Tempol in
the RVLM of SHRSP

Acute microinjection of kynurenic acid into the bilateral RVLM
significantly decreased MAP (—58+5 mmHg from baseline 182+
4mmHg, n=5), HR (-37x6beats/min from baseline 361+
3beats/min, n=5), and RSNA (-25+3 %, n=5) in SHRSP. The
depressor and sympathoinhibitory responses caused by the acute
microinjection of tempol into the bilateral RVLM were un-
changed between before and after acute microinjection of kyn-
urenic acid (Figure 7). Although kynurenic acid changed the
basal values before acute microinjection of tempol, the percent-
age changes from baseline induced by tempol were also un-
changed.
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Figure 6. Effect of bicuculline (200 pmol) in the rostral ventrolateral medulla (RVLM) on the responses to acute microinjection of
tempol (1nmol) or L-NMMA (10nmol) into the bilateral RVLM of stroke-prone spontaneously hypertensive rats. Prior microinjection
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Discussion

We have demonstrated 3 major findings. First, infusion of
tempol into the RVLM increased GABA release in the RVLM
with sympathoinhibition in SHRSP, and these responses were
attenuated by prior infusion of bicuculline into the RVLM.
Second, infusion of L-NMMA into the RVLM decreased GABA
release in the RVLM with sympathoexcitation in SHRSP. Third,
prior infusion of L-NMMA into the RVLM attenuated the tem-
pol-induced increase in GABA release with sympathoinhibi-
tion in SHRSP. In particular, we were able to detect changes
in GABA release using a microdialysis technique. Thus, in the
present study, we provide the first evidence that superoxide
inhibits NO-mediated GABA release in the RVLM of SHRSP,
thereby increasing the activity of the SNS.

Many previous studies have indicated the microinjection of
tempol, widely used as an antioxidant agent,? into the RVLM
causes sympathoinhibition in animal models of hypertension,
probably via reduction of superoxide.?¢-?7-3-40 We also con-
firmed that microinjection of tempol into the RVLM resulted
in sympathoinhibition in SHRSP, but not in WKY, in the pres-
ent study. In addition, we also showed that prior injection of
bicuculline into the RVLM attenuated the tempol-induced de-
crease in MAP and HR with sympathoinhibition. These results
suggest that the increase in GABA release in the RVLM caused
by a reduction of superoxide is functionally relevant to sym-
pathoinhibition. Moreover, in the present study, we confirmed
that NO-mediated GABAergic inputs into the RVLM are in-
volved in tonic inhibition of the SNS in SHRSP, consistent with
the results from previous studies in normotensive rats.”41:42
NO acts on presynaptic terminals to increase vesicular GABA
release,!”-20:21 although postsynaptic inhibitory effects of NO
on neuronal firing have also been reported.!”43

In the present study, we also demonstrated that prior infu-
sion of L-NMMA into the RVLM attenuated the tempol-in-
duced increase in GABA release with sympathoinhibition in
the RVLM of SHRSP. Although we did not measure superox-
ide production in the RVLM of SHRSP, these results suggest
that a reduction of NO-mediated GABA release in the RVLM
is involved in sympathoexcitation, probably induced by super-
oxide in SHRSP, because tempol is as effective as native SOD

in preventing superoxide production.’” It has been demonstrat-
ed that superoxide reacts with and inactivates NO and thereby
modulates its bioavailability,'7# and that superoxide in the
RVLM of hypertensive rats is increased compared with nor-
motensive rats.?>26-28 In addition, previous reports indicate that,
in the RVLM, the modulatory effect of NO on GABA release
and the interaction between superoxide and NO are respec-
tively involved in the pathogenesis of hypertension in hyper-
tensive rats.’? Moreover, our findings suggest that superoxide
suppresses NO-mediated GAB Aergic inhibition in the RVLM
of SHRSP.

The RVLM is known to receive both excitatory and inhibi-
tory inputs,>*5 and glutamate is the major excitatory neurotrans-
mitter. In the present study, tempol-induced sympathoinhibi-
tion was attenuated by prior injection of bicuculline, but not
kynurenic acid, into the RVLM of SHRSP. Although we did
not measure glutamate levels in the RVLM of SHRSP, these
results suggest that GABAergic disinhibition might contribute
to superoxide-induced sympathoexcitaion in SHRSP. Further-
more, the majority of GABAergic neuronal terminals in the
RVLM come from the caudal ventrolateral medulla (CVLM)
and inhibit the neuronal excitability of RVLM neurons. 3154546
It has also been reported that inhibition of the CVLM or
blockade of its GABAergic inhibitory inputs to the RVLM by
injection of bicuculline into the RVLM caused a smaller pres-
sor response in SHR than in WKY.1%.14-16 Tn the present study,
we focused only on superoxide and NO-mediated GABA re-
lease in the RVLM, because the effects of GABA in the
RVLM are mainly caused by GABAergic inputs from the
CVLM into the RVLM. However, further examination is nec-
essary to clarify the relationship between the RVLM and
CVLM in the pathway of superoxide-NO-GABA-sympathetic
nerve activity. It would be important to investigate this issue
further, because abnormal activation of the SNS is the target
of treatments for various cardiovascular diseases.*’#

Study Limitations

First, we used L-NMMA, a non-selective inhibitor of all NOS
isoforms (neuronal, endothelial, and inducible) and we could
not explore the role of each isoform. These NOS isoforms
generate superoxide depending on the availability of L-argi-
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nine and tetrahydrobiopterine, a co-factor of NOS.!75 Second,
the NO concentration and superoxide levels in the RVLM re-
main to be determined. It is still difficult to measure NO con-
centration in vivo,*! causing it to be difficult to investigate the
role of NO, and we could not conclude whether NO produc-
tion itself or NO-mediated GABA release is reduced in the
RVLM of SHRSP. Further studies are needed to develop a
quantitative understanding of NO and superoxide. Third, we
did the examinations in SHRSP only, not WKY. However, the
aim of the present study was to investigate the further mecha-
nisms by which superoxide in the RVLM causes sympathoex-
citation in SHRSP. We speculate that infusion of tempol into
the RVLM will not change GABA levels in the RVLM of
WKY, because our recent previous study demonstrated that
chronic inhibition of superoxide did not change the MAP and
RSNA responses to microinjection of bicuculline into the
RVLM of WKY .3

Conclusions

Our results suggest that a reduction of NO-mediated GABA
release is partly involved in superoxide-induced sympathoex-
citation in the RVLM of SHRSP. Superoxide-induced reduc-
tion of GABA release in the RVLM may play an important
role in the mechanism of sympathoexcitation in SHRSP, and
NO-mediated GABA release in the RVLM should be more of
a focus in studies of the central mechanisms of sympathoexci-
tation, in addition to the direct action of superoxide in the
brain.

Acknowledgments

This study was supported by a Grant-in-Aid for Scientific Research from
the Japan Society for the Promotion of Science (B193290231, 22790709,
and B24390198) and, in part, a Kimura Memorial Foundation Research
Grant.

Disclosures
Conflict of Interest: None.

References

1. Guyenet PG. The sympathetic control of blood pressure. Nat Rev
Neurosci 2006; 7: 335-346.

2. Dampney RA. Functional organization of central pathways regulat-
ing the cardiovascular system. Physiol Rev 1994; 74: 323-364.

3. Dampney RA, Horiuchi J, Tagawa T, Fontes MA, Potts PD, Polson
JW. Medullary and supramedullary mechanisms regulating sympa-
thetic vasomotor tone. Acta Physiol Scand 2003; 177: 209-218.

4. Tseng CJ, Liu HY, Lin HC, Ger LP, Tung CS, Yen MH. Cardiovas-
cular effects of nitric oxide in the brain stem nuclei of rats. Hyperten-
sion 1996; 27: 36—-42.

5. Zanzinger J, Czachurski J, Seller H. Inhibition of basal and reflex-
mediated sympathetic activity in the RVLM by nitric oxide. Am J
Physiol 1995; 268: R958 —R962.

6. Kagiyama S, Tsuchihashi T, Abe I, Fujishima M. Cardiovascular ef-
fects of nitric oxide in the rostral ventrolateral medulla of rats. Brain
Res 1997; 757: 155—-158.

7. Kishi T, Hirooka Y, Sakai K, Shigematsu H, Shimokawa H, Takeshita
A. Overexpression of eNOS in the RVLM causes hypotension and
bradycardia via GABA release. Hypertension 2001; 38: 896—-901.

8. Kagiyama S, Tsuchihashi T, Abe I, Fujishima M. Enhanced depres-
sor responses to nitric oxide in the rostral ventrolateral medulla of
spontaneously hypertensive rats. Hypertension 1998; 31: 1030—1034.

9. Kishi T, Hirooka Y, Ito K, Sakai K, Shimokawa H, Takeshita A. Car-

diovascular effects of overexpression of endothelial nitric oxide syn-

thase in the rostral ventrolateral medulla in stroke-prone spontane-

ously hypertensive rats. Hypertension 2002; 39: 264 —268.

Smith JK, Barron KW. GABAergic responses in ventrolateral me-

dulla in spontaneously hypertensive rats. Am J Physiol 1990; 258:

R450-R456.

11. Bowery NG, Hudson AL, Price GW. GABAA and GABAB receptors

Circulation Journal

13.

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

binding sites distribution in the rat central nervous system. Neurosci-
ence 1987; 20: 365-383.

. Masuda N, Ootsuka Y, Terui N. Neurons in the caudal ventrolateral

medulla mediate the somato-sympathetic inhibitory reflex response
via GABA receptors in the rostral ventrolateral medulla. J Auton Nerv
Syst 1992; 40: 91-98.

Peng YJ, Gong QL, Li P. GABA(A) receptors in the rostral ventro-
lateral medulla mediate the depressor response induced by stimula-
tion of the greater splanchnic nerve afferent fibers in rats. Neurosci
Lett 1998; 249: 95-98.

Smith JK, Barron KW. Cardiovascular effects of L-glutamate and
tetrodotoxin microinjected into the rostral and caudal ventrolateral
medulla in normotensive and spontaneously hypertensive rats. Brain
Res 1990; 506: 1-8.

. Chalmers J, Arnolda L, Kapoor V, Llewellyn-Smith I, Minson J,

Pilowsky PM. Amino acid neurotransmitters in the central control of
blood pressure and in experimental hypertension. J Hypertens Suppl
1992; 10: S27-S37.

. Muratani H, Ferrario CM, Averill DB. Ventrolateral medulla in spon-

taneously hyperensive rats: Role of angiotensin II. Am J Physiol 1993;
264: R388—-R395.

Garthwaite J. Concepts of neural nitric oxide-mediated transmission.
Eur J Neurosci 2008; 27: 2783 -2802.

. Talman WT, Dragon DN. Transmission of arterial baroreflex signals

depends on neuronal nitric oxide synthase. Hypertension 2004; 43:
820-824.

. Talman WT. NO and central cardiovascular control: A simple mol-

ecule with a complex story. Hypertension 2006; 48: 552—554.

Li DP, Chen SR, Pan HL. Nitric oxide inhibits spinally projecting
paraventricular neurons through potentiation of presynaptic GABA
release. J Neurophysiol 2002; 88: 2664 —-2674.

Li DP, Chen SR, Finnegan TF, Pan HL. Signaling pathway of nitric
oxide in synaptic GABA release in the rat paraventricular nucleus. J
Physiol 2004; 554: 100—110.

Horn T, Smith PM, McLauglin BE, Bauce L, Marks GS, Pittman QJ,
et al. Nitric oxide actions in paraventricular nucleus: Cardiovascular
and neurochemical implications. Am J Physiol 1994; 266: R306—
R313.

Hirooka Y, Sagara Y, Kishi T, Sunagawa K. Oxidative stress and
central cardiovascular regulation: Pathogenesis of hypertension and
therapeutic aspects. Circ J 2010; 74: 827-835.

Peterson JR, Sharma RV, Davisson RL. Reactive oxygen species in
the neuropathogenesis of hypertension. Curr Hypertens Rep 2006;
8:232-241.

Chan SH, Tai MH, Li CY, Chan JY. Reduction in molecular synthe-
sis or enzyme activity of superoxide dismutases and catalase contrib-
utes to oxidative stress and neurogenic hypertension in spontaneously
hypertensive rats. Free Radic Biol Med 2006; 40: 2028 —2039.

Tai MH, Wang LL, Wu KL, Chan JY. Increased superoxide anion in
rostral ventrolateral medulla contributes to hypertension in spontane-
ously hypertensive rats via interactions with nitric oxide. Free Radic
Biol Med 2005; 38: 450-462.

Kishi T, Hirooka Y, Kimura Y, Ito K, Shimokawa H, Takeshita A.
Increased reactive oxygen species in rostral ventrolateral medulla con-
tribute to neural mechanisms of hypertension in stroke-prone spon-
taneously hypertensive rats. Circulation 2004; 109: 2357—-2362.
Kishi T, Hirooka Y. Sympathoinhibitory effects of atorvastatin in hy-
pertension. Circ J 2010; 74: 2552-2553.

Zimmerman MC, Davisson RL. Redox signaling in central neural
regulation of cardiovascular function. Prog Biophys Mol Biol 2004;
84: 125-149.

Zimmerman MC, Larzatigues E, Shrama RV, Davisson RL. Hyper-
tension caused by angiotensin II infusion involves increased super-
oxide production in the central nervous system. Circ Res 2004; 95:
210-216.

Campos RR, Bergamschi CT. Neurotransmission alterations in cen-
tral cardiovascular control in experimental hypertension. Curr Hy-
pertens Rev 2006; 2: 193—-198.

Ito K, Hirooka Y, Sakai K, Kishi T, Kaibuchi K, Shimokawa H, et al.
Rho/Rho-kinase pathway in brain stem contributes to blood pressure
regulation via sympathetic nervous system: Possible involvement in
neural mechanisms of hypertension. Circ Res 2003; 92: 1337—-1343.
Matsukawa R, Hirooka Y, Nishihara M, Ito K, Sunagawa K. Neu-
regulin-1/ErbB signaling in rostral ventrolateral medulla is involved
in blood pressure regulation as an antihypertensive system. J Hyper-
tens 2011;29: 1735-1742.

Matsuo I, Hirooka Y, Hironaga K, Eshima K, Shigematsu H, Shihara
M, et al. Glutamate release via NO production evoked by NMDA in
the NTS enhances hypotension and bradycardia in vivo. Am J Physi-
0l2001; 280: R1285-R1291.

Vol.76, December 2012



Superoxide and GABA in RVLM of Hypertensive Rats

2821

35.

36.

37.
38.

39.

40.

41.

42.

43.

Ito S, Komatsu K, Tsukamoto K, Sved AF. Excitatory amino acids
in the rostral ventrolateral medulla support blood pressure in sponta-
neously hypertensive rats. Hypertension 2000; 35: 413-417.
Nishihara M, Hirooka Y, Matsukawa R, Kishi T, Sunagawa K. Oxi-
dative stress in the rostral ventrolateral medulla modulates excitatory
and inhibitory inputs in spontaneously hypertensive rats. J Hypertens
2012; 30: 97-106.

Wilcox CS. Effects of tempol and redox-cycling nitroxides in models
of oxidative stress. Pharmacol Ther 2010; 126: 119—145.

Dugaich AP, Oliveira-Sales EB, Abreu NP, Boim MA, Bergamaschi
CT, Campos RR. Role of the rostral ventrolateral medulla in the arte-
rial hypertension in chronic renal failure. Int J Hypertens 2011; 2010:
219358.

Chan SH, Wu CW, Chang AY, Hsu KS, Chan JY. Transcriptional
upregulation of brain-derived neurotrophic factor in rostral ventro-
lateral medulla by angiotensin II-induced hypertension. Am J Hyper-
tens 2009; 22: 484 -492.

Chan SH, Wu CA, Wu KL, Ho YH, Chang AY, Chan JY. Transcrip-
tional upregulation of mitochondrial uncoupling protein 2 protects
against oxidative stress-associated neurogenic hypertension. Circ Res
2009; 105: 886—896.

Riediger T, Giannini P, Erguven E, Lutz T. Nitric oxide directly in-
hibits ghrelin-activated neurons of the arcuate nucleus. Brain Res 2006;
1125: 37-45.

Nauli SM, Pearce WJ, Amer A, Maher TJ, Ally A. Effects of nitric
oxide and GABA interaction within ventrolateral medulla on cardio-
vascular responses during static muscle contraction. Brain Res 2001;
922: 234-242.

Sun C, Sellers KW, Sumners C, Raizada MK. NAD(P)H oxidase
inhibition attenuates neuronal chronotropic actions of angiotensin II.

Circulation Journal

44,

45.

46.

47.

48.

49.

50.

S1.

Circ Res 2005; 96: 659—-666.

Ago T, Kuroda J, Kamouchi M, Sadoshima J, Kitazono T. Patho-
physiological roles of NADPH oxidase/nox family proteins in the
vascular system: Review and perspective. Circ J 2011; 75: 1791 -
1800.

Amano M, Kubo T. Involvement of both GABA(A) and GABA(B)
receptors in tonic inhibitory control of blood pressure at the rostral
ventrolateral medulla of the rats. Naunyn Schmiedebergs Arch Phar-
macol 1993; 348: 146-153.

Suzuki T, Takayama K, Miura M. Distribution and projection of the
medullary cardiovascular control neurons containing glutamate, glu-
tamic acid decarboxylase, tyrosine hydroxylase and phenylethanol-
amine N-methyltransferase in rats. Neurosci Res 1997; 28: 289—-290.
Kishi T, Sunagawa K. Combination therapy of atorvastatin and
amlodipine inhibits sympathetic nervous system activation and im-
proves cognitive function in hypertensive rats. Circ J 2012; 76:
1934-1941.

Yoshihisa A, Suzuki S, Miyata M, Yamaki T, Sugimoto K, Kunii H,
et al. ‘A single night’ beneficial effects of adaptive servo-ventilation
on cardiac overload, sympathetic nervous activity, and myocardial
damage in patients with chronic heart failure and sleep-disordered
breathing. Circ J 2012; 76: 2153—-2158.

Tsutamoto T, Sakai H, Ibe K, Yamaji M, Kawahara C, Nakae [, et al.
Effect of atorvastatin vs. rosuvastatin on cardiac sympathetic nerve
activity in non-diabetic patients with dilated cardiomyopathy. Circ J
2011;75: 2160-2196.

Murphy S, Gibson CL. Nitric oxide, ischaemia and brain inflamma-
tion. Biochem Soc Trans 2007; 35: 1133-1137.

Hall CN, Garthwaite J. What is the real physiological NO concentra-
tion in vivo? Nitric Oxide 2009; 21: 92—103.

Vol.76, December 2012



