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Brain Inflammation and Heart Failure
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FIGURE 5. Twenty-four-hour urinary norepinephrine excre-
tion as an indicator of activity of the SNS in the Ang Il and Veh

groups (TP < 0.05 vs. Veh group, n = 4 for each group). Data
are shown as mean + standard error of the mean.

inflammation mediated by the TLR4 and MyD88 in the brain-
stem is in part involved in the sympathetic hyperactivity and
LV remodeling in the Ml-induced HF and might be a new
target of the treatment of the Ml-induced HF (Fig. 7).
Accumulating evidence indicates that the RAS in the
brain contributes to the activation of the SNS via reactive
oxygen species (ROS).”# 111218293035 preyioys studies have
suggested that the RAS activates the SNS via brain ROS in
the Ml-induced HF.”*'!? Interestingly, we have demon-
strated that inducible NOS, a key enzyme of the inflamma-
tion, in the brain activates the SNS'*'¢ and that the AT;R in
the brain activates the SNS through the neural apoptosis in
hypertensive model rats.'® Based on these findings, we con-
sider that the inflammatory cascade via ROS induced by the
ATR in the brain might activate the SNS. In fact, we found
that the enhanced expression level of the NF-xB was
decreased after the blockade of the AT;R in the brain of the
Ml-induced HF mice. Although we did not measure the
oxidative stress in the brainstem of the MI-induced HF mice
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FIGURE 6. Western blots demonstrating the expression levels
of the TLR and MyD88 in the brainstem in the Ang Il group and
Veh group (FP < 0.05 vs. Veh group, n = 4, for each group).
Data are expressed as the ratio to the expression of the B-
tubulin. Data are shown as mean + standard error of the mean.

and did not determine the relationship between ROS and
TLR4 in the present study, previous studies have indicated
that the AT R in the brainstem activates the SNS via ROS in
the MI-induced HF.”'"!? Therefore, it is possible that the
inflammation mediated by the TLR4 and MyD88 in the brain
might be one of the key mediators in the sympathoexcitation
via ROS in the brain of the MlI-induced HF mice.

The important finding of the present study was that
central inhibition of the AT;R in the brain reduced the
expression levels of the TRL4 and MyD88 and the activity
of the SNS, thereby improving the remodeling process in the
Ml-induced HF. A previous report suggests that the pharma-
cological systemic inhibition of the MyD88 protected against
the LV dilatation and hypertrophy, and this protection occurred
despite no measurable reduction in infarct size.’® In the present
study, we infused the AT|R blocker or angiotensin II into the
brain by the ICV infusion and did not determine the exact site
in which these agents affect the brain. The dose of losartan and
angiotensin II used in the present study was insufficient to act
peripherally. There are several important autonomic nuclei in
the central nervous system, including the brainstem nuclei and
the hypothalamus,””*® and the AT|R in the brain distributes
richly in those nuclei**™*' Furthermore, the AT;Rs in those
nuclei are upregulated, associated with the sympathoexcita-
tion in the Ml-induced HF.”*!'""* Therefore, it is possible
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FIGURE 7. The scheme showing the
cascade suggested by the results of
the present study.

that activation of the AT;R in those nuclei deteriorates
the cardiac remodeling process through the TLR4 and
MyDS88 signaling. We suppressed the AT,R-TLR4 pathway
by the ICV infusion of the AT R blocker only for 14 days,
and the activity of the SNS might be inhibited only for
several days. We consider that the improvement of the LV
function might need for longer period, at least for several
months.

A previous report suggested that the ICV infusion of
lipopolysaccharide (LPS), an agonist of the TLR4, elicits the
activation of the SNS via proinflammatory cytokines and
that the LPS increases the expression level of the ATR,
NAD(P)H oxidase activity, and MAPK activity."” Other
studies indicate that the blockade of the AT;R decreases
the expression level of the TLR4 in mesangial and smooth
muscle cells.’’”** In addition, we previously demonstrated
that the AT;R-NAD(P)H oxidase-MAPK pathway in the
brainstem activates the SNS.'® In the present study, we dem-
onstrated that the ICV infusion of the AT{R blocker inhibits
the expression levels of the TLR4, MyD88, and NF-«B with
sympathoinhibition and that the ICV infusion of the exoge-
nous angiotensin II increases the expression level of the
MyD88 with sympathoexcitation. Together with these pre-
vious and our findings, we consider that the upstream of the
inflammation mediated by the TLR4 and MyD88 in the
brain might be the AT,R.

STUDY LIMITATIONS

There are some limitations in the present study. First,
we did not show the direct evidence that the suppression of
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the AT;R or TLR4 only in the brain reduced the enhanced
central sympathetic outflow in the MI-induced HF because no
agents for pharmacological inhibition of the TLR4 are avail-
able. Actually, there are already several studies of the MI-
induced HF in the systemic TLR4 gene knockout mice.*>* To
gain a better understanding of the AT R-mediated TLR4 ac-
tivation related to sympathoexcitation in Ml-induced HF, fu-
ture experiments using the genetically TLR4 knockout mice
will be needed. Second, we did not determine the ligand of
the TLR4 in the present study. It has been suggested that not
only LPS but also heat-shock protein or matrix components,
such as fibronectin, hyaluronic acid, and fragments of heparan
sulfate, have been reported to activate the TLR4* and that
heat-shock protein 60 was in plasma after the ligation of
LCA.* Further studies are necessary to examine the endog-
enous ligands of the TLR4 in the brain of the Ml-induced
HF mice.

CONCLUSIONS
In conclusion, our findings suggest that activation of the
AT,R in the brainstem enhances the central sympathetic out-
flow through at least in part the inflammation mediated by the
TLR4 and MyD88 in mice with MI-induced HF (Fig. 7).
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Neuregulin-1/ErbB signaling in rostral ventrolateral
medulla is involved in blood pressure regulation as

an antihypertensive system

Ryuichi Matsukawa?, Yoshitaka Hirooka®, Masaaki Nishihara?,

Koji [to® and Kenji Sunagawa?®

Objectives Neuregulin-1 (NRG-1), located in the

central nervous system (CNS), plays an important role in
synaptic function, neurite outgrowth, and survival of
neurons and glia acting on the ErbB receptor family.
However, the functional role of NRG-1/ErbB signaling in
the CNS and blood pressure regulation is unknown,
particularly in the rostral ventrolateral medulla (RVLM),

a major vasomotor center. Thus, we investigated whether
NRG-1/ErbB signaling in the RVLM is involved in blood
pressure regulation.

Methods and results Microinjection of NRG-1 into the
RVLM decreased arterial blood pressure, heart rate (HR),
and renal sympathetic nerve activity (RSNA) in Wistar rats. In
contrast, microinjection of an ErbB2 or ErbB4 inhibitor into
the RVLM increased arterial pressure, HR, and RSNA. ErbB2
expression levels in the brainstem were significantly lower
in spontaneously hypertensive rats (SHRs) than in Wistar-
Kyoto (WKY) rats. Depressor responses to NRG-1 and
pressor responses to the ErbB2 inhibitor were significantly
smaller in SHRs than in WKY rats (P<0.05). Furthermore,
the inhibition of ErbB2 expression in the RVLM by RNA
interference significantly increased arterial pressure, HR,
and urinary norepinephrine excretion in conscious WKY rats
(P<0.01).

Introduction

Neuregulin-1 (NRG-1) is a member of the epidermal
growth factor family, which is involved in cell—cell
communication [1,2]. NRG-1 is expressed in the nervous
system, heart, and other organ systems [1-3]. NRG-1
binds to the extracellular domain of the tyrosine kinase
ErbB3 or ErbB4, which often leads to the formation of
ErbB heterodimers with ErbB2. This activates intra-
cellular signaling pathways leading to synaptic function,
neurite outgrowth, and survival of neurons and glia [3-5].
It is also known that NRG-1 and ErbB receptors are
widely distributed in the central nervous system
(CNS), including the brainstem [6—10]. Several studies
have demonstrated the involvement of NRG-1/ErbB
signaling in the regulation of neurotransmitters, such
as L-glutamate and y-aminobutyric acid (GABA) [11,12].
In addition, ErbB2 is known to be involved in the
development of glial cells and their transformation into
astrocytes [13]. However, little is known regarding the
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role of the NRG-1/ErbB signaling pathway in the brain-
stem and the action of this pathway on blood pressure
regulation.

With regard to CNS blood pressure regulation, the rostral
ventrolateral medulla (RVLM) of the brainstem is one
of the most important regions involved in central cardio-
vascular regulation [14-17]. RVLM neurons project
toward sympathetic preganglionic neurons in the inter-
mediolateral cell column of the spinal cord and provide
an essential excitatory drive, thereby maintaining sym-
pathetic vasomotor tone [14]. In addition, the RVLM
neurons regulate sympathetic vasomotor tone by inte-
grating the inputs from baroreceptors, chemoreceprors,
and higher autonomic nuclei [18]. Accumulating
evidence suggests that increased RVLM activity leads
to chronic sympathetic hyperactivity in many forms of
hypertension [17]. For example, in spontancously hyper-
tensive rats (SHRs), excitation of the RVLM vasomotor
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neurons is increased by L-glutamate-mediated excitation
and decreased GABA-mediated inhibition [16,17]. There-
fore, the aim of the present study was to determine
whether NRG-1/E1bB signaling in the RVLM contributes
to blood pressure regulation through the sympathetic
nervous system, and, if so, whether alteration of this
signaling in the RVLM occurs in SHRs, leading to the
activation of the sympathetic nervous system associated
with neurogenic hypertensive mechanisms. We investi-
gated the effect of NRG-1 and the ErbB receptor blockers
injected into the RVLM on arterial blood pressure, heart
rate (HR), and sympathetic nervous system activity.
Expression levels of NRG-1 and ErbB receptors were also
evaluated. These effects were examined in SHRs to
elucidate the role of this signaling in hypertension. Finally,
we further examined the effects of this signaling in
conscious rats using small-interference RNA (siRINA)
techniques.

Methods

This study was reviewed and approved by the
Committee on Ethics of Animal Experiments, Kyushu
University Graduate School of Medical Sciences, and
it was performed according to the Guidelines for Animal
Experiments of Kyushu University.

Microinjection studies

Animals were anesthetized and measured for arterial
pressure, HR and renal sympathetic nerve activity
(RSNA). For details of general surgical preparation, sce
online Data Supplemental Digital Content 1, http://links.
lww.com/HJH/A108. Microinjections into the RVLM
were made according to the following protocols: unilat-
eral microinjection of recombinant NRG-18 (NRG-18:
0.025, 0.25, and 2.5 pmol in 50 nl injections; Ray Biotech,
Norcross, Georgia, USA) in Wistar rats and NRG-1j8
(2.5pmol in 50nl injections) was microinjected in
Wistar—Kyoro (WKY) rats and SHRs; bilateral micro-
injections of the ErbB2 antagonists AG825 (0.5 pmol in
50nl injections; Santa Cruz Biotechnology, Santa Cruz,
California, USA) in Wistar rats, WKY rats, and SHRs;
bilateral microinjections of the ErbB4 antagonists
AG1478 (0.5pmol in 50nl injections; Santa Cruz
Biotechnology) in Wistar rats, WKY rats, and SHRs;
unilateral microinjection of NRG-1B (2.5 pmol in 50 nl
injections) 10min after unilateral injection of both
AGS825 (0.5pmol in 50nl injections) and AG1478
(0.5 pmol in 50nl injections) in Wistar rats; unilateral
microinjection of NRG-1 (2.5 pmol in 50 nl injections)
5min after unilateral injection of the GABA-A receptor
antagonist bicuculline (100 pmol in 50nl injections;
Santa Cruz) in Wistar rats; and unilateral microinjection
of L-glutamate (1.0nmol in 50nl injections; Nakarai
Tesque, Fukuoka, Japan) 10 min after unilateral injection
of NRG-1B (2.5 pmol in 50nl injections) in Wistar rats.
Arterial pressure, HR, and RSNA are monitored in the
first (2.5 pmol NRG-1B), second, and third protocol.

Arterial pressure and HR are monitored in the first
(0.025 and 0.25 pmol NRG-1B) and the fourth to sixth
protocol. Dosages of reagents were determined as follows.
The dose of NRG-1p was determined on the basis of
previous studies [19,20]. Additionally, we confirmed the
dose response in the present study. Doses of AG825 and
AG1478 were determined on the basis of previous studies
and half maximal inhibitory concentration (ICs;) values
[21-25]. Furthermore, to exclude the peripheral effects of
the agents, we performed intravenous administration
of the agents (the same amount of the agents used in
microinjection studies in 0.2 ml isotonic saline). However,
there were no effects on mean arterial pressure (MAP)
and HR [AMAP: NRG-1 (2.5 pmol), —0.9+1.8 mmHg;
AGS825 (1.0 pmol), 0.6 £1.8 mmHg; AG1478 (1.0 pmol),
0.3+ 1.1 mmHg; and AHR: NRG-1, 0.6 & 2.3 beats/min;
AG825, 0.9+ 2.8 beats/min; AG1478, 1.0 £ 0.9 beats/min
(7 =23 for each)]. Doses of bicuculline and L-glutamate
were determined on the basis of previous studies [26—28].

Western blot analysis

Western blots were made according to the following
protocols: first, expressions of NRG-1 and ErbB receptors
(ErbB2, ErbB3, and ErbB4) in the brainstem of 4-week-
old and 12-week-old WKY rats and SHRs were confirmed.
Rabbit IgG monoclonal antibodies against NRG-1
(1:1000), ErbB2 (1:1000), ErbB3 (1:1000), and ErbB4
(1:1000) were used as the primary antibody. Additionally,
expression of ErbB2 in the cerebral cortex or hypo-
thalamus of 12-week-old WKY rats and SHRs was
confirmed. Second, in a study of chronic inhibition of
ErbB2 in the RVLM by siRNA, western blot was per-
formed to confirm the effects of RNA interference on the
ErbB2 receptor using RVLM tissues of WKY rats. At 0, 1,
5, and 14 days after administration of ErbB2 or control
siRNA (siErbB2 or siControl), rats were anesthetized
using sodium pentobarbital and perfused transcardially
with PBS. RVLM tissues defined according to a rat
brain atlas were obtained as previously described [29].
Anti-ErbB2 antibody (1:1000) was used. For details see
online Data Supplemental Digital Content 1, htep://links.
Iww.com/HJH/A108.

In-vivo small-interference RNA technique

The siErbB2 sequence was determined as described in a
previous study [30]. Specific siErbB2 (AAGUGUGUG
UACCGGCACAGACA) and scrambled siRNA (siCon-
trol: AGCCUAACUGAACGCGUAGGA), as a control,
were purchased from Koken, Tokyo, Japan. Furthermore,
we used the in-vivo siRNA delivery kit AteloGene
(Koken) for stable local delivery of the siRNA into
the RVLM. SiErbB2 or siControl was administered into
the RVLM, and MAP and HR were monitored using
radiotelemetry system for 14 days. For details see online
Data Supplemental Digital Content 1, htep:/links.lww.
com/HJH/A108.
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Measurement of urinary norepinephrine excretion

We measured urinary norepinephrine excretion (uNE)
concentration before and at 1, 7, and 14 days after the
start of the administration of siRNA and calculated uNE
as described previously [26,31].

Statistical analysis

All values are expressed as the mean = SEM. Differences
were considered significant when the P value was less
than 0.05. For details see online Data Supplemental
Digital Content 1, hetp://links.lww.com/HJH/A108.

Results

Baseline mean arterial pressure and heart rate of
microinjection study

The baseline MAP and HR in microinjection protocols of
NRG-18, AG825, and AG1478 are described in Supple-
mental Digital Content 2, Online Table 1, http://links.
Iww.com/HJH/A109.

Effects of neuregulin-1 injection into the rostral
ventrolateral medulla on arterial blood pressure, heart
rate, and renal sympathetic nerve activity
Microinjection of NRG-1B (2.5 pmol) into the RVLM
unilaterally significantly decreased MAP, HR, and RSNA
[AMAP, —22.3+ 1.8 mmHg; AHR, —36.1 £ 5.5 beats/min;
ARSNA %baseline, —36.9 £6.2%; P < 0.01, 7 = 5; Fig. 1a].
These changes occurred slowly and peaked approximately

Fig. 1
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10—15 min after injection. The depressor and bradycardic
responses induced by NRG-1B occurred in a dose-
dependent manner (Fig. 1b).

Effects of inhibition of ErbB2 and ErbB4 receptors in the
rostral ventrolateral medulla on mean arterial pressure,
heart rate, and renal sympathetic nerve activity

MAP, HR, and RSNA values increased significantly after
bilateral injection of the ErbB2 receptor blocker, AG825
(1.0 pmol), into the RVLM (AMAP, +17.6 £ 2.3 mmHg;
AHR, +16.5 4+ 1.1 beats/min; ARSNA %baseline, +29.6 +
4.1%; P<0.01, »=5; Fig. 2a, ¢). These variables also
increased after injection of the ErbB4 inhibitor,
AG1478 (1.0pmol) (AMAP, 11.041.6mmHg; AHR,
12.9 £ 1.9beats/min; ARSNA %baseline, +18.3 £3.8%;
P <0.01, 2= 5; Fig. 2b, ¢). These changes occurred slowly
and peaked approximately 10—15 min after microinjection
of the blockers. After microinjection of both AGS825
(0.5 pmol) and AG1478 (0.5 pmol), the depressor response
to NRG-1p (2.5 pmol) injected into the RVLM was nearly
abolished (AMAP, —22.34+1.8 vs. —2.0+0.7mmHg;
AHR, —36.1+5.5 vs. —2.540.7beats/min; P<0.01,
n=1>5 for each; Fig. 2d).

Furthermore, to demonstrate that the effects of the
reagents in the RVLM are site specific, microinjections
of NRG-1B and AG825 were performed 1.0-mm dorsal
apart from the RVLM in Wistar rats. The changes in
MAP, HR, and RSNA were not significant (Supplemental
Digital Content 2, Online Table 2, http://links.lww.com/
HJH/A109).

Effect of blockade of y-aminobutyric acid-A receptors in
the rostral ventrolateral medulla on the depressor
response to neuregulin-1

The baseline MAP before NRG-1 injection increased
after the injection of the GABA-A receptor antagonist
bicuculline (100 pmol) (MAP increased from 118.3+
3.8 to 146.3+10.7 mmHg, whereas HR decreased from
337.8+£13.2 to 332.3£17.6beats/min). The depressor
response to NRG-1B (2.5 pmol) into the RVLM was sig-
nificantly attenuated after bicuculline injection (AMAP,
—22.94+29 vs. —4.6£2.0mmHg; AHR, —38.1 £5.5 vs.
—11.9 £ 2.3 beats/min; P<0.01, »=35 for each).

Effect of neuregulin-1 in the rostral ventrolateral
medulla on the pressor response to L-glutamate

The baseline MAP before L-glutamate injection decreased
after NRG-1B injection (2.5pmol) from 126.0+5.2 to
109.9 4.3 mmHg. The pressor response to L-glutamate
(1.0nmol) into the RVLM was significantly attenuated
after NRG-1B injection (AMAP, 23.4+ 1.0 vs. 10.8+
1.6 mmHg; P<0.01, =35 for each).

ErbB receptors expression levels in the brainstem in
Wistar-Kyoto and spontaneously hypertensive rats
NRG-1 and ErbB receptors (ErbB2, ErbB3, and ErbB4)
are expressed in the brainstem in both the 12-week-old
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represents unilateral microinjection of NRG-1p (2.5 pmol) with prior injection of both AG825 (0.5 pmol) and AG1478 (0.5 pmol) into the RVLM of
Wistar rats. Values are expressed as mean = SEM. *P<0.05 (n=>5 for each).

SHRs and WKY rats. However, only ErbB2 expression
levels were significantly lower in SHRs than in WKY rats
(P <0.05, n=>5 for each; Fig. 3a). We further examined
NRG-1 and ErbB receptor expression levels in the
brainstem of 4-week-old prehypertensive SHRs and
age-matched WKY rats. ErbB2 expression levels were
significantly lower in 4-week-old SHRs than in WKY rats
(7 =5 for each; Fig. 3a). NRG-1 and other ErbB receptor
expression levels, however, were similar between SHRs
and WKY rats for both ages (#=35 for each; Fig. 3b).
On the contrary, in cerebral cortex and hypothalamus,
ErbB2 expression levels were similar between 12-week-
old SHRs and WKY rats (Fig. 3¢).

Acute effects of neuregulin-1 or ErbB inhibitors on
mean arterial pressure in Wistar—Kyoto and
spontaneously hypertensive rats

The magnitudes of decreases in MAP, HR, and RSNA
evoked by the unilateral injection of NRG-1§ (2.5 pmol)
into the RVLM were significantly smaller in SHRs than
in WKY rats (AMAP, —23.3+2.5 vs. —12.5+ 1.7 mmHeg,
P<0.01; AHR, —29.9%£4.0 vs. —15.54 1.6 beats/min,

P <0.05; ARSNA %baseline, —33.8+£4.2 vs. —17.2+
3.0%, P<0.01; #=5 for each; Fig. 4a). The magnitudes
of increases in MAP, HR, and RSNA evoked by
the injection of AG825 (1.0 pmol) were significantly
smaller in SHRs than in WKY rats (AMAP, +16.7+1.4
vs. +8.9+1.0mmHg, P<0.05; AHR, 4+20.5+4.2 vs.
+10.0 +1.2beats/min, P <0.05; ARSNA %baseline,
+31.8+49 vs. +17.842.3%, P<0.01; #=>5 for each;
Fig. 4b). In contrast, the magnitudes of increase in MAP,
HR, and RSNA evoked by the injection of AG1478
(1.0 pmol) did not differ between SHRs and WKY rats
(AMAP, +8.7+0.9 vs. +9.94+ 1.2mmHg; AHR, +11.2+
1.8 vs. +10.9 & 0.8 beats/min; ARSNA %baseline, +18.9 +
3.5 vs. +19.843.7%; P=NS, n=35; Fig. 4c).

Effects of local inhibition of ErbB2 in the rostral
ventrolateral medulla caused by in-vivo small-
interference RNA on mean arterial pressure, heart rate,
and urinary norepinephrine excretion in conscious
Wistar-Kyoto rats

Inhibition of ErbB2 receptors in the RVLM using
siRNA increased MAP and HR between days 1 and 5
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after the siErbB2 treatment in WKY rats. In contrast,
these variables did not change in the siControl-treated
rats (P < 0.05, 7 =35 for each; Fig. 5a). Twenty-four-hour
uNE levels at day 1 and 7 were significantly greater in
siErbB2 than that in siControl-treated rats (P < 0.01, 7 =5
for each; Fig. 5b). The ErbB2 protein expression levels
of RVLM in siErbB2-treated rats were successfully
inhibited between days 1 and 5 compared with day 0
(Fig. 5¢).

Discussion

The findings of the present study are the first to suggest
that NGR-1/ErbB signaling in the RVLM reduces blood
pressure through the inhibition of the sympathetic
nervous system activity. This suggestion is supported
by the results of microinjection of NRG-1 or ErbB2
and ErbB4 antagonists into the RVLM, which demon-
strated a decrease or increase in blood pressure associated

with changes in RSNA in acute anesthetized rats. This is
further supported by the experiments involving the
inhibition of ErbB2 receptors in the RVLM using siRNA
for ErbB2 receptors in chronic conscious state. Further-
more, our findings suggest that signaling in the RVLM
is impaired in SHRs. This is based on the results indi-
cating that the depressor response to NRG-1 and pressor
response to the ErbB2 in the RVLM are attenuated
in SHRs together with the reduced ErbB2 expression
levels in the RVLM of SHRs. Therefore, signaling
abnormalities in the RVLM may contribute to, at least
in part, the neurogenic mechanisms of hypertension.

NRG-1/ErbB signaling in the RVLM was found to have
depressor effects with sympathoinhibition. Microinjec-
tion of recombinant NRG-18 into the RVLM decreased
arterial pressure, HR, and RSNA in anesthetized normo-
tensive rats. In contrast, microinjection of the ErbB2
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receptor antagonist as well as the ErbB4 receptor
antagonist into the RVLM increased arterial pressure,
HR, and RSNA. These data suggest that NRG-1/ErbB
signaling in the RVLM is involved in regulating resting
blood pressure. The depressor response to NRG-1 was
nearly completely blocked when both ErbB2 and
ErbB4 receptor blockers were administered. We cannot
exclude the possibility that the ErbB3 receptors might
also be involved in the depressor response to NRG-1
because NRG-1 stimulation could induce ErbB2/ErbB3
heterodimer or ErbB3 homodimer formation. We did
not examine the effect of ErbB3 inhibition because
the ErbB3 receptor antagonist is commercially not
available. However, the role of the ErbB3 receptor in
the NRG-1-induced hypotensive response in the RVLM
is probably not that strong based on the results obtained
using ErbB2 and ErbB4 receptor antagonists. It has been
reported that only NRG-1, ErbB2, and ErbB4 are present
in synapse-rich regions [32]. It should be noted that it has
also been reported that peripheral NRG-1 affects cardio-
myocytes, leading to negative inotropic effects [19]. Our
findings are evoked by the agents of their central effects
because the amount of the agents used in the present
study is very small and directly administered into the
RVLM. In fact, we did not find blood pressure and HR
changes when the same amount of agents was adminis-
tered systemically in Wistar rats.

It is possible that synaptic function alteration in
the RVLM might be involved in the NRG-1-induced

hypotensive response. The depressor response to NRG-1
injection into the RVLM was attenuated by the blockade
of the GABA-A receptors. This supports the hypothesis
that NRG-1 in the RVLM increases GABA, the major
inhibitory neurotransmitter, and releases and/or aug-
ments GABA-A receptor activity. The pressor response
to L-glutamate, the major excitatory neurotransmitter,
was also attenuated prior to the injection of NRG-1 into
the RVLM. This suggests that N-methyl-D-aspartic acid
(NMDA) and/or non-NMDA response to L-glutamate
is attenuated by NRG-1 stimulation. Because the major
neurotransmitters involved in regulating the activity
of RVLM neurons include glutamate and GABA
[18], alteration of synaptic transmission induced by
L-glutamate and GABA is important for regulating
SNA [17]. NRG-1 and ErbB receptors are extensively
distributed in the brain, including the medulla, and they
exist in neurons, glia, and oligodendrocytes [3]. Also, it
has been reported that glutamate and GABA receptors
colocalizes with ErbB receptors in postsynaptic lesions
[6-9]. Several studies have shown that the NRG-1/ErbB
pathway is involved in the regulation of postsynaptic
glutamate receptor function and presynaptic release
of GABA, although these functions have not been deter-
mined for the RVLM [11,12,33,34]. For example, NRG-1
significantly enhances the depolarization-induced release
of GABA in hippocampal neurons [11] and inhibits
NMDA receptor currents in prefrontal cortex neurons
[12,33,34]. Determining whether the actions are pre-
synaptic vs. postsynaptic is difficult. We did not address
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which cells were responsible for our observations. Further
studies are necessary to clarify the precise mechanisms
involved.

In addition to the blood pressure-lowering effect of
the NRG-1/ErbB signaling in the RVLM through
sympathoinhibition, we found that this signaling in
the RVLM is impaired in SHRs compared with that in
WKY rats. Particularly, reduced ErbB2 receptor expres-
sion levels in the RVLM of SHRs occurred during
the prehypertensive age and persisted through the
established hypertensive age of SHRs. Although NRG-
1 and ErbB receprors are expressed in the brain, we did
not observe reduced ErbB2 expression levels in other
areas of the brain in SHRs (cerebral cortex and hypo-
thalamus). Importantly, the depressor response to NRG-1
and the pressor response to the ErbB2 antagonist were
attenuated in SHRs compared with responses in WKY
rats. However, the pressor response to ErbB4 inhibitor
did not differ between SHRs and WKY rats. Thus, we

suggest that the reduction of ErbB2 receptors in the
RVLM might contibute to the hypertensive state
of SHRs.

On the basis of these findings, we further investigated
whether a reduction in ErbB2 expression in the RVLM
contributes to increased blood pressure in the conscious
state. We inhibited ErbB2 expression in the RVLM
of WKY rats using siRNAs. In this experiment, we used
the AteloGene kit to deliver siErbB2 into the RVLM.
AteloGene is a commercial kit used to locally administer
siRNA into tissues 77 vivo. It has no toxicity and forms
a gel in the body [35]. Thus, siRNA is maintained at the
administration site [35]. Our findings indicate that
reducing ErbB2 receptor expression levels in the RVLM
increases blood pressure and HR and is associated with
sympathoexcitation. These findings also suggest a dys-
function in NRG-1/ErbB signaling; reduction in ErbB2
levels in the RVLM might contribute to the neural
mechanisms of hypertension in SHRs.
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In conclusion, our findings indicate that the NRG-1/ErbB 15
signaling in the RVLM exerts antihypertensive effects
by reducing SNA in normotensive rats. Furthermore,
impairment of NRG-1/ErbB signaling in the RVLM 17
due to reduced levels of endogenous ErbB2 is a possible
neural mechanism of hypertension in SHRs.
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Calorie Restriction inhibits Sympathetic Nerve Activity via Anti-Oxidant
Effect in the Rostral Ventrolateral Medulla of Obesity-Induced
Hypertensive Rats

Takuya Kishi, Yoshitaka Hirooka, Kiyohiro Ogawa, Satomi Konno, Kenji Sunagawa

Department of Advanced Therapeutics for Cardiovascular Diseases, Department of Cardzovascular Medicine, Kyushu
Unzversity Graduate School of Medical Sciences, Fukuoka, Japan ~

Abstract

In the patients and animals with metabolic syndrome (MetS), sympathetic nerve actnvnty (SNA} is mcreased We have
demonstrated that oxidative stress in the rostral ventrolateral medulla (RVLM), a vasomotor center in the brainstem,
increases SNA. The aim of the present study was to determine whether calorie restriction iinhibits SNA via anti-oxidant
effect in the RVLM of obesity-induced obesity rats. Male Sprague- Dawley rats were fed on a high-fat diet and segre-
gated into obesity-prone (OP) showing a MetS profile and obesﬁy—res;stant (OR) after 13 weeks. Obes;ty prone was
divided into OP treated with calorie restriction (CR-OP) for 8 weeks and control (CTR-OP). Systolic blood pressure
(SBP), heart rate (HR), SNA, and thiobarbituric acid-reactive substances (TBARS) levels as a marker of oxidative stress
in the RVLM were significantly higher and the depressor effects due to the microinjection of tempol, a superoxide
dismutase mimetic into the RVLM, were significantly greater in OP than.in OR. Body weight was significantly lower in
CR-OP than in CTR-OP. SBR, HR, SNA, TBARS, and the depressor effects due tothe microinjection of tempol into the
RVLM were significantly lower in CR-OP than in CTR-OP. These resuits suggest that calone restriction inhibits SNA via
anti-oxidant effect in the RVLM of obesﬁy -induced obeSIty rats.

keywords: calorie restriction, metabolic syndrome, sympathetic nerve éctivity, oxidative stress, brain

INTRODUCTION Rostral ventrolateral medulla (RVLM) in the brain-
stem is the vasomotor center that determines basal
sympathetic nerve activity (SNA), and the functional
integrity of the RVLM is essential for the maintenance
of basal vasomotor tone (10, 11). We have demon-
strated that oxidative stress in the RVLM produced by
angiotensin II type 1 receptor (AT;R) increases the
SNA (12, 13), and that nitric oxide (NO) in the RVLM
decreases the SNA (14-17). Our other reports have sug-
gested that the imbalance between oxidative stress and
NO in the brain cause cardiovascular diseases (18-22).
Previous reports have suggested that oxidative stress
in the hypothalamus cause sympatho-excitation in the
obesity-induced hypertensive rats (3), and that neurons
in the RVLM contribute to elevated sympathetic out-
flow in a rodent model of diet-induced obesity (23).
However, it has not been determined whether the calo-
rie restriction decreases SNA via anti-oxidant in the
RVIM of obesity-induced hypertensive rats.

Metabolic syndrome (MetS), a complex of highly debil-
itating disorders that consist of hypertension, diabetes
mellitus, and dyslipidemia, is associated with the devel-
opment of visceral obesity (1). Previous study indicated
that sympathetic activation may be involved in obesity-
induced hypertension (2). In obesity-induced hyperten-
sion, increased oxidative stress in the hypothalamus may
contribute to the progression of hypertension through
central sympatho-excitation (3). Several studies have
also suggested that oxidative stress may be the unifying
mechanisms underlying the development of hyperten-
sion in obesity (4-6). In preclinical testing, one non-
pharmacologic approach that was shown to be beneficial
in a variety of cardiovascular diseases is long-term calo-
rie restriction (CR) (7-9). Although long-term CR has
been shown to prevent increases in blood pressure (BP)
in nonobese hypertensive rats, little is known about the
mechanisms responsible for these observations.
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Therefore, the aim of the present study was to inves-
tigate the effect of calorie restriction on the SNA and
oxidative stress in the RVLM of obesity-induced hyper-
tensive rats. To determine this aim, we measured BP,
heart rate (HR), urine norepinephrine excretion as a
parameter of SNA, and oxidative stress in the RVLM.
Furthermore, to inhibit the oxidative stress in the
RVLM locally, we microinjected tempol, a superoxide
dismutase (SOD) mimetic, into the RVLM. Previously,
we performed the same experiments in the hypertensive
model rats, in which the microinjection of tempol into
the RVLM caused depressor and bradycardia (12). In
that experiment, we also performed the overexpression
of Mn-SOD into the bilateral RVLM of hypertensive
rats, and inhibited the oxidative stress in the RVLM
locally. The overexpression of Mn-SOD in the RVLM
caused the sympatho-inhibition, and the depressor and
bradycardiac responses were similar to those effects
caused by the microinjection of tempol into the RVLM.
We consider that microinjection of tempol into the
RVLM locally causes the sympatho-inhibition due to
the reduction of oxidative stress in the RVLM locally.
Furthermore, to increase the oxidative stress in the
RVLM, we microinjected angiotensin II into the RVLM
of OP, OR, CTR-OP, and CR-OP. Previously, we per-
formed the same experiments in the hypertensive model
rats, in which the microinjection of angiotensin II into
the RVLM increased sympathetic nerve activity due to
the increase in oxidative stress in the RVLM (20).

MATERIALS AND METHODS

Animals

This study was reviewed and approved by the Com-
mittee on Ethics of Animal Experiments, Kyushu Uni-
versity Graduate School of Medical Sciences, and con-
ducted according to the Guidelines for Animal Exper-
iments of Kyushu University. Male Sprague-Dawley
rats (Charles River Laboratories, Kingston, NY) weigh-
ing between 350 to 425 g were housed individually in
a temperature-controlled room (22° to 23°C) with a
12-h/12-h light-dark cycle (lights on at 7:00 AM). Rats
were placed on a moderate high-fat diet (32% kcal from
fat, Research Diets, New Brunswick, NJ) for 13 weeks.
After 5 weeks, rats fed the moderately high-fat diet seg-
regate into obesity prone (OP) and obesity resistance
(OR) based on the body weight distribution as described
previously (23). Briefly, a body weight histogram was
constructed and resulted in a distribution of rats into
OP and OR groups corresponding with the upper and
lower one-third of rats, respectively. ‘

Calorie Restriction

Obesity prone rats in the calorie restriction (CR-OP)
group were given 70% of their mean 24-h food intake.
Food was given to the CR-OP group daily 2-3 h before
lights off. The restricted feeding was continued for 8
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weeks (24). Obesity prone rats in the control (CTR-OP)
group were free to have food.

Measurement of BP, HR, and SNA

Systolic blood pressure (SBP) and HR were measured
using the tail-cuff method (BP-98A; Softron, Tokyo,
Japan). We calculated the urinary norepinephrine excre-
tion for 24 h as an indicator of SNA, as described
previously (12, 14).

Measurement of TBARS

To obtain the RVLM tissues, the rats were deeply anes-
thetized with sodium pentobarbital (100 mg/kg IP) and
perfused transcardially with PBS (150 mol/LL NaCl, 3
mmol/L. KCl, and 5 nmol/L phosphate; pH 7.4, 4°C).
The brains were removed quickly, and sections 1 mm
thick were obtained with a cryostat at =7+1°C. The
RVLM was defined according to a rat brain atlas as
described previously (12), and obtained by a punch-
out technique. The RVLM tissues were homogenized in
1.15% KCI (pH 7.4) and 0.4% sodium dodecyl sulfate,
7.5% acetic acid adjusted to pH 3.5 with NaOH. Thio-
barbituric acid (0.3%) was added to the homogenate.
The mixture was maintained at 5°C for 60 min, fol-
lowed by heating to 100°C for 60 min. After cooling,
the mixture was extracted with distilled water and n-
butanolpyridine (15:1) and centrifuged at 1600g for 10
min. The absorbance of the organic phase was measured
at 532 nm. The amount of thiobarbituric acid-reactive
substances (TBARS) was determined by absorbance, as
described previously (12).

Microinjection of Tempol and Angiotensin |l

into the RVLM

To inhibit the oxidative stress in the RVLM, we microin-
jected tempol (1 nmol) into the RVLM of OP, OR,
CTR-OP, and CR-OP which were anesthetized with
sodium pentobarbital , as described previously (12).
One h after the microinjection of tempol, we determined
the recovery of BP and HR to the levels of baseline,
and we microinjected angiotensin II (50 pmol) into the
RVLM. A catheter was inserted into the femoral artery
to record arterial BP. A tracheal cannula was connected
to a ventilator, and the rats were artificially ventilated.
The rats were placed in a stereotaxic frame. A glass
micropipette was filled with tempol, angiotensin II, or
L-glutamate and positioned at the injection site. Before
the microinjection, the RVLM was identified by moni-
toring the mean arterial pressure (MAP) after injection
of a small dose of L-glutamate. The identification of the
RVLM was confirmed as described previously (12).

Statistical Analysis

All values are expressed as mean = SEM. Compar-
isons between any two mean values were performed
using Bonferroni’s correction for multiple comparisons.
ANOVA was used to compare the body weight, blood
pressure, and TBARS levels in CR-OP or CTR-OP.
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Differences were considered to be statistically significant
at a P value of <0.05.

RESULTS

Body Weight, BP, HR, Urinary Norepinephrine Excretion,
and TBARS levels in the RVLM before CR

Before the start of the CR, OP rats weighed signif-
icantly more than OR (Figure 1). Systolic BP and
HR were also significantly higher in OP than in OR
(Figures 2A and 2B). The peak of the depressor and
bradycardiac responses due to the microinjection of
tempol into the RVLM was around 10 min after the
injection, and the responses were significantly greater
in OP than OR (—24 + 4 mmHg vs. —7 + 5 mmHg,
—30 £ 6 bpm vs. —4 £ 3 bpm, n = 4 for each, P
< 0.05 for each, Figure 3A). The peak of the presser
and tachycardic responses due to the microinjection
of angiotensin II into the RVLM was around 15 min
after the injection, and the responses were significantly
greater in OP than in OR (Figure 3B). Urinary nore-
pinephrine excretion was significantly higher in OP than
in OR (Figure 4A). TBARS levels in the RVLM were
significantly higher in OP than in OR (Figure 4B).

Body Weight, BP, HR, Urinary Norepinephrine Excretion,
and TBARS levels in the RVLM after CR

Eight weeks after the CR, CR-OP rats weighed signifi-
cantly less than CTR-OP and OP before CR (Figure 1).
Systolic blood pressure and HR were also significantly
lower in CR-OP than in CTR-OP and in OP before
CR (Figures 2A and 2B). The depressor effects and
bradycardia due to the microinjection of tempol into
the RVLM were significantly smaller in CR-OP than in
CTR-OP (—14 + 3 mmHg vs. —28 + 4 mmHg, —11 +
6 bpm vs. —38 + 4 bpm, n = 4 for each, P < 0.05
for each, Figure 3A). The pressor effects and tachy-
cardia due to the microinjection of angiotensin II into
the RVLM were significantly smaller in CR-OP than in
CTR-OP (Figure 3B). Urinary norepinephrine excre-
tion was significantly lower in CR-OP than in CTR-OP
and in OP before CR (Figure 4A). TBARS levels in
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Figure 1. Body weights of OP and OR before calorie restric-
tion, and CR-OP and CTR-OP after calorie restrictions for 8
weeks. Data are shown as mean = SEM (n = 5 for each group).
*P < 0.05 vs. OR; +P < 0.05 vs. OP.
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Figure 2. (A) Systolic blood pressure of OP and OR before calorie
restriction, and CR-OP and CTR-OP after calorie restriction for 8
weeks. Data are shown as mean & SEM (n =5 for each group). *P
< 0.05 vs. OR; +P < 0.05 vs. OP. (B) Heart rate of OP and OR
before calorie restriction, and CR-OP and CTR-OP after calorie
restriction for 8 weeks. Data are shown as mean == SEM (n = 5
for each group). *P < 0.05 vs. OR; +P < 0.05 vs. OP.
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Figure 3. (A) Changes in mean BP due to the microinjection of
tempol into the RVLM of OP, OR, CR-OP, and CTR-OP. Data
are shown as mean £ SEM (n = 4 for each group). *P < 0.05.
(B) Changes in HR due to the microinjection of tempol into the
RVIM of OP, OR, CR-OP, and CTR-OP. Data are shown as
mean = SEM (n = 4 for each group). *P < 0.05. (C) Changes
in mean BP due to the microinjection of angiotensin II into the
RVLM of OP, OR, CR-OP, and CTR-OP. Data are shown as
mean = SEM (n = 4 for each group). *P < 0.05. (D) Changes in
HR due to the microinjection of angiotensin II into the RVLM of
OP, OR, CR-OP, and CTR-OP. Data are shown as mean + SEM
(n = 4 for each group). *P < 0.05.

the RVLM were significantly lower in CR-OP than in
CTR-OP and in OP before CR (Figure 4B).

DISCUSSION

In the present study, we have demonstrated three find-
ings for the first time. First, in obesity-induced hyper-
tensive rats, oxidative stress in the RVLM was increased.
Second, calorie restriction decreased sympathetic nerve
activity and oxidative stress in obesity-induced hyper-
tensive rats. Third, the depressor and bradycardic
response caused by the inhibition of oxidative stress in
the RVLM locally were significantly smaller in calorie-
restricted obesity rats than in control-obesity rats. These
results suggest that obesity enhances oxidative stress
in the RVLM, which causes sympatho-excitation and
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Figure 4. (A) Twenty-four hour norepinephrine excretions per
body weights of OP and OR before calorie restriction, and CR-
OP and CTR-OP after calorie restriction for 8 weeks. Data are
shown as mean + SEM (n = 5 for each group). *P < 0.05 vs. OR;
+P < 0.05 vs. OP. (B) TBARS levels in the RVLM of OP and OR
before calorie restriction, and CR-OP and CTR-OP after calorie
restriction for 8 weeks. Data are shown as mean + SEM (n =5
for each group). *P < 0.05 vs. OR; +P < 0.05 vs. OP.

hypertension, and that calorie restriction reduces not
only body weight but also SNA, probably due to the
anti-oxidant in the RVLM.

In the present study, we demonstrated that oxida-
tive stress in the RVLM is increased in obesity-induced
hypertensive rat, and that the depressor and bradycardic
response caused by the inhibition of oxidative stress in
the RVLM locally due to the microinjection of tempol
were significantly greater in obesity-induced hyperten-
sive rats than in obesity-resistance rats. Several reports
suggest that oxidative stress in the kidney (4), heart (5),
and arteries (4, 5) is involved in obesity-induced hyper-
tension. In the brain, high dietary fat has been reported
to induce oxidative stress and inflammation in the brain
(25), and other previous report have suggested that
oxidative stress in the hypothalamus is increased, which
cause sympatho-excitation in obesity-induced hyperten-
sive rats (3). Although the RVLM is a vasomotor center
and oxidative stress in the RVLM is the most major
sympatho-exciting factor, this is the first study examin-
ing the oxidative stress in the RVLM of obesity-induced
hypertensive rats. However, the mechanisms in which
obesity increase oxidative stress in the RVLM have not
been conclusive in the present study. Several studies
have shown that the central renin-angiotensin system
mediates oxidative stress (26, 27), and it is well known
that adipose tissue can secrete angiotensinogen (28). In
the present study, we demonstrated that the microin-
jection of angiotensin II into the RVLM caused presser
response and tachycardia, and that the effects were
significantly greater in OP than in OR, and were sig-
nificantly smaller in CR-OP than in CTR-OP. Further-
more, rats fed a high fructose diet, a model of insulin
resistance, have an increased oxidative stress (29). A
peroxisome proliferator-activated receptor-gamma ago-
nist, which ameliorates insulin resistance, prevented
hypertension and oxidative stress in dietary-induced
obesity rats (30). In addition, there is a possibility that
leptin, a polypeptide hormone mediator produced by
adipocytes, stimulates oxidative stress generation in the
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brain (31). We consider that the increase in oxidative
stress in the RVLM through the renin-angiotensin sys-
tem is the most important factor in the obesity-induced
hypertension, because oxidative stress in the RVLM is
the most major sympatho-exciting factor (12).

Moreover, in the present study, we also demonstrated
that calorie restriction inhibits oxidative stress in the
RVLM of obesity-induced hypertensive rats, and that
the depressor and bradycardic response caused by the
inhibition of oxidative stress in the RVLM locally were
significantly smaller in calorie-restricted obesity rats
than in control-obesity rats. This reduction of oxidative
stress in the RVLM might cause sympatho-inhibition.
This is the first study which demonstrates that calorie
restriction inhibits oxidative stress in the brain.

Although the mechanism in which calorie restriction
inhibits oxidative stress in the brain could not been
determined in the present study, we hypothesize that
calorie restriction may improve adipocytes, inhibit cen-
tral renin-angiotensin system, directly inhibit oxidative
stress in the RVLM, and indirectly inhibit oxidative
stress in the RVLM through the inhibition of oxidative
stress in the hypothalamus. Circulating angiotensin II
acts at circumventricular organs to subsequently acti-
vate complex pathways, including those using central
angiotensin II as a neurotransmitter, to increases sym-
pathetic outflow (32). However, it is necessary to do
further examination.

There are some limitations in the present study. First,
we only examined the oxidative stress in the RVLM.
There are some important nuclei and areas involved
in the cardiovascular control, such as nucleus trac-
tus solitarii, hypothalamus, and so on. The increase in
oxidative stress in the obesity-induced hypertension and
the reduction of oxidative stress due to calorie restric-
tion may not be the unique phenomenon in the RVLM.
From this reason, in the present study, we examined
only TBARS methods for the RVLM tissues obtained by
the punch-out method, not the histologic examination.
However, in the regulation of sympathetic nerve activity,
RVLM is the most important cite. Furthermore, in the
RVLM, oxidative stress is the most powerful and impor-
tant sympatho-exciting factor. In the present study, we
focused on the oxidative stress in the RVLM of obesity-
induced hypertensive rats. Second, in the present study,
we could not check the renin-angiotensin system in the
RVLM. In the RVLM, oxidative stress is generated by
AT;R and NAD (P) H oxidase. We have the specula-
tion that AT R and NAD (P) H oxidase in the RVLM
may be activated in the obesity-induced hypertension,
and that calorie restriction inhibits AT;R and NAD (P)
H oxidase in the RVLM. We have to perform further
studies.

CONCLUSIONS

Our results suggest that, in obesity-induced hyperten-
sive rats, oxidative stress in the RVLM is increased,
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and that calorie restriction decreases sympathetic nerve
activity through the anti-oxidant in the RVLM of
obesity-induced hypertensive rats. These results suggest
that obesity enhances oxidative stress in the RVLM,
which causes sympatho-excitation and hypertension,
and that calorie restriction reduces not only body weight
but also sympathetic nerve activity, probably due to the
anti-oxidant in the RVLM.
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Role of Angiotensin-(1-7) in Rostral Ventrolateral Medulla in Blood
Pressure Regulation via Sympathetic Nerve Activity in Wistar-Kyoto
and Spontaneous Hypertensive Rats
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Abstract

Angiotensin (Ang)-(1-7) Ang-(1-7) is formed from angiotensin Il by angiotensin-converting enzyme 2 (ACE2) and mod-
ulates the renin-angiotensin system. We evaluated whether the Ang-(1-7)-Mas axis in the rostral ventrolateral medulla
(RVLM) contributes to neural mechanisms of blood pressure (BP) regulation. We microinjected Ang-(1-7), Ang-(1-7)-
Mas receptor antagonist A-779, and ACE2 inhibitor DX600 into the RVLM of anesthetized Wistar-Kyoto rats (WKY) and
spontaneously hypertensive rats (SHRs). Unilateral Ang-(1-7) microinjection induced a significantly greater increase in
AP (arterial blocd pressure) in SHR than in WKY. Bilateral A-779 microinjection induced a significantly greater decrease
in AP and renal sympathetic nerve activity in SHR than in WKY. Bilateral DX600 microinjection induced a significantly
greater decrease in AP in SHR than in WKY. Our results suggest that endogenous Ang-(1-7) in the RVLM contributes
to maintain AP and renal sympathetic nerve activity both in SHR and WKY and that its activity might be enhanced in
SHR.

keywords: angiotensin-(1-7), blood pressure, sympathetic nervous system, rostral ventrolateral medulla, hypertension

INTRODUCTION

Accumulating evidence indicates that the sympathetic
nervous system plays an important role in the patho-
genesis of hypertension (1-3). It is well established that
the renin-angiotensin system (RAS) modulates blood
pressure (BP) (4). The RAS members may act as
neuromodulators in different sites of the brain, and
dysfunction in the brain RAS is implicated in the patho-
genesis of hypertension (5). The rostral ventrolateral
medulla (RVLM) is the major vasomotor center that
determines basal sympathetic nervous system activity
and is essential for the maintenance of basal vasomo-
tor tone (6). Activation of angiotensin type 1 (AT))
receptors in the RVLM evokes sympathetic excitation
and pressor effects in normal animals (7,8) and appears
to be important for the maintenance of hypertension in
spontaneously hypertensive rats (SHR) (9).
Angiotensin-(1-7) [Ang-(1-7)] is a biologically active
peptide of the RAS family. It is formed from angiotensin
(Ang) T or II by an angiotensin-converting enzyme

homolog (ACE?2) (10). The action of Ang-(1-7) is medi-
ated through its selective receptor Mas (11), which is
different from AT; or AT, receptor subtypes, and is
blocked by its specific antagonist A-779. Ang-(1-7) is
active in central areas of cardiovascular control, includ-
ing neurons in the nucleus tractus solitarius (NTS) (12),
RVIM (13,14), and paraventricular nucleus (PVN)
(15). The Mas receptor and ACE2 are present in differ-
ent areas related to cardiovascular control in the brain
(16,17). Although Ang II and Ang-(1-7) have oppo-
site effects systemically, microinjection of Ang-(1-7) or
Ang-II into the RVLM elicits a similar pressor response
(18,19).

The objective of the present study was to deter-
mine whether Ang-(1-7) in the RVLM contributes to
the maintenance or elevation of BP in a rat model of
hypertension. Therefore, we investigated the cardiovas-
cular effects of microinjection of Ang-(1-7), its selective
antagonist A-779, and the ACE2 inhibitor DX600 into
the RVLLM in normotensive and hypertensive rats.
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METHODS

This study was reviewed and approved by the Commit-
tee of Ethics of Animal Experiments, Kyushu University
Graduate School of Medical Sciences, and was con-
ducted according to the Guidelines for Animal Exper-
iments of Kyushu University.

Animals and General Procedures

Male Wistar-Kyoto/Izm rats (WKY) and spontaneously
hypertensive/Izm rats (SHRs) (12-16 weeks old, SLC
Japan, Hamamatsu, Japan) were used. Food and tap
water were available ad lLbitum throughout the study.
The rats were kept in a temperature- and humidity-
controlled room under a 12-h light period between
8:00 AM and 8:00 PM. To obtain RVLM tissues, the
rats were deeply anesthetized with sodium pentobar-
bital (100 mg/kg i.p.) and transcardially perfused with
phosphate-buffered saline (150 mol/L. NaCl, 3 mmol/L
KCl, and 5 nmol/L phosphate; pH 7.4, 4°C). The
brains were quickly removed, and 1-mm thick sections
were obtained with a cryostat at —7+1°C. The RVLM
was defined according to a rat brain atlas and the RVLM
tissue was obtained using a punch-out technique, as
previously described (6).

Microinjection into the RVLM

Spontaneously hypertensive rats and WKYs were ini-
tially anesthetized with sodium pentobarbital (50 mg/kg
i.p., followed by a maintenance dosage of 20 mg/kg/h
iv.). A catheter was inserted into the femoral artery
to record arterial blood pressure (AP) and heart rate
(HR). A tracheal cannula was connected to a ven-
tilator, and the rats were artificially ventilated. Body
temperature was monitored with a rectal thermome-
ter and maintained in the range of 36.5 to 37.5°C
with a heating pad. The left kidney was exposed using
a retroperitoneal approach, and the renal nerve pre-
pared for recording renal sympathetic nerve activity
(RSNA) as previously described (20). The rats were
placed in a stereotaxic frame with the 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 scripto-
rius), as previously described (21). Microinjections (all
microinjections were in a volume of 100 nL unless oth-
erwise indicated) into the RVLM were made according
to the following protocols: (1) unilateral microinjection
~ of Ang-(1-7) (100 pmol); (2) bilateral microinjections
of A-779 (100 pmol each); (3) unilateral microinjec-
tion of Ang-(1-7) (100 pmol each) 30 min after bilateral
injections of A-779 (100 pmol each); (4) unilateral
microinjection of Ang-(1-7) (100 pmol) 15 min after
bilateral injections of AT receptor antagonist valsartan
(100 pmol each); (5) bilateral microinjection of ACE2
inhibitor DX600 (25 pmol in 50 nL each). Ang-(1-7)

and A-779 were obtained from Bachem Inc. (Buben-
dorf, Switzerland). DX600 was obtained from Phoenix
Pharmaceuticals (Burlingame, CA). The AT receptor
antagonist valsartan was a gift from Novartis Pharma
AG (Basel, Switzerland). Drug doses were based on pre-
vious reports (9,15,19) or on Aprelirn'inary experiments.
Before microinjection of the drugs, the RVLM was iden-
tified by monitoring the mean arterial pressure (MAP)
after injecting a small dose of L-glutamate. For bilat-
eral injections, injections were first made on one side,
and then the pipette was moved to the contralateral
side; the two injections were made ~3 min apart. To
verify the injection site histologically, 50 nL. of Evans
Blue dye was injected into the site at the end of the
microinjection experiments. The rats were deeply anes-
thetized with an excessive dose of sodium pentobarbital,
and transcardially perfused with 4% paraformaldehyde
in phosphate-buffered saline. The brain was removed
and sectioned to verify the microinjection sites. The rats
whose microinjection sites were within the boundaries
of the RVLM were used for data analysis.

Western Blot Analysis of the Mas Receptor in the RVLM

The RVLM tdssue was homogenized and then
sonicated in lysing buffer containing 40 mmolL 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEP
ES), 1% Triton X-100, 10% glycerol, 1 mmol/L
phenylmethanesulfonyl fluoride, and 1 mmol/L protease
inhibitor cocktail tablet (Roche Diagnostics, Indianapo-
lis, IN). The tissue lysate was centrifuged at 6000 rpm
for 5 min at 4°C in a microcentrifuge. The lysate
was collected and the protein concentration was deter-
mined using a bincinchoninic acid protein assay kit
(Pierce, Rockford, IL). Aliquots of protein (50 wg)
from each sample were separated on a 7.5% sodium
dodecyl sulfate-polyacrylamide gel. Subsequently, the
separated proteins were transferred onto polyvinylidene
difluoride membranes (Immobilon-P membrane; Milli-
pore, Billerica, MA). The membranes were incubated
with goat IgG polyclonal antibody against Mas (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA) and
with rabbit IgG polyclonal antibody against GAPDH
(1:1000; Santa Cruz Biotechnology) for 24 to 48 h.
The membranes were then washed and incubated with
horseradish peroxidase-conjugated horse anti-goat IgG
or anti-rabbit antibody (1:10000; Santa Cruz Biotech-
nology) for 40 min. Immunoreactivity was detected
by autoradiography using enhanced chemiluminescence
and a western blotting detection kit (Amersham, Piscat-
away, NJ).

Statistical Analysis

All values are expressed as means &= SEM. The changes
in MAP, HR, and RSNA values during the microin-
jection study were compared using a unpaired z-test or
analysis of variance where appropriate. A P value of less
than 0.05 was considered statistically significant.
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RESULTS

Microinjection of Ang-(1-7) or A-779 into the RVLM
Unilateral microinjection of Ang-(1-7) into the RVLM
increased AP in both strains, but the increase was sig-
nificantly greater in SHR than in WKY (P < 0.05;
Figures 1A and 1B). No significant changes in HR
were observed in either strain. In contrast, bilateral
microinjection of A-779 into the RVLM induced a sig-
nificant decrease in AP and RSNA in both strains. The
decreases in AP and RSNA were significantly greater in
SHR than in WKY (P < 0.05; Figures 2A and 2B).

Effect of Valsartan or A-779 on the Ang-(1-7)-Induced
Responses

Pretreatment with bilateral microinjection of A-779
into the RVLM attenuated the Ang-(1-7)-induced
increase in AP (Figure 3A). Valsartan pretreatment
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did not change the Ang-(1-7)-induced increase in AP
(Figure 3B).

Mas Receptor Expression in the RVLM ‘
Mas receptor expression levels in the. RVLM were sig-
nificantly higher in SHR than in WKY (P < 0.05;

Figure 4).

Microinjection of ACE2 Inhibitor DX600 into the RVLM
Bilateral microinjection of the ACE2 inhibitor, DX600,
in the RVLM induced a significant decrease in AP
in both strains. The decrease in AP was significantly
greater in SHR than in WKY (P < 0.05; Figure 5).

DISCUSSION

The major findings of the present study were as follows:
1) the blockade of endogenous Ang-(1-7) in the RVLM
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Figure 1. Effect of microinjection of Ang-(1-7) on arterial blood pressure (AP) and heart rate (HR). A, Changes in AP and HR after
unilateral injection of Ang-~(1-7) (100 pmol) into the rostral ventrolateral medulla (RVLM) in Wistar-Kyoto rats (WKY) (top) and spon-
taneously hypertensive rats (SHR) (bottom) rats. Arrow indicates the time at which Ang-(1-7) was injected. B, Grouped data of mean
(+ SEM) change from baseline of AP (MAP) and HR evoked by unilateral microinjection of Ang-(1-7) into the RVLM. n = 6 per group.

*P < 0.05 compared to WKY rats.
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