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Abstract Chemical stimulation of the kidney increases
sympathetic activity and blood pressure in rats. The
hypothalamic paraventricular nucleus (PVN) is important
in mediating the excitatory renal reflex (ERR). In this
study, we examined the role of molecular signaling in the
PVN in mediating the capsaicin-induced ERR and sympa-
thetic activation. Bilateral PVN microinjections were
performed in rats under anesthesia. The ERR was elicited
by infusion of capsaicin into the cortico-medullary border
of the right kidney. The reflex was evaluated as the
capsaicin-induced changes in left renal sympathetic nerve
activity and mean arterial pressure. Blockade of angioten-
sin type 1 receptors with losartan or inhibition of
angiotensin-converting enzyme with captopril in the PVN
abolished the capsaicin-induced ERR. Renal infusion of
capsaicin significantly increased NAD(P)H oxidase activity
and superoxide anion production in the PVN, which were
prevented by ipsilateral renal denervation or microinjection
of losartan into the PVN. Furthermore, either scavenging of
superoxide anions or inhibition of NAD(P)H oxidase in the
PVN abolished the capsaicin-induced ERR. We conclude
that the ERR induced by renal infusion of capsaicin is
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mediated by angiotensin type 1 receptor-related NAD(P)H
oxidase activation and superoxide anion production within
the PVN.
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Introduction

Sympathetic over-activity contributes to the development
of chronic heart failure, hypertension, and chronic kidney
disease [1-3], and the kidneys play important roles in the
sympathetic activation in these diseases [4, 5]. It is well
known that the renal nerve contains both afferents and
efferents. Chemoreceptors in the kidney can be activated
by capsaicin, bradykinin, adenosine, and hypertonic NaCl
in the renal tissue and pelvis, while mechanoreceptors
mainly respond to changes in pelvic pressure [6]. The renal
afferent sensory signals contribute to the sympathetic
activation in hypertension and chronic heart failure [7, 8].
Renal denervation has been used as an interventional
approach to chronic kidney disease and some cardiovas-
cular diseases [9, 10]. Recently, we showed that renal
infusion of capsaicin, angiotensin II (Ang II), bradykinin,
or adenosine activates renal afferents, and then causes
increases in sympathetic activity and blood pressure,
indicating that chemical stimulation of the kidney results
in an excitatory renal reflex (ERR) in rats, resulting in
sympathetic activation and pressor responses [11].
Afferent activity from the kidneys is closely associated
with several brain sites involved in the modulation of
cardiovascular and sympathetic activity, including the
nucleus of the solitary tract, rostral ventrolateral medulla,
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paraventricular nucleus of the hypothalamus (PVN), pre-
optic area, and subfornical organ [4]. The PVN receives
inputs from various visceral receptors including arterial
baroreceptors and pulmonary/cardiac vagal afferents [12],
cardiac sympathetic afferents [13], adipose afferents [14],
and renal afferents [11]. The PVN is critical in the
integration and regulation of sympathetic and cardiovas-
cular activity by sending its descending projections to the
rostral ventrolateral medulla and spinal intermediolateral
column [15, 16]. Renal afferent inputs increase sympa-
thetic activity [7], and renal nerve stimulation excites some
neurons in the PVN [17]. An imbalance of excitatory and
inhibitory synaptic inputs in the PVN is the basis of the
enhanced sympathetic activity in hypertension [7, 18]. We
recently showed that chemical stimulation of the kidneys
promotes c-Fos expression in the PVN, and lesioning PVN
neurons with kainic acid abolishes the sympathetic activa-
tion and pressor responses to renal infusion of capsaicin,
suggesting that the PVN is a crucial central nucleus in the
ERR pathway [11]. Angiotensin type 1 receptors (ATRs)
are densely distributed in the PVN, and are involved in the
control of sympathetic activity [19, 20]. We previously
showed that AT;Rs in the PVN mediate the cardiac
sympathetic afferent reflex (CSAR), a sympatho-excitatory
reflex induced by chemical stimulation of sympathetic
afferent endings innervating the heart [13, 21]. Both
N-methyl-D-aspartate receptors (NMDARs) and non-
NMDARs in the PVN mediate the adipose afferent reflex
(AAR), by which afferent activity from white adipose
tissue increases sympathetic outflow and blood pressure
[22]. However, the molecular signaling in the PVN that
mediates the ERR was not known. The aim of this study
was to determine the molecular signaling mechanism in the
PVN that mediates the ERR.

Methods
Animals and General Procedures

Experiments were carried out on 196 male Sprague-
Dawley rats weighing 280 g-320 g. The experimental
procedures were approved by the Experimental Animal
Care and Use Committee, and complied with the Guide for
the Care and Use of Laboratory Animals. The animals were
kept under a 12-h dark-light cycle with free access to tap
water and chow. The experiments were performed on rats
anaesthetized by intraperitoneal injection of a-chloralose
(40 mg/kg) combined with urethane (800 mg/kg). Corneal
and paw withdrawal reflexes were used to assess the depth
of anesthesia [23]. The right carotid artery and trachea
were exposed via a midline neck incision, the trachea was
cannulated, and positive-pressure ventilation was applied
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with a small animal ventilator (model 51600, Stoelting,
Chicago, IL). The right carotid artery was cannulated to
record pressure. The blood pressure, heart rate, and renal
sympathetic nerve activity (RSNA) were simultaneously
recorded with a data acquisition system (8SP, ADInstru-
ments, Bella Vista, NSW, Australia). Following the
surgery, the animal was allowed to stabilize for at least
30 min. At the end of each experiment, animals were
euthanized by overdose with pentobarbital sodium (100
mg/kg, i.v.).

PVN Microinjection

Each rat was fixed prone in a stereotaxic frame (Stoelting,
Chicago, IL). The coordinates for microinjections into the
PVN were 1.8 mm caudal to bregma, 0.4 mm lateral to the
midline, and 7.9 mm below the dorsal surface [21]. Glass
micropipettes with tip size 50 um were used for bilateral
PVN microinjections of 50 nL on each side completed in 1
min. After experiments, the same volume of Evans Blue
was microinjected into the PVN for histological identifi-
cation of the injection sites [24]. The visible spread of dye
was <300 um in diameter. Data were excluded for
microinjection sites outside the PVN.

RSNA Recording

Recordings were made for the left RSNA as we reported
previously [25]. Briefly, the left flank was incised to expose
the renal artery and nerve. The nerve was carefully isolated
and cut at its distal end to abolish afferent activity. The
central end of the nerve was laid on silver electrodes
immersed in mineral oil at 37°C and its activity was
amplified with a band-pass filter at 100-3000 Hz using a
differential amplifier (model DP-304, Warner Instruments,
Hamden, CT). The signals were integrated at a 100-ms
time constant using LabChart 8 (ADInstruments). After
each experiment, the background noise was recorded after
cutting the central end of the nerve. The RSNA value was
calculated as the measured RSNA value minus the
background noise value. The effects of chemicals on
RSNA were calculated as a percentage change of the
control value.

Renal Infusion of Capsaicin to Induce the ERR

As we previously reported, the ERR was elicited by renal
infusion of capsaicin [11]. Briefly, the right flank was
incised to expose the right kidney. A stainless-steel tube
(0.31 mm OD) was horizontally inserted into the kidney
from right to left for renal infusion. The insertion was
stopped when the tube encountered a slight resistance,
indicating that its tip had reached the cortico-
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medullary border, about 2 mm below the renal surface. The
outer end of the tube was connected to a programmable
pressure injector (Model PM2000B, MDI Inc., Lakewood,
NJ) through a PES0 polyethylene catheter. The ERR was
elicited by infusion of capsaicin (1 nmol/pL) into the
kidney at 1.0 pL/min for 20 min. An equal amount of
vehicle was infused as a control. The ERR was evaluated
by the capsaicin-induced RSNA and mean arterial pressure
(MAP) responses.

Measurement of Superoxide Anions and NAD(P)H
Oxidase Activity

Coronal sections 450 um thick were cut at the PVN level
on a cryostat microtome (Model CM 1900, Leica, Wetzlar,
Germany), and the bilateral PVN areas were punched out
using a 15-gauge needle. The punched tissue was homog-
enized and centrifuged in lysis buffer. Total protein
concentration was determined with the Bradford assay
(BCA; Pierce, Santa Cruz, CA).

Superoxide anion content was assessed by the lucigenin-
derived chemiluminescence method [26-28]; the photon
emission was started by adding dark-adapted lucigenin (5
pmol/L). NAD(P)H oxidase activity was determined by the
same method [29-31]; the photon emission was started by
adding both dark-adapted lucigenin and NAD(P)H (100
pmol/L). Light emission was measured ten times in 10 min
using a luminometer (Model 20/20n, Turner, CA). The
values were expressed as relative mean light units/min per
mg protein. Background chemiluminescence in the buffer
containing lucigenin (5 pmol/L) was also measured.

Detection of Superoxide Anions in the PVN

Superoxide anions in the PVN were detected with the
specific fluorogenic probe dihydroethidium (DHE), as we
reported previously [32, 33]. Experimental samples and
corresponding control samples were processed in parallel.
The settings of the detector and laser were kept constant
during experiments. The DHE fluorescence was detected
under a fluorescence microscope (DP70, Olympus Optical,
Tokyo, Japan).

Chemicals

Capsaicin was from MedChem Express (Monmouth Junc-
tion, NJ). Ang II, losartan, captopril, tempol, apocynin,
N-acetylcysteine (NAC), diethyldithiocarbamic acid
(DETC), capsazepine, diphenyleneiodonium (DPI), and
allopurinol were from Sigma (St. Louis, MO). AP5 and
CNQX were from Apexbio (Houston, TX). Capsaicin,
captopril, apocynin, or DPI was dissolved in PBS with 1%
DMSO. The vehicle (Veh) was used as control. All other

chemicals were dissolved in PBS, and PBS served as
control. The concentrations of losartan, captopril, and other
compounds were selected according to their dose-effect
relationships or our previous data [21, 24].

Statistics

RSNA and MAP changes were assessed by averaging the
values for 1 min at the maximal chemically-induced
responses. The statistical significance of differences
between groups was evaluated by one-way analysis of
variance (ANOVA) followed by the Bonferroni post hoc
test. Data are expressed as the mean = SEM. A P-value
< 0.05 was considered statistically significant.

Results

Effects of Ang II, Losartan, and Captopril
on the ERR

Microinjection of PBS, Ang II (0.3 nmol), losartan (10
nmol), or captopril (10 nmol) into the PVN was carried out
10 min before renal infusion of vehicle or capsaicin (1 nmol/
min, 20 min). The renal infusion site, rate, and duration as
well as the dose of capsaicin were determined based on our
previous study [11]. Representative recordings showed that
renal infusion of capsaicin induced the ERR, as evidenced
by increased RSNA and MAP (Fig. 1A), which were
prevented by pretreatment of the PVN with losartan, an
antagonist of AT Rs (Fig. 1B). Microinjection of Ang Il into
the PVN increased the baseline RSNA and MAP, but
losartan or the angiotensin-converting enzyme inhibitor
captopril had no significant effects on these baseline values
(Fig. 2A). To compare the renal infusion-induced RSNA
and MAP changes, they were calculated as the difference
between the values before and after the renal infusion.
Microinjection of Ang II into the PVN failed to have a
greater effect on the capsaicin-induced RSNA and MAP
changes than those caused by microinjection of PBS
(RSNA: + 14.1% =+ 3.5% versus + 18.2% + 2.3%, P >
0.05; MAP: + 5.9 +£ 1.5 mmHg vs + 8.1 £ 2.0 mmHg, P >
0.05; Fig. 2B). To compare the RSNA and MAP changes
caused by PVN microinjection plus renal infusion, the total
RSNA and MAP changes were calculated as the difference
between the values before the PVN microinjection and those
after the renal infusion. The total RSNA and MAP changes
due to PVN microinjection of Ang II plus renal infusion of
capsaicin were also not significantly greater than those
caused by PVN microinjection of PBS plus renal infusion of
capsaicin (RSNA: + 23.5% + 3.6% vs +18.9% =+ 3.6%,
P> 0.05; MAP: + 11.7 & 1.7 mmHg vs +-8.0 = 1.8 mmHg,
P > 0.05). Importantly, the capsaicin-induced ERR was
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Fig. 1 Representative recordings showing the capsaicin-induced
excitatory renal reflex. A Renal infusion of capsaicin at 1 nmol/min
for 20 min causes reflex changes of arterial blood pressure (ABP),
mean arterial pressure (MAP) and contralateral renal sympathetic

almost abolished by PVN pretreatment with losartan or
captopril (Fig. 2B). These findings suggest that the cap-
saicin-induced ERR is mediated by Ang II and its AT|Rs in
the PVN. Microinjection of losartan into anterior hypotha-
lamic areas close to the PVN failed to abolish the ERR,
suggesting that the effect of losartan on the ERR is not due to
diffusion.

Effects of Tempol, NAC, and DETC on the ERR

Our previous study has shown that reactive oxygen species
(ROS) in the PVN mediate the effect of Ang II on the
CSAR in hypertensive rats [24]. In this study, microinjec-
tion of PBS, tempol (20 nmol), NAC (40 nmol), or DETC
(10 nmol) into the PVN was carried out 10 min before renal
infusion of vehicle or capsaicin (1 nmol/min, 20 min).
Microinjection of the ROS scavenger tempol or NAC into
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nerve activity (RSNA). B Effect of pretreatment with PVN microin-
jection of losartan (10 nmol) on the reflex. The pretreatment was
carried out 10 min before renal infusion of vehicle (PBS) or capsaicin.

the PVN reduced the baseline RSNA and MAP values,
while DETC, a superoxide dismutase inhibitor, increased
these values (Fig. 3A). The capsaicin-induced ERR was
almost abolished by pretreatment with PVN microinjection
of tempol or NAC. Microinjection of DETC into the PVN
failed to have greater effects on the capsaicin-induced
RSNA and MAP changes than those caused by microin-
jection of PBS (RSNA: +12.7% + 2.7% vs +17.9% +
3.3%, P > 0.05; MAP: +5.4 £ 1.7 mmHg vs +8.0 + 1.7
mmHg, P > 0.05; Fig. 3B). The total RSNA and MAP
changes due to PVN microinjection of DETC plus renal
infusion of capsaicin were significantly greater than those
caused by PVN microinjection of PBS plus renal infusion
of capsaicin (RSNA: +29.6% =+ 3.5% vs +19.4% + 2.8%,
P <0.05; MAP: +11.9 & 1.4 mmHg vs +7.1 &+ 1.4 mmHg,
P < 0.05). These results suggest that superoxide anions in
the PVN mediate the capsaicin-induced ERR.
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Fig. 2 Roles of Ang II in the PVN in the capsaicin-induced
excitatory renal reflex. The reflex was induced by renal infusion of
capsaicin (Cap) at 1 nmol/min for 20 min. The PVN microinjection
was carried out 10 min before renal infusion. A Baseline RSNA and
MAP changes caused by the PVN microinjection of Ang II (0.3

A

nmol), losartan (10 nmol), or captopril (10 nmol) (*P < 0.05 vs PBS
or Veh). B Effects of PVN microinjection of Ang II, losartan, or
captopril on the capsaicin-induced reflex (*P < 0.05 vs PBS + Veh;
fP < 0.05 vs PBS + Cap or Veh + Cap). Values are the mean =+
SEM; n = 6 per group.
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Fig. 3 Roles of reactive oxygen species in the PVN in the capsaicin-
induced excitatory renal reflex. The reflex was induced by renal
infusion of capsaicin (Cap) at 1 nmol/min for 20 min. The PVN
microinjection was carried out 10 min before renal infusion.
A Baseline RSNA and MAP changes caused by the PVN

microinjection of tempol (20 nmol), NAC (40 nmol), or DETC (10
nmol) (*P < 0.05 vs PBS). B Effects of PVN microinjection of
tempol, NAC, or DETC on the reflex (*P < 0.05 vs PBS + Veh; P <
0.05 vs PBS + Cap). Values are the mean + SEM; n = 6 per group.
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Effects of Losartan and Renal Denervation on Su-
peroxide Anion Production

Superoxide anion production in the PVN was determined in
order to provide further evidence about their importance in
mediating the capsaicin-induced ERR. The PVN microin-
jection of PBS or losartan (10 nmol) was carried out 10 min
before renal infusion of capsaicin (1 nmol/min for 20 min),
and tissue samples for measurements were prepared
immediately after the infusion. Renal infusion of capsaicin
promoted superoxide anion production in the bilateral
PVN, and this was prevented by bilateral losartan pretreat-
ment (Fig. 4A and B). Furthermore, right renal denervation
(RD) was carried out 60 min before ipsilateral renal
infusion of capsaicin, and tissue samples were prepared
immediately afterwards. Ipsilateral RD abolished the
increase in superoxide anions in the bilateral PVN elicited
by renal infusion of capsaicin, indicating that this super-
oxide anion production mediates the effects of renal
infusion of capsaicin via afferent signals from the kidney
rather than changes in circulating hormones or other
secondary effects (Fig. 4C).

Effects of Apocynin, DPI, and Allopurinol

Inhibitors of NAD(P)H oxidase and xanthine oxidase were
each used to determine the origin of superoxide anions in
the PVN. Microinjection of PBS, vehicle, apocynin (1
nmol), DPI (1.5 nmol), or allopurinol (10 nmol) into the
PVN was carried out 10 min before renal infusion of
vehicle or capsaicin (1 nmol/min, 20 min). Microinjection
of the NAD(P)H oxidase inhibitor apocynin or DPI reduced
the baseline RSNA and MAP, but the xanthine oxidase
inhibitor allopurinol had no significant effects on these
values (Fig. 5A). Bilateral microinjection of apocynin or
DPI attenuated the capsaicin-induced ERR, while allop-
urinol had no significant effect (Fig. 5B). These results
suggest that the capsaicin-induced ERR involves NAD(P)H
oxidase rather than xanthine oxidase in the PVN.

Effects of Losartan and Renal Denervation
on NAD(P)H Oxidase Activity

Microinjection of PBS, losartan (10 nmol), or apocynin (1
nmol) into the PVN was carried out 10 min before renal
infusion of vehicle or capsaicin (1 nmol/min, 20 min). A
right RD was carried out 60 min before the ipsilateral renal
infusion and tissue samples were prepared immediately
afterwards. Renal infusion of capsaicin increased
NAD(P)H oxidase activity in the bilateral PVN, and this
was prevented by bilateral losartan pretreatment (Fig. 6A).
Ipsilateral RD abolished the NAD(P)H oxidase activation
in the bilateral PVN induced by renal infusion of capsaicin
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(Fig. 6B). Moreover, pretreatment with apocynin abolished
the capsaicin-induced superoxide anion production in the
PVN (Fig. 6C). These results indicate that the NAD(P)H
oxidase is responsible for the capsaicin-induced production
of superoxide anions in the PVN.

Effects of PVN Microinjection of AP5 or CNQX,
or Renal Infusion of Capsazepine, on the ERR

Tonotropic glutamate receptors are divided into NMDARs
and non-NMDARSs. Our previous studies have shown that
both types in the PVN mediate the AAR [22], so it was of
interest to determine whether they are also involved in the
ERR. Renal infusion of capsaicin (1 nmol/min, 20 min)
was carried out to induce the ERR 10 min after treatment
with the NMDAR antagonist AP5 (9 nmol) or the non-
NMDAR antagonist CNQX (9 nmol). We found that either
APS5 or CNQX inhibited the baseline RSNA and reduced
the baseline blood pressure (Fig. 7A), but had no signif-
icant effect on the ERR (Fig. 7B). These results indicate
that ionotropic glutamate receptors are not involved in the
capsaicin-induced ERR. On the other hand, transient
receptor potential vanilloid subtype 1 receptors (TRPV1Rs)
act as sensory mediators, and are activated by capsaicin,
heat, and endogenous ligands [34-36]. We therefore used
capsazepine, a competitive antagonist of TRPVIRs to
determine whether the capsaicin-induced ERR is mediated
by these receptors. Capsaicin (1 nmol/min for 20 min) was
infused into the kidney to induce the ERR immediately
after the renal infusion of capsazepine (20 nmol/min for 10
min). Capsazepine had no significant effect on the baseline
RSNA and MAP (Fig. 7C), but almost completely abol-
ished the ERR (Fig. 7D), suggesting that the capsaicin-
induced ERR is mediated by renal TRPV1Rs.

Discussion

We recently showed that chemical stimulation of the
kidney with capsaicin elicits the ERR, leading to increases
in sympathetic activity and blood pressure. Stimulation of
renal afferents with capsaicin promotes c-Fos expression in
the bilateral PVN, while lesioning of the bilateral PVN
with kainic acid abolishes this capsaicin-induced reflex.
Thus, the PVN is an important component of the ERR
neural circuitry [11]. The primary novel findings in this
study are that the ERR induced by renal infusion of
capsaicin is mediated by ATRs in the hypothalamic PVN.
AT R-dependent NAD(P)H oxidase activation and super-
oxide anion production in the PVN contribute to the ERR.

It is known that Ang II in the PVN causes sympathetic
activation and a pressor response via the activation of
AT;Rs [37]. Abundant AT;Rs have been found in the
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bilateral PVN [38], and they are upregulated in chronic
heart failure [39] and hypertension [21]. We found that
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mediated by endogenous Ang II and AT;Rs in the PVN.
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baseline RSNA and MAP, it failed to further augment the
sympathetic activation and pressor response induced by
renal infusion of capsaicin. A possible explanation is that,
given the administration of exogenous Ang II, release of
endogenous Ang II due to renal infusion of capsaicin may
be unable to induce a further large increase in the Ang II
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Fig. 7 Effects of PVN microinjection of AP5 or CNQX, or renal
infusion of capsazepine, on the capsaicin-induced excitatory renal
reflex. The reflex was induced by renal infusion of capsaicin (Cap) at
1 nmol/min for 20 min. A Baseline RSNA and MAP changes caused
by PVN microinjection of AP5 (9 nmol) or CNQX (9 nmol).
B Effects of PVN microinjection of AP5 or CNQX on the capsaicin-
induced reflex. The PVN microinjection was carried out 10 min

content of the PVN. This might be why the total changes
caused by the PVN microinjection of Ang II plus renal
infusion of capsaicin were not significantly greater than
those caused by Ang II or capsaicin alone. These results
support the idea that Ang II in the PVN is involved in the
ERR. It has been shown that Ang Il and AT;Rs in the PVN
mediate the CSAR [40], but this does not mean that most
sympatho-excitatory reflexes due to peripheral afferent
activity are mediated by Ang II and its ATRs in the PVN.
An exception is that the AAR induced by infusion of
capsaicin into white adipose tissue causes sympathetic
activation that is mediated by ionotropic glutamate recep-
tors in the PVN rather than AT;Rs [22].
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before renal infusion. C Baseline RSNA and MAP changes caused by
the renal infusion of capsazepine. D Effects of renal infusion of
capsazepine on the reflex. Renal infusion of Veh or capsaicin for 20
min was carried out immediately after renal infusion of PBS or
capsazepine for 10 min (*P < 0.05 vs PBS; TP < 0.05 vs PBS + Veh;
P < 0.05 vs PBS + Cap). Values are the mean & SEM; n = 6 per

group.

Tempol mimics the role of superoxide dismutase in
scavenging superoxide anions [41], and NAC is another
antioxidant with superoxide scavenging properties [42].
Ang II is an important stimulus for superoxide anion
production in the brain [43] and vasculature [44], and
superoxide anion production in the PVN plays a role in the
sympathetic activation in hypertension [45]. Furthermore,
our previous study has shown that superoxide anions in the
PVN contribute to the enhanced CSAR in chronic heart
failure [25], so we further investigated whether this
mechanism is involved in the ERR. PVN microinjection
of tempol or NAC reduced the baseline RSNA and MAP,
and prevented the capsaicin-induced ERR. Inhibition of
superoxide dismutase with DETC increased the baseline
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RSNA and MAP rather than the capsaicin-induced ERR.
However, the total RSNA and MAP responses to DETC
plus capsaicin were significantly greater than those caused
by Ang II or capsaicin alone. More importantly, renal
infusion of capsaicin increased superoxide anion produc-
tion in the PVN, which was prevented by pretreatment with
bilateral microinjection of losartan into the PVN or
ipsilateral renal denervation. These findings provide evi-
dence that the capsaicin-induced ERR is mediated by the
AT /R activation-dependent production of superoxide anion
in the PVN.

NAD(P)H oxidase is expressed in neurons throughout
the brain [46], and ROS derived from it play a major role in
Ang 1II signaling [47]. Apocynin prevents the assembly of
NAD(P)H oxidase, thereby inhibiting its oxidase activity
and superoxide anion formation [48]. Inhibition of
NAD(P)H oxidase with apocynin in the PVN reduced the
baseline RSNA and MAP, and almost completely abol-
ished the ERR. Similar results were obtained after PVN
microinjection of another NAD(P)H oxidase, DPI. How-
ever, inhibition of xanthine oxidase with allopurinol in the
PVN had no significant effects on the ERR. Renal infusion
of capsaicin increased NAD(P)H oxidase activity in the
PVN, which was prevented by the bilateral microinjection
of losartan or ipsilateral RD. Furthermore, apocynin
abolished the superoxide anion production induced by
renal infusion of capsaicin. These findings indicate that
NAD(P)H oxidase is a key source of the AT ;R-mediated
superoxide anion production in the PVN. It is notable that
the ERR is mediated by Ang I[I-AT;R-NAD(P)H oxidase—
ROS rather than NMDARs and non-NMDARs in the PVN,
similar to the signaling pathway of the CSAR [21].
However, the signaling pathway of the ERR is different
from that of the AAR, which is mediated by both
NMDARs and non-NMDARs. In this study, we only
focused on the signaling pathway in the PVN, but other
central nuclei such as the rostral ventrolateral medulla and
the nucleus of the solitary tract may also be involved in the
ERR, and this deserves further investigation.

Sympathetic over-activity contributes greatly to the
pathogenesis and development of several diseases includ-
ing chronic kidney disease, chronic heart failure, and
hypertension [6]. It has been shown that enhanced renal
afferent activity in 2-kidney 1-clip hypertensive mice
increases blood pressure and sympathetic nerve activity
[49], while renal afferent denervation in the rat prevents the
progression of chronic renal failure [50]. Chronic inter-
mittent hypobaric hypoxia attenuates renal vascular hyper-
tension [51], while renal afferent signaling plays a role in
chronic intermittent hypoxia-induced hypertension, which
is involved in human obstructive sleep apnea syndrome
[52]. Increased afferent activity from the kidney might play
important roles in the sympathetic over-activity in these

@ Springer

diseases, and this needs further investigation. Ang II,
AT Rs, NAD(P)H oxidase and superoxide anion produc-
tion in the PVN may be critical targets in interventions for
ERR-related sympathetic activation, and might attenuate
some cardiovascular diseases with excessive sympathetic
activation.

In conclusion, the capsaicin-induced ERR is mediated
by Ang II and AT;Rs, and their downstream production of
NAD(P)H oxidase-derived superoxide anion in the PVN.
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