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BACKGROUND AND PURPOSE
Neuropeptide Y (NPY) is a 36-amino acid polypeptide found abundantly in the central and peripheral nervous systems. NPY
exerts a potent depressor effect via the activation of both Y1 and Y2 receptors in the nucleus tractus solitarii (NTS) of rats.
However, the precise mechanisms involved in this NPY-mediated action remained unclear.

EXPERIMENTAL APPROACH
Effects of a selective antagonist of Y1 receptors, a PKC inhibitor, a PI3 kinase inhibitor, a NOS inhibitor, an endothelial NOS
(eNOS)-selective inhibitor, a neuronal NOS (nNOS)-specific inhibitor or a MAPK inhibitor, on responses to microinjection of
NPY into the NTS of Wistar-Kyoto rats were studied to determine the underlying mechanisms. Blood pressure and heart rate
were measured and, in NTS, protein phosphorylation assessed by immunohistochemical techniques.

KEY RESULTS
Unilateral microinjection of exogenous NPY (4.65 pmol/60 nL) into the NTS of urethane-anesthetized Wistar-Kyoto rats
markedly decreased blood pressure and heart rate. Microinjection of the Y1 receptor antagonist BIBP3226 or the Gi/Go-protein
inhibitor, Pertussis toxin, into the NTS attenuated these NPY-induced hypotensive effects. A selective Y1 receptor agonist
increased expression of ERK1/2, ribosomal protein S6 kinase (RSK) and the phosphorylation of eNOS. RSK also bound directly
to eNOS and induced its phosphorylation at Ser1177. Pretreatment of the NTS with an eNOS inhibitor, but not a nNOS
inhibitor, attenuated the NPY-induced hypotensive effects.

CONCLUSIONS AND IMPLICATIONS
Together, these results suggested that NPY-induced depressor effects were mediated by activating NPY Y1 receptor-PKC-ERK-
RSK-eNOS and Ca2+-eNOS signalling pathways, which are involved in regulation of blood pressure in the NTS.
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Abbreviations
Co-IP, co-immunoprecipitation; eNOS, endothelial nitric oxide synthase; L-NAME, N-nitro-L-arginine methyl ester; NPY,
neuropeptide Y; NTS, nucleus tractus solitarii; P, phosphorylated; PVN, paraventricular nucleus; VLM, ventrolateral
medulla; WKY, Wistar-Kyoto rats

Introduction

The nucleus tractus solitarii (NTS) is located in the dorsal
medulla of the brainstem, which is the primary centre for
integrating cardiovascular control and other autonomic func-
tions in the CNS. Our previous studies demonstrated that
neuropeptide Y (NPY) played an important role in central
cardiovascular control (Tseng et al., 1989). However, how
NPY exerted its effects on the NTS remained unclear.

NPY was first isolated from porcine brain (Tatemoto et al.,
1982) and is a 36-amino acid polypeptide, sharing extensive
sequence homology with pancreatic polypeptide (PP) and
peptide YY (PYY). PYY and PP are mainly secreted into sys-
temic blood by the gut and pancreas, respectively, and have
thus been included in the same peptide family called the Y or
NPY family (Michel et al., 1998; Mahaut et al., 2010). In rats,
these peptides exert pleiotropic physiological actions, which
are mediated by the activation of at least one of the four
receptor subtypes (Y1, Y2, Y4 and Y5 ; receptor nomenclature
follows Alexander et al., 2011). All these receptors have been
cloned and are seven transmembrane GPCRs. NPY is exten-
sively expressed mainly in the brainstem (NTS, area postrema
and dorso-motor nucleus of the vagus) and peripheral sympa-
thetic nerves whose physiological functions include the regu-
lation of blood pressure, appetite and feeding, circadian
rhythms, modulation of learning and memory, control of
brain endocrine axes and regulation of neural progenitor cell
proliferation (Tseng et al., 1989; Hansel et al., 2001; Luquet
et al., 2005; Mahaut et al., 2010). Specifically, NPY-containing
neurons are present in the paraventricular nucleus (PVN) of
the hypothalamus, the ventrolateral medulla (VLM), the NTS,
the presynaptic bulbospinal neurons of the brainstem and the
sympathetic fibres that innervate blood vessels (Fetissov et al.,
2003; Wolak et al., 2003). NPY binds to and activates at least
five different NPY receptors (Blomqvist and Herzog, 1997), two
of which, the Y1 and Y2 receptors, are abundantly expressed in
the mammalian brain (Dumont et al., 1998). The Y1 receptor is
thought to be involved in many of the central and peripheral
effects exerted by NPY. The NTS is a medullary relay nucleus
that transmits both cardiovascular and respiratory signals and
contains a high density of Y1 and Y2 receptors (Kask et al.,
2002). We and others have demonstrated that microinjection
of NPY into the NTS elicits a dose-dependent reduction in
blood pressure and heart rate (Tseng et al., 1989), indicating
that NPY in the NTS plays a significant part in regulating
cardiovascular activity through the activation of NPY
receptor-mediated downstream signal transduction.

Microinjection of NG-monomethyl-L-arginine, a NOS
inhibitor, into the NTS increased systemic arterial pressure
and renal sympathetic nerve activity (Tseng et al., 1996),
indicating that the NOS system is involved in central
cardiovascular regulation. Our previous study indicated
that the insulin-PI3K-Akt-NOS and the adenosine-MEK-ERK-

endothelial NOS (eNOS) signalling pathways in the NTS of
rats played a significant role in central cardiovascular regula-
tion (Huang et al., 2004; Ho et al., 2008). Notably, NPY has
been shown to increase Rho-kinase activity in the mesenteric
arterial vascular wall and to decrease NO overproduction in
the mesenteric vasculature, making NPY a more effective
vasoconstrictor, which counterbalances arterial vasodilata-
tion in portal hypertension (Moleda et al., 2011). Moreover,
NPY induction of neuronal proliferation is mediated through
PKC, an upstream regulator of ERK1/2 (Gur et al., 2002).
However, the signalling mechanisms following NPY receptor
activation and NO production in the NTS remain unclear.
Thus, we aimed to explore the possible involvement of PI3K/
Akt-dependent and/or MEK/ERK signalling pathways in the
cardiovascular response to NPY.

In this study, we evaluated the short-term cardiovascular
effect of NPY given to the NTS of Wistar-Kyoto rats (WKY)
and delineated its underlying molecular signalling mecha-
nism. We found that the NPY-induced depressor effect was
mediated by activating the Y1 receptor-PKC-ERK-ribosomal
protein S6 kinase (RSK)-eNOS and Ca2+-eNOS signalling path-
ways, which are involved in the regulation of blood pressure
in the NTS.

Methods

Animals
All animal care and research protocols were approved by the
Research Animal Facility Committee of Kaohsiung Veterans
General Hospital. All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting
experiments involving animals (McGrath et al., 2010). Male
WKY rats (weighing 230–300 g; total = 83) were obtained
from the National Science Council Animal Facility (Taipei,
Taiwan) and were housed in the animal nursery of Kaohsiung
Veterans General Hospital (Kaohsiung, Taiwan). The rats were
given normal rat chow (Purina, St. Louis, MO, USA) and tap
water ad libitum.

Intra-NTS microinjection and
haemodynamic measurements
Rats were anaesthetized with urethane (1.0 g·kg-1 i.p., supple-
mented with 300 mg·kg-1 i.v. if necessary). A polyethylene
catheter was placed in the femoral vein for drug administra-
tion. Blood pressure was measured directly through a catheter
placed in the femoral artery and connected to a pressure
transducer (P23 ID; Gould Electronics, Eichstetten, Germany)
and polygraph (RS3800; Gould Electronics). Heart rate was
monitored continuously by a tachograph preamplifier (13–
4615-65; Gould Electronics). Tracheostomy was performed to
maintain airway patency during the experiment. For brain-
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stem nuclei microinjection, the rats were placed in a stere-
otaxic instrument (Kopf, Tujunga, CA, USA), with the head
flexed downward at a 45° angle. The dorsal surface of the
medulla was exposed by limited craniotomy, and the rats
were rested for at least 1 h before experiments. Single-barrel
glass catheters were prepared (0.031 in. OD, 0.006 in. ID;
Richland Glass Co., Vineland, NJ, USA) with an external tip
diameter of 40 mm. To verify that the needle tip of the glass
electrode was exactly in the NTS, L-glutamate (0.154 nmol/
60 nL) was microinjected. This would induce a characteristi-
cally abrupt fall in blood pressure (� -35 mmHg) and heart
rate (� -50 bpm) if the needle tip was located precisely in the
medial site of the intermediate one-third of the NTS, with the
coordinates of antero-posterior, 0.0 mm; medio-lateral,
0.5 mm; and vertical, 0.4 mm with the obex as reference
(Tseng et al., 1996). The cardiovascular effect of NPY in rat
NTS was determined by injection of the following substances:
4.65 pmol of human NPY (Tatemoto et al., 1982) dissolved in
normal saline; BIBP3226 (60 pmol) (Rudolf et al., 1994), a
selective non-peptide Y1 receptor antagonist; GF109003X
(3 pmol), a PKC inhibitor; LY294002 (0.6 pmol) (Vlahos et al.,
1994), a PI3 kinase inhibitor; and PD098059 (10 pmol) (Alessi
et al., 1995; Mohr et al., 1998), an antagonist of MAPK acti-
vation. The vehicle used was 0.2% DMSO in Opti-MEM.

To investigate the effect of pre-administration of
BIBP3226, GF109003X, LY294002, L-NAME and PD98059 on
the NPY-elicited cardiovascular effects, the rats were first
injected with NPY and allowed to recover until their blood
pressure and heart rate returned to basal levels. An intra-NTS
injection of BIBP3226, GF109003X, LY294002, L-NAME or
PD98059 was then given, which was followed 10 min later by
another microinjection of the same NPY dose, and the
changes in mean blood pressure and heart rate were recorded.
The cardiovascular action of the same NPY dose was also
observed after 10–90 min. In this study, each injection
volume in the NTS was restricted to 60 nL, and microinjec-
tions were limited to six to eight per rat (Tseng et al., 1996).

Immunoblotting analysis
The NTS tissue microinjected with BIBP3226, GF109003X or
PD98059 was isolated according to a previously established
protocol (Ho et al., 2008). Briefly, total protein was prepared
by homogenizing the NTS for 1 h at 4°C in lysis buffer and
protease inhibitor cocktail and phosphatase inhibitor cocktail
2 (all purchased from Sigma-Aldrich). Protein extracts (20 mg
per sample assessed by bicinchoninic acid protein assay;
Pierce Chemical Co., IL, USA) were subjected to 6–12.5%
SDS–Tris glycine gel electrophoresis and transferred to a PVDF
membrane (GE Healthcare, Buckinghamshire, UK). The mem-
branes were blocked and incubated at 4°C overnight with
the appropriate antibody: rabbit anti-P-ERK1/2-Thr202Tyr204

(1:1000; Cell Signaling Technology, Denvers, MS, USA), rabbit
anti-ERK1/2 (1:1000; Cell Signaling Technology, Beverly, MA,
USA), rabbit anti-P-Akt-Ser473 (1:1000; Cell Signaling Technol-
ogy), rabbit anti-Akt (1:1000; Cell Signaling Technology),
mouse anti-P-eNOS-Ser1177 (1:1000; BD Biosciences, San Jose,
CA, USA), mouse anti-actin (1:10000; Millipore, Billerica, MA,
USA), anti-P-nNOS-Ser1416 (1:1000; Abcam, Cambridge, UK),
anti-neuronal NOS (nNOS) (1:2000; Millipore) and mouse
anti-eNOS (1:1000; BD Biosciences) were diluted in PBST with
5% BSA. Peroxidase-conjugated anti-mouse (1:10 000) or

anti-rabbit (1:10 000) was used as the secondary antibody at
room temperature for 1 h and then followed by signal detec-
tion using an ECL-Plus protein detection kit (GE Healthcare).
Signal intensity was quantitatively measured by densitometry
with a Macintosh version of the NIH IMAGE program (NIH,
Bethesda, MD, USA).

Immunohistochemistry analysis
After perfusion with 0.9% normal saline, the rat brainstems
were fixed immediately in 4% formaldehyde overnight and
embedded in paraffin. The brainstems were sectioned coro-
nally at a 5 mm thickness. The sections were deparaffinized,
quenched in 3% H2O2/methanol, microwaved in citric
buffer (10 mmol·L-1, pH 6.0), blocked in 5% goat serum and
incubated with an anti-P-ERK-Thr202Tyr204 (1:100), anti-P-
nNOS-Ser1416(1:200), anti-P-eNOS-Ser1177 (1:100) or anti-P-
RSK-Thr359Ser363 (1:100) antibody overnight at 4°C. Next, the
sections were incubated with biotinylated secondary antibod-
ies (1:200; Vector Laboratories, Burlingame, CA, USA) for 1 h
and in AB complex (1:100) for 30 min at room temperature.
The sections were visualized with a 3,3′ diaminobenzidine
substrate kit (Vector Laboratories) and counterstained with
haematoxylin. The sections were then photographed with a
microscope mounted with a CCD camera.

Positive cells in the injected NTS and the control, vehicle-
injected NTS, were counted at 400¥ magnification in the
same paraffin section and counts across the entire NTS were
generated from six sections. An average value from the six
sections is presented for each hemisphere. Immunohisto-
chemically detectable protein phosphorylation was visible in
the NTS of WKY rats after NPY stimulation and compared
with unstimulated (contralateral) control NTS. Paired Stu-
dent’s t-test was used to compare the positive cell numbers in
the stimulated NTS and the unstimulated control NTS.

Co-immunoprecipitation (Co-IP) assay
Co-IP was performed as previously described (Alessi et al.,
1995; Mohr et al., 1998). Briefly, the NTSs were washed with
ice-cold PBS (twice) at the indicated times and were lysed in
ice-cold RIPA buffer. The supernatant was incubated with
10 mL of a mouse anti-eNOS (1:100) or an anti-RSK (1:100)
monoclonal antibody and agarose ligand (Catch and Release
v2.0; Millipore), followed by incubation at 4°C for 1 h. The
immune complexes were washed, eluted by boiling in 2X SDS
sample buffer, separated by 10% SDS-PAGE and subjected to
immunoblotting analysis using anti-eNOS, anti-P-eNOS-
Ser1177 (BD Biosciences), anti-RSK and specific anti-P-RSK-
Thr359Ser363 antibodies.

In vitro kinase assay
A Co-IP assay using anti-eNOS monoclonal antibody was
performed, and an eNOS-RSK complex was eluted (1:100,
Catch and Release v2.0; Millipore). The kinase reaction
was performed according to the vendor’s instructions. The
phosphorylation of eNOS was determined by Western blot
analysis using anti-eNOS, anti-P-eNOS-Ser1177, anti-RSK and
anti-P-RSK-Thr359Ser363 antibodies.

Statistical analysis
All data are expressed as the mean � SEM. Paired Student’s
t-test (for comparisons of hypotensive parameters before and
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after pretreatment), unpaired Student’s t-test (for control and
study group comparisons) or one-way ANOVA with Scheffé’s
post hoc comparison was applied to compare group differ-
ences. Differences with a probability value P < 0.05 were
considered statistically significant.

Materials
Experimental drugs including urethane, L-glutamate, human
NPY, the Y1 receptor agonist [ (Leu31,Pro34)-NPY], the Y2

receptor agonist [NPY(13–36) ], Pertussis toxin (PTX),
BIBP3226 [R-N2-(diphenylacetyl) -N - (4-hydroxyphenyl)
methyl-argininamide] (Gerald et al., 1996), GF109003X,
LY294002 (Vlahos et al., 1994), N-nitro-L-arginine methyl
ester (L-NAME) (Cheng et al., 2011), PD98059 (Alessi et al.,
1995) and DMSO were all obtained from Sigma-Aldrich
(Sigma Chemical Co., St. Louis, MO, USA). Anti-P-Akt-Ser473,
anti-Akt, anti-P-ERK-Thr202Tyr204, anti-ERK, anti-eNOS, anti-p-
RSK-Thr359Ser363 and anti-RSK antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Mouse anti-
actin, goat anti-rabbit and goat anti-mouse IgG secondary
antibodies were obtained from Sigma-Aldrich.

Results

NPY modulates hypotensive effects in
the NTS
We initially investigated the effects of NPY on the CVS of
WKY rats by microinjecting the NTS with NPY, a Y1 receptor
agonist or a Y2 receptor agonist. Unilateral microinjection of
NPY (4.65 pmol) into the NTS induced significant depressor
and bradycardic effects in WKY rats (Figure 1A,B). Similar
effects were observed when the same amount (4.65 pmol) of
a Y1 receptor agonist or a Y2 receptor agonist was injected.
There were no significant differences in the hypotensive
effects among the three groups treated with NPY, the Y1

receptor agonist or the Y2 receptor agonist.

GPCR and PKC signalling is involved in the
NPY-mediated hypotensive effects in the NTS
To determine what NPY receptor-mediated signalling
pathway was responsible for these effects, selective NPY
receptor antagonists were given to the NTS before NPY injec-
tion. As shown in Figure 2A, pre-treatment (10 min) of the
NTS with BIBP3226 (60 pmol), a selective Y1 receptor antago-
nist, attenuated the depressor and bradycardic responses of
NPY (P < 0.05, paired t-test; Figure 2A).

PTX was microinjected into the NTS to determine
whether a Gi/Go-protein-initiated signalling pathway was
involved in these NPY-mediated hypotensive responses. Pre-
treatment (10 min) of the NTS with PTX (60 pmol) attenu-
ated the depressor and bradycardic responses of NPY (P <
0.05, paired t-test; Figure 2B). Inhibition of PKC by
GF109003X, a downstream effector of G-protein, also
reduced NPY-elicited depressor and bradycardic effects (P <
0.05, paired t-test; Figure 2C).

MEK-MAPK signalling is involved in
NPY-mediated hypotensive effects
Previously, we established that the MAPK-eNOS signalling
pathway participated in an adenosine-mediated regulation of

hypotensive effects in the NTS (Ho et al., 2008). Conse-
quently, the involvement of the MAPK pathway in NPY-
mediated hypotensive responses was examined in this study.
Pre-treatment (10 min) of the NTS with PD98059 (10 pmol),
a specific MEK1 inhibitor, attenuated the depressor and
bradycardic responses induced by NPY in WKY rats (P < 0.05,
paired t-test; Figure 3A). Figure 3B shows that there was an
approximately twofold increase in the ERK1/2 phosphoryla-
tion (P-ERK1/2) level in NPY or Y1 receptor agonist-treated
NTS lysate (lanes 2 and 4), which was blocked by PD98059
(lanes 3 and 5). In contrast, the Y2 receptor agonist did not
induce phosphorylation of ERK1/2 (lanes 6 and 7). In situ ERK
phosphorylation was further supported by immunohisto-
chemical analysis of paraffin sections of the NTS. A significant
increase in P-ERK1/2 positive cells was detected in the NTS
after NPY injection. Moreover, pre-treatment (10 min) of the
NTS with PD98059 abolished ERK phosphorylation after NPY
(upper panel, Figure 3C). Similar observations were obtained
in the group injected with the Y1 receptor agonist (middle
panel, Figure 3C). Consistent with the Western blots, immu-
nohistochemical analysis also showed no phosphorylation of
ERK after treatment with the Y2 receptor agonist (lower panel,
Figure 3C).

The Y1 receptor antagonist, BIBP3226 or a PKC inhibitor
(GF1009003X) were microinjected into the NTS to determine
if they could also block NPY-induced ERK1/2 phosphoryla-
tion. Pre-treatment with either compound significantly
attenuated NPY-induced ERK1/2 phosphorylation (lanes 2
and 3 of Figure S1A; Figure S1B).

NPY and the Y1 receptor agonist increase
phosphorylation of RSK-Thr359Ser363 in
rat NTS
Because RSK is one of the downstream targets of the Raf-MEK-
ERK protein kinase cascade, the involvement of RSK in NPY-
mediated responses was also determined. Figure 4A shows a
significant increase in RSK phosphorylation after injection of
NPY (P < 0.05; lane 2) and a Y1 receptor agonist (P < 0.05; lane
3). However, no significant increase in RSK phosphorylation
was observed after injection of a Y2 receptor agonist (P > 0.05;
lane 4) in the NTS. In situ RSK phosphorylation after NPY
microinjection was also determined in NTS tissue sections
by immunohistochemistry. Figure 4B shows a significant
increase in cells with RSK phosphorylation after NPY injec-
tion (P < 0.05). These results suggested that the RSK-mediated
signalling mechanism might be involved in the cardiovascu-
lar regulation of NPY in the NTS of WKY rats.

eNOS is the downstream target of MAPK-RSK
signalling activated by NPY
L-NAME, a NOS inhibitor, was microinjected into the NTS to
test whether NO production was involved in the hypotensive
effects of NPY. Pretreatment of the NTS with L-NAME for
10 min almost abolished the depressor and bradycardic
responses to (P < 0.05, paired t-test; Figure 5A). In further
experiments, pre-treatment (10 min) of the NTS with with
the e-NOS specific inhibitor, L-NIO (6 nmol), significantly
attenuated the depressor responses of NPY (P < 0.05, paired
t-test; Figure 5B). Similar results were obtained after the Y1

receptor agonist or and the Y2 receptor agonist (Figure S2).
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However, pretreatment of the NTS with 7-NI (5 pmol), an
nNOS specific inhibitor, did not affect the depressor and
bradycardic responses to NPY (P > 0.05, paired t-test;
Figure 5C).

In addition, immunohistochemical sections of NPY-
treated NTS showed a significant increase in the number of
P-eNOSS1177 positive cells compared with their counterparts
(upper panel, Figure 5D). No significant difference was found
in the number of P-nNOSS1416 positive cells in both the
control and the NPY-treated NTS (lower panel, Figure 5D).
These results indicate that eNOS may play a role in NPY-
modulated depressor and bradycardic responses in the NTS.

RSK binds and phosphorylates eNOS at Ser1177

Although the phosphorylation of eNOS at Ser1177 increased
NO production in the NTS (Nakata et al., 2005), it remained

unclear whether RSK functionally regulates eNOS activity
through direct phosphorylation at Ser1177. In order to identify
a specific kinase responsible for eNOS phosphorylation at
Ser1177, we utilized two bioinformatic websites – the NetPhosK
1.0 Server (http://www.cbs.dtu.dk/services/NetPhosK) and
the Kinase Phos 2.0 (http://kinasephos2.mbc.nctu.edu.tw) –
to predict interrelated proteins. The software predicted a high
probability of such phosphorylation by RSK. We then per-
formed Co-IP assays to analyse whether RSK was bound to
eNOS. The NTS lysate was immunoprecipitated with anti-
eNOS or anti-P-RSK-Thr359Ser363 antibody and was then
probed with total-eNOS and P-RSK antibodies. The results
showed that P-RSK co-immunoprecipitated with eNOS
(Figure 6A, lanes 2 and 3). To show that RSK directly phos-
phorylated eNOS at Ser1177, we incubated purified eNOS
protein with RSK immunoprecipitated from NTS lysate in the

Figure 1
The hypotensive effects of unilateral injection of NPY, Y1 or Y2 receptor agonists into the NTS of WKY rats. (A) Experimental recordings illustrate
the cardiovascular effects of NPY, Y1 or Y2 receptor agonists (4.65 pmol) unilaterally microinjected into the NTS. (B) Quantitative data for
cardiovascular effects of NPY, Y1 or Y2 receptor agonists. Values are shown as means � SEM, n = 6. *P < 0.05 significantly different from control
group. MBP, mean blood pressure; HR, heart rate.
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Figure 2
GPCR and PKC signalling were involved in the NPY-mediated depressor effects in the NTS. (A–C) Experimental recordings illustrate the
cardiovascular effects and graphs show the hypotensive effects of NPY (4.65 pmol), and the effects of pre-treatment (10 min) of the NTS with
BIBP3226 (60 pmol), a selective non-peptide NPYY1 receptor antagonist, PTX (60 pmol) and GF109003X (3 pmol), a PKC inhibitor. The
NPY-mediated suppression of mean blood pressure(MBP) and heart rate (HR) was significantly blocked by BIBP3226, PTX and GF109003X. Values
are shown as means � SEM, n = 6. *P < 0.05 significantly different from control group.
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Figure 3
The MEK/ERK signalling pathway was involved in the NPY-mediated depressor effects in the NTS of WKY rats. (A) Experimental recordings illustrate
the cardiovascular effects and the graphs summarise the effects of NPY (4.65 pmol),and the effects of pre-treatment (10 min) of the NTS with
PD98059 (6 pmol), an antagonist of MAPK activation. (B) Immunoblots of NTS lysates demonstrated that P-ERK1/2 was specifically induced by
the Y1 receptor agonist but not the Y2 receptor agonist, and this phosphorylation was blocked by PD98059 treatment. The data are quantitatively
represented using bar graphs (right panel). (C) Immunohistochemical validation of the Y1 receptor agonist -mediated P-ERK1/2 in the NTS.
P-ERK1/2 positive cells were counted in the stimulated NTS and the contralateral (control), unstimulated NTS at 40¥ magnification in the same
paraffin sections. Statistical analysis was determined by paired Student’s t-test., P < 0.01 (n = 6). A quantitative bar graph demonstrated an increase
in P-ERK positive cells after injecting NPY and the Y1 receptor agonist, but not after injection of the Y2 receptor agonist. PD98059 pretreatment
significantly decreased the number of P-ERK positive cells after injecting NPY and the Y1 receptor agonist; this result was not observed after
injecting the Y2 receptor agonist. Data are represented as means � SEM (n = 6, *P < 0.05 significantly different from control; #P < 0.05 significantly
different from NPY, Y1 or Y2 receptor agonists). MBP, mean blood pressure; HR, heart rate.
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presence of ATP. Figure 6B shows the time-dependent
increase in Ser1177 phosphorylation of eNOS by RSK.

The PI3K-Akt signalling pathway is not
involved in NPY-induced depressor and
bradycardic effects
Previously, we reported that PI3K-Akt signalling is involved in
the insulin-mediated cardiovascular effect in the NTS (Huang
et al., 2004). In this study, we determined whether PI3K-Akt
signalling also contributed to NPY-induced depressor and
bradycardic effects. Pretreatment with LY294002 followed by
NPY injection did not affect the depressor and bradycardic
responses induced by NPY (P > 0.05, paired t-test; Figure S3A).
Western blot analysis for Akt phosphorylation and Akt
expression using phospho-Akt-Ser473 antibody and specific
Akt antibody showed no difference in Akt phosphorylation
after injection of NPY (P > 0.05; Figure S3B, lane 3), the Y1

receptor agonist (P > 0.05; Figure S3B, lane 3) or the Y2 recep-
tor agonist (P > 0.05; Figure S3B, lane 4), all compared with
control.

Discussion and conclusions

In this study, we have provided evidence that the microin-
jection of NPY or a Y1 receptor agonist into the NTS induced
depressor and bradycardic effects in normotensive WKY rats
(Figure 1). NPY and a Y1 receptor agonist both activated the
PKC/MEK/ERK/RSK/eNOS/NO and Ca2+/eNOS signalling
pathways in the regulation of hypotensive functions by the
NTS. Similarly, microinjection of a Y2 receptor agonist
induced depressor and bradycardic effects in the NTS. We
further demonstrated that the underlying mechanism of Y2

receptor-induced hypotensive effects did not involve the
MEK/ERK/RSK pathway. NPY exerts portal hypotensive effects

Figure 4
Quantitative immunoblotting analysis of P-RSK in the NTS following treatment with NPY, Y1 or Y2 receptor agonists. (A) A comparative analysis
of immunoblots demonstrated an increase in RSK phosphorylation level in the NTS after microinjection of NPY (lane 2) and the Y1 receptor agonist
(lane 3). The phosphorylation level of RSK was not increased after microinjection of the Y2 receptor agonist (lane 4). The bar graph summarises
these results. (B) P-RSK positive cells were counted in the NPY stimulated and unstimulated (control, contralateral) NTS at 400¥ magnification in
the same paraffin section. Statistical analysis was determined by paired Student’s t-test., P < 0.01 (n = 6). Note: the number of P-RSK positive cells
is significantly higher in the NTS of WKY rats that received NPY injection when compared with the cell counts in the control unstimulated NTS.
Values are shown as means � SEM, n = 6. *P < 0.05 significantly different from control group.
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Figure 5
Effects of eNOS on the depressor effects of NPY in the NTS of WKY rats. (A–C) Experimental recordings illustrate the cardiovascular effects of
unilateral NTS injection of NPY (4.65 pmol),and the effects of pre-treatment (10 min) of the NTS with the NOS inhibitor L-NAME (33 nmol),the
eNOS inhibitor L-NIO (6 nmol) and the nNOS inhibitor 7-NI (60 nmol). The NPY-induced decrease in mean blood pressure (MBP) and heart rate
(HR) was markedly blocked by L-NAME and L-NIO, but not by 7-NI. D. In situ qualitative and quantitative analysis of NPYY1-mediated P-eNOS
and P-nNOS phosphorylation in the NTS. The P-eNOS or P-nNOS positive cells were counted in the stimulated and unstimulated (contralateral)
NTS at 400¥ magnification in the same paraffin sections. Statistical analysis was determined by paired Student’s t-test., P < 0.01 (n = 6). Note:
the number of P-eNOS positive cells (not P-nNOS) was significantly higher in the NTS that received NPY injection when compared with the
contralateral control NTS. Values are shown as means � SEM, n = 6. *P < 0.05 significantly different from control group.
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and ameliorates the hyperdynamic circulation in ascitic cir-
rhotic rats (Moleda et al., 2011). However, other reports indi-
cated that NTS injection of NPY and the Y1 receptor agonist,
[Leu31, Pro34]-NPY, induced a dose-dependent decrease in
blood pressure and heart rate, which were counteracted by a
subsequent injection of NPY (Yang et al., 1993).

All NPY receptors are Gi-protein coupled receptors, and
NPY receptor-mediated ERK phosphorylation is blocked by
the G-protein inhibitor, PTX (Mullins et al., 2002). Com-
sisitent with this, we found that PTX pretreatment signifi-
cantly attenuated the hypotensive responses to NPY
(Figure 2). Y1 receptors have been detected on islet cells of
kidneys and NPY induced a rapid and transient phosphoryla-
tion of ERK1/2. Our data demonstrated that PD98059 inhib-
ited the activation of ERK1/2 by NPY and the Y1 receptor
agonist (Figure 3). In the periphery, Y1 receptors are localized
to pancreatic islet cells and have been suggested to promote
beta cell replication via the activation of ERK1/2 signalling
pathway upon NPY binding (Jin et al., 2009). In the CNS, NPY
induced neuronal precursor proliferation via PKC (Hansel
et al., 2001). Our data demonstrated that NPY and the Y1

receptor agonist, but not the Y2 receptor agonist, stimulated
ERK1/2 phosphorylation immediately after injection into the
NTS (Figure 3). This finding has established a Y1 receptor-
specific functional PKC-ERK signalling cascade in the NTS.

NO is synthesized by eNOS and nNOS in the NTS and has
been proposed to induce depressor and bradycardic responses
in the NTS of rats (Tseng et al., 1996). In addition, NPY was
shown to inhibit electrically stimulated release of noradrena-
line in the rat hypothalamus via enhanced production of NO
(Bitran et al., 1999), which suggested the participation of NO
in these effects of NPY (Tseng et al., 1989). In our study,
intra-NTS microinjection of NPY produced depressor and
bradycardic effects, and pretreatment of the NTS with the
NOS inhibitor L-NAME attenuated the cardiovascular
responses to NPY (Figure 5). Of note, NPY-mediated cardio-
vascular effects in the NTS were attenuated by L-NIO and not
by 7-NI, implying that eNOS, rather than nNOS, was
involved in the reversal of the hypotensive effects (Figure 5).
eNOS is a constitutive and strictly Ca2+/calmodulin-
dependent enzyme. When the intracellular calcium
concentration increases, caveolin is displaced by calcium-
calmodulin, which results in stimulatory phosphorylation at
Ser1177 of eNOS (Fleming et al., 2001; Cheng et al., 2011). Our
present result also showed that the Ca2+ signalling pathway
participates in NPY-mediated changes in blood pressure
(Figure S4). Intra-NTS eNOS gene delivery also induced a
depressor response in SHR (Tai et al., 2004). Paton et al. dem-
onstrated that eNOS-generated NO in the NTS played a role
in the control of baroreflex gain and arterial pressure (Waki
et al., 2006), and NPY up-regulated P-eNOS-Ser1177 via
unknown mechanisms (Robich et al., 2010). NPY-containing
neurons are present in different regions of the brainstem
(PVN, VLM and NTS). Fetissov et al. indicated that the density
of Y1 receptors seems to predominate in the rat brain with
higher expression levels than the other subtypes (Fetissov
et al., 2003). Furthermore, Michalkiewicz et al. utilized NPY
transgenic male rats, overexpressing the endogenous peptide
under its natural promoter, via a Y1 receptor-mediated mecha-
nism. In these mice, endogenous NPY exerted a potent
antihypertensive function, and its enhanced signalling amel-
iorated NO deficiency hypertension. The results presented
here suggest that endogenous NPY functions within the CNS
to protect the CVS in situations of chronic hyperexcitation
and hypertension (Michalkiewicz et al., 2005).

To better elucidate the signalling cascade involving the
NPY-mediated depressor and bradycardic responses, we uti-
lized bioinformatics tools and predicted the possible interac-
tions among the key signalling molecules examined in this
study, including RSK and eNOS. We were able to confirm a
direct interaction between RSK and eNOS through a Co-IP
assay (Figure 6A). Our results showed that RSK directly
increases P-eNOS-Ser1177 in a time-dependent manner in vitro
and identified that RSK is a key factor in the activation of
eNOS (Figure 6). RSK is located downstream of the Raf-MEK-
ERK protein kinase cascade and contains two functional
kinase domains: an N-terminal kinase that phosphorylates its
substrates and a C-terminal kinase that is involved in the
activation of RSK itself (Fisher and Blenis, 1996). More impor-
tantly, a previous report suggested that eNOS could be
increased via the adenosine-ERK1/2-eNOS signalling pathway
in normotensive rats (Ho et al., 2008). Our experimental evi-
dence supports this notion of NPY-promoted hypotensive
and bradycardic effects via the ERK-RSK-eNOS/NO pathway.
However, the limitation of this study is due to the use of
direct interaction between RSK and eNOS through a Co-IP

Figure 6
Phosphorylation of eNOS at Ser1177 by RSK in the NTS. (A) Antibodies
against total eNOS (T-eNOS) and phosphorylated-RSK-Thr359Ser363

(P-RSK) were used in the NTS protein lysates for Co-IP of eNOS and
RSK. The immunoblots demonstrated the direct interaction between
eNOS and P-RSK. (B) The RSK-associated kinase activity was deter-
mined using eNOS as a substrate. A time-dependent phosphoryla-
tion of eNOS (P-eNOS-Ser1177) by P-RSK is demonstrated by
autoradiography. RSK-mediated phosphorylation of eNOS persisted
for at least 2 h.
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assay (Figure 6A). Using complex mixtures instead of purified
proteins allows examination of indirect protein–protein
interaction and obviates the need for lengthy purification
procedures, but it also makes it difficult to conclude that two
proteins under study bind to each other directly. Also, immu-
noprecipitation as it is normally performed does not provide
quantitative data regarding the affinity or stoichiometry of an
interaction. Based on the limitation, we will use the proxim-
ity ligation assay (in situ PLA) in the future. It is a technology
that extends the capabilities of traditional immunoassays to
include direct detection of proteins, protein interactions and
modifications with high specificity and sensitivity. Protein
targets can be readily detected and localized with single mol-
ecule resolution and objectively quantified in unmodified
cells and tissues.

In conclusion, our study indicated that, in the NTS, NPY
induced eNOS activity and produced depressor and brady-
cardic responses through not only the Y1 receptor-PKC-ERK-
RSK pathway but also the Ca2+-eNOS signalling pathway

(Figure 7). This is the first study to demonstrate the mecha-
nism by which NPY regulates depressor effects in the NTS.
Our findings suggest novel insights into the CNS regulation
of BP and may be helpful in the further development of
treatments for hypertension.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Inhibition of NPY-induced ERK1/2 phosphoryla-
tion by a Y1 receptor antagonist or a PKC inhibitor. (A, B)
Immunoblotting analysis demonstrated NPY-induced
P-ERK1/2 in the NTS (lane 2 in A and B), and this phospho-
rylation was blocked by either the Y1 receptor antagonist
(BIBP3226, lane 3, A) or the PKC inhibitor (GF109003X, lane
3, B). The ratio represented the fold-change over the control
level of P-ERK1/2, which was normalized to the level of total
ERK1/2. *P < 0.05 versus lane 1, #P < 0.05 versus lane 2.
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Figure S2 Effects of eNOS on the depressor effects of Y1 or Y2

receptor agonists in the NTS of WKY rats. (A, B) Experimental
recordings illustrate the cardiovascular effects induced by
unilateral NTS injection of Y1 or Y2 receptor agonists
(4.65 pmol), with the effects of pre-treatment (10 min) of the
NTS with the eNOS inhibitor L-NIO (6 nmol). The NPY-
induced decrease in mean blood pressure (MBP) and heart
rate (HR) is markedly blocked by L-NIO.
Figure S3 The PI3K/Akt pathway was not involved in the
NPY-mediated depressor effects. (A) The cardiovascular effects
of NPY (4.65 pmol) were not affected by pre-treatment of the
NTS with of the PI3K inhibitor LY294002 (6 pmol). (B) The
immunoblot showed the P-Akt proteins after treatment with
NPY or agonists of Y1 and Y2 receptors, and the effect of
pre-treatment of the NTS with LY294002. The bar graph dem-
onstrated no increase in P-Akt level after injecting NPY, Y1 or
Y2 receptor agonists. Data are represented as means � SEM (n
= 4, *P < 0.05 vs. control).

Figure S4 The Ca2+/calmodulin signalling pathway partici-
pated in the NPY-mediated hypotensive effects. (A) Experi-
mental recordings illustrate the cardiovascular effects of NPY
(4.65 pmol) unilaterally injected into the NTS, and the effects
of pre-treatment (10 min) of the NTS with with a calmodulin
antagonist, W-7 (0.1 nmol). (B) The quantitative graphs dem-
onstrated that pretreatment of W-7 attenuates NPY-mediated
depressor effects. NPY was injected in the absence (open
columns) or presence (black columns) of W-7. Values are
shown as mean differences � SEM, n = 6. *P < 0.05 versus
control group.
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