
RESEARCH PAPERbph_1124 1203..1213

Central nicotinic
acetylcholine
receptor involved in
Ca2+-calmodulin-endothelial
nitric oxide synthase
pathway modulated
hypotensive effects
Pei-Wen Cheng1, Pei-Jung Lu2, Siang-Ru Chen3, Wen-Yu Ho4,
Wen-Han Cheng1,5, Ling-Zong Hong6, Tung-Chen Yeh3,7,
Gwo-Ching Sun2,8, Ling-Lin Wang1, Michael Hsiao9 and
Ching-Jiunn Tseng1,3,5,10

1Department of Medical Education and Research, Kaohsiung Veterans General Hospital,

Kaohsiung, Taiwan, 2Institute of Clinical Medicine, National Cheng-Kung University, Tainan,

Taiwan, 3Institute of Biomedical Sciences, National Sun Yat-Sen University, Kaohsiung, Taiwan,
4Department of Internal Medicine, Zuoying Armed Forces General Hospital, Kaohsiung, Taiwan,
5Institute of Clinical Medicine, National Yang-Ming University, Taipei, Taiwan, 6Department of

Medical Education and Research, Taichung Veterans General Hospital, Taichung, Taiwan,
7Department of Internal Medicine, Division of Cardiology, Kaohsiung Veterans General Hospital,

Kaohsiung, Taiwan, 8Department of Anesthesiology, Yuli Veterans, Hospital, Hualien, Taiwan,
9Genomics Research Center, Academia Sinica, Taipei, Taiwan, and 10Department of

Pharmacology, National Defense Medical Center, Taipei, Taiwan

Correspondence
Ching-Jiunn Tseng, Department
of Medical Education and
Research, Kaohsiung Veterans
General Hospital, 386, Ta-Chung
1st Road, Kaohsiung 813, Taiwan.
E-mail: cjtseng@vghks.gov.tw; or
Michael Hsiao, Genomics
Research Center, Academia Sinica
128, Academia Road, Section 2,
Taipei 115, Taiwan. E-mail:
mhsiao@gate.sinica.edu.tw
----------------------------------------------------------------

Keywords
blood pressure; calmodulin;
endothelial nitric oxide synthase;
nicotine; nucleus tractus solitarii;
nicotinic acetylcholine receptors
----------------------------------------------------------------

Received
12 July 2010
Revised
27 September 2010
Accepted
21 October 2010

BACKGROUND AND PURPOSE
Recent evidence has suggested that nicotine decreases blood pressure (BP) and heart rate (HR) in the nucleus tractus solitarii
(NTS), indicating that nicotinic acetylcholine receptors (nAChRs) play an important role in BP control in the NTS. However,
the signalling mechanisms involved in nAChR-mediated depressor effects in the NTS are unclear. Hence, the aim of this study
was to investigate these signalling mechanisms.

EXPERIMENTAL APPROACH
Depressor responses to nicotine microinjected into the NTS of Wistar-Kyoto rats were elicited in the absence and presence of
an antagonist of a7 nAChR, the calcium chelator ethylene glycol tetraacetic acid, a calmodulin-specific inhibitor, nitric oxide
(NO) synthase (NOS) inhibitor, endothelial NOS (eNOS)-selective inhibitor or neuronal NOS (nNOS)-specific inhibitor.

KEY RESULTS
Microinjection of nicotine into the NTS produced a dose-dependent decrease in BP and HR, and increased nitrate levels. This
depressor effect of nicotine was attenuated after pretreatment with a nAChR antagonist or blockers of the calmodulin-eNOS
pathway. In contrast, N5-(1-Imino-3-butenyl)-L-ornithine (vinyl-L-NIO), nNOS-specific inhibitor, did not diminish these
nicotine-mediated effects. Calmodulin was found to bind eNOS after nicotine injection into NTS. However, nicotine did not
affect the eNOS phosphorylation level or eNOS upstream extracellular signal-regulated kinases (ERK)1/2 and Akt
phosphorylation levels. Furthermore, pretreatment with an ERK1/2 or Akt inhibitor did not attenuate nicotine-induced
depressor effects in the NTS.
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CONCLUSIONS AND IMPLICATIONS
These results suggest that the nAChR-Ca2+-calmodulin-eNOS-NO signalling pathway, but not nNOS, plays a significant role in
central BP regulation, and neither the ERK1/2 nor Akt signalling pathway are significantly involved in the activation of eNOS
by nAChRs in the NTS.

Abbreviations
a-BTX, a-bungarotoxin; BP, blood pressure; EGTA, ethylene glycol tetraacetic acid; eNOS, endothelial nitric oxide
synthase; ERK, extracellular signal-regulated kinases; HR, heart rate; L-NIO, N(5)-(-iminoethyl)-L-ornithine; L-NMMA,
L-NG-monomethyl arginine citrate; nAChRs, nicotinic acetylcholine receptors; nNOS, neuronal nitric oxide synthase;
NO, nitric oxide; NTS, nucleus tractus solitarii; P, phosphorylated; vinyl-L-NIO, N5-(1-Imino-3-butenyl)-L-ornithine; W7,
N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide; WKY, Wistar-Kyoto rats

Introduction

The nucleus tractus solitarii (NTS) is located in the dorsal
medulla of the brain stem and is the primary integrative
centre for cardiovascular control in the central nervous
system. Our previous studies showed that several neuro-
modulators participate in cardiovascular control in the NTS,
including adenosine, (Ho et al., 2008) nicotine (Tseng et al.,
1993), angiotensin II (Cheng et al., 2010), nitric oxide (NO;
Cheng et al., 2010) and insulin (Huang et al., 2004). Among
these neuromodulators, nicotine has been reported to play a
key role in central cardiovascular control (Tseng et al., 1993;
1994).

The receptor for nicotine, nicotinic acetylcholine receptor
(nAChR), belongs to the superfamily of ligand-gated ion
channels. The structure of nAChRs arises from five polypep-
tide subunits assembled like staves of a barrel around a central
water-filled pore (Cooper et al., 1991; Paterson and Nordberg,
2000). Various subunit combinations can produce many dif-
ferent nAChR subtypes, which include neuronal heteropen-
tamers (a2-a10 and b2-b4) and the neuronal homopentamers
(a7) (Paterson and Nordberg, 2000; Carlisle et al., 2007). The
a7 nAChR subtypes are widely expressed in the central and
peripheral nervous system (Bond et al., 2009), with high
calcium permeability and rapid activation and desensitiza-
tion kinetics. Several studies have also indicated that a7
nAChRs are activated by intracellular Ca2+ signals, which
reveal the physiological role of these receptor-channels
(Gilbert et al., 2009).

Previous evidence demonstrated NO synthase (NOS)
activity in various components of the central nervous system,
such as the NTS, rostral ventrolateral medulla (RVLM) and
dorsal motor nucleus of the vagus. Throughout the cardiac
autonomic nervous system, NO participates in central cardio-
vascular regulation (Cheng et al., 2010). We have also found
that the microinjection of NOS inhibitors L-NG-monomethyl
arginine citrate and N-nitro-L-arginine methyl ester
(L-NAME) attenuates the haemodynamic effects produced by
activation of the baroreceptor reflex (Lo et al., 1996). These
findings demonstrate that NO within the NTS may play an
important role in the regulation of cardiovascular function.
Furthermore, Gerzanich et al. (2001) showed that chronic
nicotine alters NO signalling of calcium channels in cerebral
arterioles (Gerzanich et al., 2001). In addition, it has been
demonstrated that nicotine microinjection into the NTS
decreases blood pressure (BP) and heart rate (HR); however,

this trend was reversed in the RVLM (Papadopolou et al.,
2004; Zhao et al., 2007). NAChR-mediated stimulation of
NO-generation has been observed in neurones, aortic endot-
helial cells and the NTS. Based on these results, we hypoth-
esize that nicotine regulates BP and HR by a mechanism
involving the nAChR-Ca2+/calmodulin-NO signalling
pathway.

In this study, we investigated whether the hypotensive
effect induced by stimulation of nAChRs is mediated by Ca2+

signalling and activation of endothelial NOS (eNOS) and
subsequent NO release in the NTS. The results demonstrate
that nAChRs modulate central BP through direct activation
of calcium influx; this was not associated with the induction
of eNOS phosphorylation. Our results suggest the possible
involvement of the nAChR-Ca2+-calmodulin-eNOS-NO sig-
nalling pathway in the regulation of depressor effects in
the NTS.

Methods

Reagents and chemicals
Experimental drugs such as urethane, Triton-X100, NaCl,
L-glutamate, heparin, nicotine, ethylene glycol-bis[b-
aminoethyl ether]-N,N,N′,N′-tetraacetic acid (EGTA),
L-NAME were obtained from Sigma-Aldrich (Sigma Chemical
Co., St. Louis, MO, USA). N(5)-(-iminoethyl)-L-ornithine
(L-NIO) was obtained from Calbiochem (EMD Biosciences,
Darmstadt, Germany), N(5)-(1-imino-3-butenyl)-ornithine
(vinyl-L-NIO) was obtained from ALEXIS (ALEXIS Corpora-
tion, Lausen, Switzerland); W-7 hydrochloride was obtained
from Tocris (Tocris Cookson Ltd, Bristol, UK). Opti-MEM was
obtained from Invitrogen (Carlsbad, CA, USA). The nAChR
antagonist (a-bungarotoxin, a-BTX) was a kind gift from Dr
Long-Sian Chang of National Sun Yat-Sen University, Kaohsi-
ung, Taiwan.

Animals
Male Wistar-Kyoto (WKY) rats (weight 230–300 g) were
obtained from the National Science Council Animal Facility
(Taipei, Taiwan) and housed in the animal room of Kaohsi-
ung Veterans General Hospital (Kaohsiung, Taiwan). The rats
were given normal rat chow (Purina; St. Louis, MO, USA) and
tap water ad libitum. All animal research protocols were
approved by the Research Animal Facility Committee of
Kaohsiung Veterans General Hospital.
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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. BP was measured directly through a catheter placed in
the femoral artery and connected to a pressure transducer
(P23 ID, Gould Electronics, Eichstetten, Germany) and poly-
graph (RS3800, Gould Electronics). HR was monitored con-
tinuously by a tachograph preamplifier (13-4615-65, Gould
Electronics). Tracheostomy was performed to maintain airway
patency during the experiment. For brain stem nuclei micro-
injection, the rats were placed in a stereotaxic 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 the experiments. Single-barrel glass catheter (0.031-
inch OD, 0.006-inch ID; Richland Glass Co, Vineland, NJ,
USA) that had external tip diameters of 40 mm were prepared.
To verify that the needle tip of the glass electrode was exactly
in the NTS, L-glutamate (0.154 nmol·60 nL-1) was microin-
jected. This would induce a characteristically abrupt decrease
in BP (DBP � -35 mmHg) and HR (DHR � -50 beats·min-1) if
the needle tip was located precisely in the medial site of the
intermediate one-third of the NTS with the coordinates of
anteroposterior, 0.0 mm; mediolateral, 0.5 mm; and vertical,
0.4 mm with the obex as reference (Tseng et al., 1996). To
investigate whether nAChR signalling participates in
the depressor effect of nicotine in the NTS, the electrode
was filled with one of the following chemicals: a-BTX
(66 pmol·60 nL-1), calcium chelator EGTA (60 pmol·60 nL-1),
calmodulin inhibitor W7 (0.1 nmol·60 nL-1), NOS inhibitor
L-NAME (33 nmol·60 nL-1), eNOS inhibitor L-NIO
(6 nmol·60 nL-1), vinyl-L-NIO, a neuronal NOS (nNOS)-
specific inhibitor (600 pmol·60 nL-1), dissolved in reduced-
serum medium (Opti-MEM I; Invitrogen).

Measurement of NO in the NTS
NTS (10–20 mg) were deproteinized by microcon YM-30 (Mil-
lipore, Bedford, MA, USA). That total amount of NO in the
samples was determined by a modification of the procedure
defined using the purge system of Sievers Nitric Oxide Ana-
lyzer (NOA 280i; Sievers Instruments, Boulder, CO, USA)
based on chemiluminescence. (Li et al., 2005) Sample (10 mL)
was injected into a reflux column containing 0.1 mol·L-1 of
VCl3 in 1 mol·L-1 of HCl at 80°C to reduce any nitrates and
nitrites into NO. NO then combines with O3 produced by the
analyser to form NO2. The resulting emission from the
excited NO2 was detected by a photomultiplier tube and
recorded digitally (mV). The values were then interpolated to
a standard curve of NaNO2 concentrations concurrently
determined. Measurements were made in triplicate for each
sample. The NO levels measured were corrected for the NTS of
studied rats.

Western blot analysis
Two groups of rats (six rats per group) were enrolled in the
experiment. The NTS was dissected by use of a micropunch
(1-mm inner diameter) from a 1-mm thick brainstem slice at
the level of obex under a microscope. Total protein was pre-

pared by homogenizing the NTS tissue in lysis buffer with
protease inhibitor cocktail and phosphatase inhibitor cock-
tail. Samples were then incubated for 1 h at 4°C. Protein
extracts (20 mg per sample as assessed by bicinchoninic acid
protein assay, Pierce Chemical Co., Rockford, IL, USA) were
fractionated in 6–8% polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane (GE Healthcare, Buck-
inghamshire, UK). The membranes were incubated with the
appropriate anti-a7 nAChR (Abcam, Cambridge, UK), anti-P-
ERK1/2T202/Y204 (Cell Signaling Technology, Danvers, MA,
USA), anti-ERK1/2 (Cell Signaling Technology), anti-p-AKTS473

(Cell Signaling Technology), rabbit anti-Akt (Cell Signaling
Technology), anti-p-eNOSS1177 (BD Biosciences, San Jose, CA,
USA), anti-eNOS (BD Biosciences) and anti-actin (1:10 000;
Millipore, Bedford, MA, USA) antibodies, which were diluted
1:1000 in phosphate buffer saline tween-20 with bovine
serum albumin and incubated at 4°C overnight, followed by
incubation with horseradish peroxidase-labelled secondary
goat anti-rabbit or anti-mouse antibody at 1:10 000 dilution.
The membrane was developed with the enhanced
chemiluminescence-Plus detection kit (GE Healthcare).

Immunohistochemistry analysis
Immunohistochemical (IHC) staining was performed to
determine whether a7 nAChRs occur in situ in the NTS of
WKY rats. We incubated samples with anti-a7 nAChR anti-
body (1:100; Abcam) at 4°C overnight. Afterwards, sections
were incubated in biotinylated secondary antibody (1:200;
Vector Laboratories, Burlingame, CA, USA) for 1 h and in AB
complex (1:100) for 30 min at room temperature. Sections
were visualized with a DAB substrate kit (Vector Laboratories)
and counterstained with haematoxylin and eosin. The sec-
tions were then photographed with a microscope equipped
with a charge-coupled device camera.

Immunofluorescent staining analysis
The rats were perfused with saline, followed by a solution of
4% formaldehyde and finally a 30% sucrose solution. Sec-
tions of 20 mm of the brain stem were stained with cresyl
violet, and proper placement of the pipette tip in the NTS
was verified by examination of the sections under the
microscope.

Brain stem sections were incubated in a mixture of
mouse-anti-NeuN antibody (1:20; Chemicon, Bedford, MA,
USA) and rabbit-anti-a7 nAChR (1:20; Abcam) or rabbit-anti-
t-eNOS (1:20, BD Transduction Laboratories, BD Biosciences,
San Jose, CA, USA). After being washed with phosphate buffer
saline, sections were incubated with rhodamine-conjugated
goat anti-rabbit IgG (1:50; Sigma-Aldrich) and fluorescein
isothiocyanate-conjugated goat anti-mouse IgG (1:200;
Sigma-Aldrich) at 25°C for 1.5 h. Sections were analysed by
using fluorescence microscopy and Zeiss Image (Carl Zeiss
MicroImaging, Jena, Germany).

Co-immunoprecipitation assay
The NTS was dissected by use of a micropunch (1-mm inner
diameter) from a 1-mm thick brainstem slice at the level of
the obex under a microscope. The NTS lysis were incubated
with 5 mL mouse anti-eNOS (BD Biosciences), rabbit anti-
calmodulin (Abcam) antibodies, and the Catch and Release
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immunoprecipitation system was applied (Upstate Biotech-
nology , Upstate, Waltham, MA, USA), according to the
manufacturer’s instructions. The proteins were subjected to
immunoblotting analysis using anti-eNOS (BD Biosciences)
and anti-calmodulin (Abcam) antibodies.

Statistical analysis
Student’s paired t-test was used to compare BP measurements
(before and after pretreatments), and a one-way analysis of
variance (ANOVA) with Scheffe post hoc, comparison ware
applied to compare group differences. Differences with P <
0.05 were considered significant. All data are expressed as
means � SEM.

Results

nAChRs are involved in nicotine-induced
depressor effects in NTS
Previously, we showed that microinjection of nicotine into
the NTS produced depressor effects (Tseng et al., 1993; 1994).
Nicotine exerts its effects through binding to nAChRs.
Here, we first determined whether nAChRs existed in NTS
neurones.

Results from Western blot and IHC staining analyses
revealed that the a7 nAChR subtype is present in the
NTS of WKY rats (Figure 1B,C). By using double-
immunofluorescence staining for a7 nAChRs and neuronal
nuclei (NeuN), we further found that a7 nAChR protein is
expressed in cells with NeuN protein (Figure 1D). These
results suggest that the a7 nAChR subtype exists in the neu-
ronal cells of the NTS in WKY rats.

The depressor effects of nicotine in the NTS of urethane-
anaesthetized male WKY rats were further confirmed in this
study. The results showed that the BP response to nicotine
was attenuated by prior microinjection of a-BTX in the NTS
of WKY rats (-34.1 � 4.9 vs. -23.8 � 2.5 mmHg, P < 0.05; and
-32.0 � 4.4 vs. -25.0 � 4.7 beats·min-1, paired t-test; n = 6;
Figure 1E,F). These results suggest that nicotine may modu-
late central BP via nAChRs in the NTS of WKY rats.

Ca2+ signalling participated in
nAChR-modulated depressor effects
in the NTS
To determine whether Ca2+/calmodulin is involved in the BP
modulatory effects of nAChRs in the NTS, we investigated the
effects of a Ca2+ chelator, EGTA, and a calmodulin inhibitor,
N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide
(W7; 0.1 nmol·60 nL-1), on the depressor effects induced by
nAChRs in the NTS. The results show that the BP response to
nicotine was attenuated 10 min after treatment with EGTA
(Figure 2A,B). Similarly, the BP response to nicotine was
attenuated by prior microinjection of W7 in the NTS of WKY
rats (-32.9 � 3 vs. -17.1 � 3 mmHg and -25.6 � 5 vs. -12.8
� 4 beats·min-1, respectively; P < 0.05, paired t-test; n = 6;
Figure 2C,D). These results indicate that Ca2+ signalling is
involved downstream of nAChR stimulation in mediating
nicotine-induced depressor effects.

Figure 1
The expression of nAChRs and their effects on blood pressure in the
NTS of WKY rats. (A) A diagrammatic representation of the rat NTS.
(B) The immunoblot depicts the levels of a7 nAChR expression in the
NTS of WKY. (C) In situ qualitative analysis by immunohistochemical
staining of a7 nAChR-positive cells. The arrowhead indicates the a7
nAChR positive cells. (D) In situ qualitative analysis by immunostain-
ing for NeuN and eNOS. (E) Representative tracings demonstrate the
depressor effects of nicotine (1.5 pmol) administered into the unilat-
eral NTS before and 10 min after pretreatment with a-BTX
(66 pmol). (F) Histogram reveals the effects of a pretreatment with
a-BTX on the modulation of MBP and HR induced by a microinjec-
tion of nicotine into the unilateral NTS. Nicotine was injected in the
absence (C) or presence of a-BTX. The original magnification for C
and D was ¥400. Values are shown as mean difference � SEM, n = 6.
*P < 0.05 versus control group. a-BTX, a-bungarotoxin; BP, blood
pressure; HR, heart rate; MBP, mean blood pressure; nAChRs, nico-
tinic acetylcholine receptors; NeuN, neuronal nuclei; NTS, nucleus
tractus solitarii; WKY, Wistar-Kyoto rats.
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The activation of nAChRs induced NOS
activity and NO production
Previously, nicotine was reported to induce NO production
(Papadopolou et al., 2004; Zhao et al., 2007). We investigated
the effects of an NOS inhibitor, L-NAME, on the depressor
effects of nicotine in the NTS. Pretreatment with L-NAME
(33 nmol·60 nL-1) elicited slight depressor effects (Figure 3A).
Interestingly, the depressor and bradycardic responses to the
same dose of nicotine in the NTS were attenuated after
L-NAME treatment (-37 � 9 vs. -23 � 10 mmHg and -32 �

3 vs. -13 � 3 beats·min-1, respectively; P < 0.05, paired t-test;
n = 6; Figure 3A,B). The depressor effect of nicotine in the NTS
recovered gradually 30 min after L-NAME treatment
(Figure 3A). We also directly measured the metabolites of NO
after treatment with nicotine in the NTS. As shown in
Figure 3C, microinjection of nicotine into the NTS signifi-
cantly increased nitrate levels (NO3; 1.24 � 0.24 vs. 2.22 �

0.52, P < 0.05, n = 6). These results indicate that nAChRs may
induce the production of nitrate in the NTS.

Effects of eNOS but not nNOS on depressor
response mediated by nAChRs in the NTS
Our previous studies suggested that depressor responses to
nAChRs are achieved through activation of NOS in the NTS.
To identify which constitutive NOS contributes to these
depressor effects of nAChRs in the NTS, we investigated the
effects of a selective eNOS inhibitor, L-NIO, on the depressor
response mediated by nAChRs in the NTS. Ten minutes after
pretreatment with L-NIO (6 nmol·60 nL-1), the depressor and
bradycardic responses to the same dose of nicotine were
attenuated significantly (-35 � 8 vs. -8 � 3 mmHg and -41 �

13 vs. -14 � 8 beats·min-1, respectively; P < 0.05, paired t-test;
n = 6; Figure 4A,B). In contrast, pretreatment with vinyl-L-
NIO (600 pmol·60 nL-1) a nNOS-specific inhibitor, did not
diminish the nicotine-mediated pressor (-34 � 4 vs. -28 �

6 mmHg, P > 0.05, n = 6) and bradycardic effects (-30 � 4 vs.
-29 � 8 beats·min-1, P > 0.05, n = 6). These results indicate
that eNOS but not nNOS may play a role in nAChRs-
mediated depressor and bradycardic responses in the NTS.

Figure 2
The Ca2+ signalling pathway participated in the nAChR-mediated blood pressure response. (A) Representative traces demonstrating the depressor
effect of nicotine (1.5 pmol) injected into the unilateral NTS before and 10 min after pretreatment with EGTA (60 pmol). (B) Reveals the effects
of pretreatment with EGTA (60 pmol) on MBP and HR responses induced by injection of nicotine into unilateral NTS. (C) Representative traces
demonstrating the depressor effects of nicotine (1.5 pmol) administered into the unilateral NTS before and 10 min after pretreatment with W7
(0.1 nmol). (D) Reveals the effects of pretreatment with W7 on changes in MBP and HR induced by microinjection of nicotine into the unilateral
NTS. Nicotine was injected in the absence (C) or presence of W7. Values are shown as mean change � SEM, n = 6. *P < 0.05 versus control group.
BP, blood pressure; EGTA, ethylene glycol tetraacetic acid; HR, heart rate; MBP, mean blood pressure; nAChRs, nicotinic acetylcholine receptors;
NTS, nucleus tractus solitarii; W7, N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide.
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The regulation of nAChRs-induced eNOS
activity in the NTS is not achieved through
phosphorylation by ERK or Akt
The above results demonstrate that eNOS is involved in
nAChR-mediated depressor and bradycardic responses in the
NTS. To confirm the localization of eNOS expression, we
analysed the expression of eNOS in the NTS of WKY rats by
double-immunostaining analysis. Figure 5A shows that
expression of eNOS (red fluorescence) was found in the same
cells with NeuN expression (green fluorescence). These results
indicate that nAChR-induced eNOS activity occurs in the
neurones of the NTS.

Previous studies have indicated that eNOS may be regu-
lated by the ERK1/2 or Akt signalling pathway in the NTS (Ho
et al., 2008; Hsiao et al., 2008). To investigate whether these
pathways are activated by stimulation of nAChRs in the NTS
of rats, we determined the phosphorylation levels of ERK1/
2T202/Y204, AktS473, eNOSS1177 after nicotine injection into the
NTS. Our results show that nicotine did not significantly
increase the levels of phosphorylated eNOSS1177 (Figure 5B),

ERK1/2T202/Y204 (Figure 5C) or AktS473 (Figure 5D) in the NTS
(1.00 � 0.02 vs. 1.05 � 0.03 for eNOS; 1.0 � 0.1 vs. 1.5 � 0.3
for ERK1; 1.0 � 0.3 vs. 1.0 � 0.2 for Akt, P > 0.05; n = 6).
Furthermore, prior microinjection of PD98059 [meiosis-
specific serine/threonine protein kinase (MEK1) inhibitor] or
LY294002 [phosphoinositide 3-kinase (P13K) inhibitor] did
not attenuate nicotine-induced depressor and bradycardic
effects in the NTS of WKY rats (Supporting Information Fig-
ure S1). These results indicate that neither the ERK1/2 nor the
Akt signalling pathway plays a significant role in the activa-
tion of eNOS by nAChRs in the NTS.

eNOS activation is mediated by
binding to calmodulin
We further investigated whether calmodulin binds to eNOS
to induce its activation in the NTS after nicotine injection.
Co-immunoprecipitation (IP) assay was performed to analyse
calmodulin-NOS binding capacity. NTS lysate was immuno-
precipitated with anti-eNOS or anti-calmodulin antibody and
then probed with t-eNOS and calmodulin respectively. Our

Figure 3
The NO system participates in the modulation of blood pressure mediated by nAChRs. (A) Representative tracings demonstrate the depressor
effects of nicotine (1.5 pmol) injected into the unilateral NTS before and 10 min after pretreatment with L-NAME (33 nmol) in the anaesthetized
WKY rats. (B) Reveals the effects of pretreatment with L-NAME on the changes in MBP and HR induced by microinjection of nicotine into unilateral
NTS. (C) Reveals the effects of nicotine on NO3- levels in the NTS of WKY rats. Values are shown as mean change � SEM, n = 6. *P < 0.05 versus
control group. BP, blood pressure; EGTA, ethylene glycol tetraacetic acid; HR, heart rate; L-NAME, N-nitro-L-arginine methyl ester; MBP, mean
blood pressure; NTS, nucleus tractus solitarii.
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results in Figure 5E show that stimulation of nAChRs induces
eNOS co-IP with calmodulin. This suggests that, indeed,
calmodulin binds to eNOS and this is involved in nAChR-
mediated depressor effects in the NTS.

Discussion and conclusions

Nicotine has been demonstrated to play an important role in
hypotensive modulation in the NTS (Tseng et al., 1993; 1994).
However, the underlying molecular mechanism of nAChRs
activity is still unclear. Previous studies show that nAChR
subtypes can be found in several areas of the brain. These
receptors are characterized by rapid desensitization and high
permeability to calcium, as well as local and global calcium
signals associated with the opening of neuronal a7-nAChR
(Gilbert et al., 2009). Smith and Uteshev demonstrated that
nAChR are expressed in neurones of the caudal NTS, which
were found to be randomly distributed between presynaptic
and somatic/dendritic sites (Smith and Uteshev, 2008). In our
present study, we have also demonstrated that a7 nAChR
subtypes are immunochemically positive in the NTS
(Figure 1C). Double immunostaining revealed that the a7

nAChR subtype co-localized with the neuronal marker NeuN
in NTS neurones (Figure 1D). These results indicate that the
nAChR-mediated BP response might occur in the neurones of
the NTS. The results of the present study confirm and extend
our previous observations that nAChRs participate in the
effect of nicotine on BP in the NTS of WKY rats (Figure 1E,F).
Recently, Wu et al. (2009) reported that the nAChRs play a
predominant role in nicotine-induced cell signalling. Several
studies have indicated that a7 nAChRs have high calcium
permeability and are rapidly activated by intracellular Ca2+

signals. However, Ca2+ is well known to be an important
signal-transducing molecule in the neuronal cell. Constitu-
tive isoforms of NOS include Ca2+/calmodulin-dependent
enzymes and contain a conserved amino acid sequence for
the calmodulin-binding site (Montgomery et al., 2003). The
binding of calmodulin to constitutive NOS is essential for the
activation of constitutive NOS activity induced by calcium
(Kone et al., 2003). In endothelial cells, the main signal-
transduction pathway for agonist-stimulated eNOS activation
depends on Ca2+/calmodulin/caveolin (Dudzinski and
Michel, 2007). Ca2+/calmodulin/caveolin are reported to regu-
late NO production by phosphorylation of eNOS, which
facilitates the association of the enzyme with calmodulin,

Figure 4
The depressor effects of nAChRs in the NTS before and after administration of selective nitric oxide synthase inhibitors. (A) Representative traces
demonstrate the depressor effects of nicotine (1.5 pmol) in unilateral NTS before and 10 min after pretreatment with L-NIO (6 nmol). (B) Reveals
the effects of pretreatment with L-NIO (6 nmol) on MBP and HR after microinjection of nicotine into unilateral NTS. (C) Representative traces
demonstrate the depressor effects of nicotine (1.5 pmol) in unilateral NTS before and 10 min after pretreatment with vinyl-L-NIO (600 pmol). (D)
Reveals the effects of pretreatment with vinyl-L-NIO (600 pmol) on MBP and HR after microinjection of nicotine into unilateral NTS. Values are
shown as mean change � SEM, n = 6. *P < 0.05 versus control group. BP, blood pressure; EGTA, ethylene glycol tetraacetic acid; HR, heart rate;
L-NIO, N(5)-(-iminoethyl)-L-ornithine; MBP, mean blood pressure; nAChRs, nicotinic acetylcholine receptors; NTS, nucleus tractus solitarii;
vinyl-L-NIO, N5-(1-Imino-3-butenyl)-L-ornithine.
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thus reducing its inhibitory interaction with caveolin (Michel
et al., 1997).

Several neuromodulators modulate central BP effects via
different signalling pathways in the NTS. For example, our

previous study showed that the adenosine-ERK-eNOS
signalling pathway exists and plays an important role in the
modulation of cardiovascular responses to adenosine in the
NTS (Ho et al., 2008). In addition, we also demonstrated that

Figure 5
The regulation of eNOS activity by nicotine microinjected into the NTS. (A) The expression of NeuN (a) and eNOS (b) in the NTS of WKY rats as
determined by immunofluorescent staining. (c) The merged image of NeuN-FITC (green, panel a) and eNOS-Rhod (red, panel c). (d) The merged
image of NeuN-FITC, eNOS-Rhod and DAPI. The original magnification was ¥400. Scale bar = 100 mm. (B) The immunoblot depicts the
phosphorylation of eNOSS1177 proteins in the NTS without (lane 1) or with (lane 2) nicotine treatment. Phosphorylated eNOSS1177 was not
increased in the nicotine-microinjected group as compared with the control group. (C) The immunoblot depicts the phosphorylation of
ERK1/2T202/Y204 proteins in the NTS without (lane 1) or with (lane 2) nicotine treatment. Phosphorylated ERK1/2T202/Y204 was not increased in the
nicotine-microinjected group compared with the control group. (D) The immunoblot depicts the phosphorylation of AktS473 proteins in the NTS
without (lane 1) or with (lane 2) nicotine treatment. (E) Lysates from NTS were assayed and used for co-immunoprecipitation of calmodulin and
eNOS. Total lysates were also analysed by immunoblot with antibodies to eNOS and calmodulin. eNOS interacts with calmodulin. Values are
shown as mean � SEM, n = 6. P > 0.05 versus control group. BP, blood pressure; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride;
eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated kinases; FITC, fluorescein isothiocyanate; HR, heart rate; NeuN,
neuronal nuclei; nNOS, neuronal nitric oxide synthase; NTS, nucleus tractus solitarii.
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Ang II may modulate central BP effects via ROS to down-
regulate ERK1/2, ribosomal protein S6 kinase and nNOS
(Cheng et al., 2010). Several studies have investigated the
possibility that IGF-1-stimulated NO production is mediated
via PI3K-dependent Akt activation on Ser473, involving
phosphorylation of eNOS at Ser1177 (Isenovic et al., 2001;
2003). Recent studies have also shown that selective inhibi-
tion of nNOS in the brain increases BP in spontaneously
hypertensive rats (SHR) but not in WKY rats (Qadri et al.,
1999). These results indicate that different neuromodulators
may modulate central BP effects via different signalling path-
ways in the NTS. In our opinion, the neuromodulator NO
plays a major role in hypotensive effects induced in the NTS
(Tseng et al., 1996). In addition, it has been reported that
nAChRs mediate the increased generation of NO in neurones
of the NTS (Zayas et al., 2002; Papadopolou et al., 2004; Zhao
et al., 2007). In the present study, nicotine-induced depressor
effects in the NTS were reduced by prior administration of the
NOS inhibitor L-NAME (Figure 3A,B). However, nAChR-
mediated BP responses in the NTS were attenuated by L-NIO
but not by vinyl-L-NIO (Figure 4B,D). This suggests that
eNOS might be one of the downstream targets of nAChRs
that is involved in NO production, which then modulates BP
in the NTS of WKY rats. We have also demonstrated that
intra-NTS administration of eNOS genes induces a depressor
response in the SHR (Tai et al., 2004). Waki et al. (2006)
showed that eNOS-induced production of NO in the NTS
plays a role in the control of baroreflex gain and arterial
pressure. In the present study, we not only demonstrated the
pharmacological effects of eNOS but also nNOS inhibitors on
cardiovascular parameters (Figure 4). Our results suggested
that nAChR-mediated depressor effects are achieved by the
activity of eNOS rather than nNOS in the NTS.

Interestingly, several studies have indicated that the eNOS
is a constitutive and strictly Ca2+/CaM-dependent enzyme.
When the intracellular calcium concentration increases, the
caveolin is displaced by calcium-calmodulin, which results in
stimulation of phosphorylation at serine 1177 of the eNOS
(Fleming et al., 2001). This, in turn, enhances enzyme activity
in vitro. The activity of eNOS was also modulated by MEK
kinase (Ho et al., 2008). eNOS is inactivated by calmodulin
dissociation, which allows the re-binding of caveolin,
accompanied by re-nitrosylation of the enzyme and
de-phosphorylation of eNOS at its stimulating phosphoryla-
tion sites. Recently, a low dose of nicotine was found to
improve the angiogenesis of human embryonic stem cells
and prevent apoptosis mediated by mitogen-activated
protein kinase and Akt signalling pathways during hypoxia
(Yu et al., 2009). Serine/threonine kinase Akt also appears to
be activated by nicotine in non-immortalized human airway
epithelial cells in vitro (West et al., 2003). However, in our
study, we showed by immunoblot analysis that microinjec-
tion of nicotine in the NTS does not induce Akt or ERK1/2
phosphorylation (Figure 5C,D). Furthermore, prior microin-
jection of PD98059 (MEK1 inhibitor) or LY294002 (PI3K
inhibitor) did not attenuate nicotine-induced depressor or
bradycardic effects in the NTS of WKY rats (Supporting Infor-
mation Figure S1). Therefore, these results suggest that the
Akt and ERK pathway are not involved in nAChR-regulated
downstream signalling control of BP. In our study, we verified
through a co-IP assay that calmodulin interacts with eNOS in

the NTS. The data show that stimulation of nAChRs increases
the association of eNOS with calmodulin (Figure 5E). These
results indicate that the increase of eNOS activity induced via
Ca2+/calmodulin binding may be responsible for the depres-
sor response triggered by nicotine binding to and activating
nAChRs in the NTS. The findings of the present study also
confirm and validate our hypothesis that the Ca2+/
calmodulin-eNOS signalling pathway participates in the regu-
lation of BP by nAChRs in the NTS (Figure 5).

In this study, we propose a novel nAChRs-calmodulin-
eNOS-NO pathway in the NTS. Our results support the BP
modulation of nAChRs by Ca2+ signalling and activation of
eNOS with subsequent NO release in the NTS (Figure 6). Our
present studies further support a possible interaction between
nAChRs and Ca2+/calmodulin in the NTS. The results demon-
strates that nAChRs may modulate central BP effects via
eNOS-induced NO production, as mediated by Ca2+/
calmodulin binding.

One limitation of this study is due to the use of anaes-
thetics during the experiments. Urethane was used to
produce anaesthesia in the laboratory animals as it is known
to provide long periods of anaesthesia with minimal physi-
ological changes. However, due to the potential health risks
of urethane, it should be used with care. Several studies have

Figure 6
Proposed pathway by which nAChRs regulate blood pressure and
heart rate in the NTS. Nicotine binds to the nAChRs, leading to Ca2+

influx; eNOS may then be activated by binding to calmodulin. This
ultimately leads to increased NO concentrations in the NTS and
decreased blood pressure. a-BTX, a-bungarotoxin; BP, blood pres-
sure; eNOS, endothelial nitric oxide synthase; HR, heart rate;
L-NAME, N-nitro-L-arginine methyl ester; L-NIO, N(5)-(-iminoethyl)-
L-ornithine; nAChRs, nicotinic acetylcholine receptors; NeuN, neu-
ronal nuclei; NO, nitric oxide; NTS, nucleus tractus solitarii; W7,
N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide.
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demonstrated that urethane produces far fewer respiratory
effects than either gas or barbiturate anaesthesia. A number of
pulmonary pharmacologists have suggested that, in the rat,
for pulmonary assessments, this is the only really useful
anaesthetic (Buelke-Sam et al., 1978; Field and Lang, 1988;
Field et al., 1993). However, other studies have indicated that
BP and HR are elevated with urethane because it stimulates
endogenous catecholamine release. In our future work, we
will try to use new techniques such as siRNA or lentivirus,
which may help us overcome the limitations imposed in
anaesthetized animals.

In conclusion, our study suggests that nAChR-modulated
depressor effects in the NTS are enacted through eNOS-
induced NO production, and the regulation of eNOS activity
is achieved through binding with calmodulin. The nAChR-
calmodulin-eNOS-NO pathway may be involved in the regu-
lation of BP in the NTS. This is the first study to demonstrate
the mechanism by which nAChRs regulate depressor effects
in the NTS. Our findings suggest new insights into central
nervous system regulation of BP and may be of help for
further development of therapy against this disease.
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Supporting information

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

Figure S1 The hypotensive effects of nAChRs in the NTS
before and after administration of the P13K (LY294002) and
MEK (PD98059) inhibitor. (A) Representative tracings dem-
onstrate the depressor effects of nicotine (1.5 pmol) in uni-
lateral NTS before and 10 min after pretreatment with
LY294002 (6 pmol). (B) Graph reveals the effects of pretreated
LY294002 on MBP and HR after microinjection of nicotine
into unilateral NTS. (C) Representative tracings demonstrate
the depressor effects of nicotine (1.5 pmol) in unilateral NTS
before and 10 min after pretreatment with PD98059
(6 pmol). (D) Graph reveals the effects of pretreated PD98059
on MBP and HR after microinjection of nicotine into unilat-
eral NTS. Values are shown as mean difference � SEM, n = 4.
*P < 0.05 vs. control group.
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