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Abstract

It is known that enrichment of glutamatergic transmission in the nucleus tractus solitarii (NTS)
plays an important role in central cardiovascular regulation.  Our previous study demonstrated that
nicotine decreased blood pressure and heart rate in the NTS probably acting via the nicotinic acetylcholine
receptors (nAChRs)-Ca2+-calmodulin-eNOS-NO signaling pathway.  The possible relationship between
glutamate and nicotine in the NTS for cardiovascular regulation is poorly understood.  This study
investigated the involvement of glutamate receptors in the cardiovascular effects of nicotine in the NTS.
Nicotine (a non-selective nAChRs agonist), MK801 (a non-competitive NMDA receptor antagonist),
APV (a competitive NMDA receptor antagonist), or NBQX (a selective AMPA receptor antagonist) was
microinjected into the NTS of anesthetized Wistar-Kyoto rats.  Microinjection of nicotine (1.5 pmol) into
the NTS produced decreases in blood pressure and heart rate.  The hypotensive and bradycardic effects
of nicotine were abolished by prior administration of MK801 (1 nmol) and APV (10 nmol), but was
completely restored after 60 min of recovery.  In contrast, prior administration of NBQX (10 pmol) into
the NTS did not alter the cardiovascular effects of nicotine.  The nitrate (served as total NO) production
in response to nicotine microinjection into the NTS was suppressed by prior administration of APV.
These results suggest that the hypotensive and bradycardic effects of nicotine in the NTS might be
mediated through NMDA receptors, and that the nAChRs-NMDA receptor-NO pathway could be
involved.
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 Introduction

The nucleus tractus solitarii (NTS), located in

the dorsomedial medulla of the brain stem, is the
primary relay site of the cardiovascular and visceral
afferent fibers of the vagus and glossopharyngeal
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nerves, and plays an important role in central
cardiovascular integration (19).  Our previous studies
have shown that several neuromodulators, including
adenosine (13), nicotine (6), angiotensin II (7), nitric
oxide (NO) (7) and insulin (14), participate in car-
diovascular control in the NTS.

Nicotinic cholinergic receptors (nAChRs),
which constitute a family of pentameric ligand-gated
cation channels (5, 12), have been shown to be abun-
dantly expressed in the NTS (6).  Our previous studies
demonstrated that microinjection of nicotine into the
NTS could elicit hypotensive and bradycardic re-
sponses (6, 34).  It was reported that local administra-
tion of nicotine could elevate extracellular levels of
glutamate in the rat NTS (2), while the release of
glutamate in the NTS in response to baroreceptor
stimulation could be suppressed by nicotinic antag-
onist (3).  L-glutamate is the most abundant excitatory
neurotransmitter in the central nervous system (CNS).
Furthermore, glutamate is a primary mediator of vagal
afferents for cardiovascular modulation in the NTS
(18, 23, 31, 32).  Glutamate can activate the ionotropic
glutamate receptors, which are ligand-gated ion
channels, and the G-protein-coupled metabotropic
glutamate receptors.  The ionotropic glutamate
receptors, including N-methyl-D-aspartate (NMDA),
α-amino-3-hydroxy-5-methyl-4-isoxazole-proprionic
acid (AMPA) and kainate receptors, have been sug-
gested to be involved in the glutamate-mediated
cardiovascular effects in the NTS (21, 25).  Microinjec-
tions of glutamate and the ionotropic glutamate recep-
tor agonists, NMDA and AMPA, into the NTS can
produce pronounce hypotension and bradycardia
(21, 25).  Thus, gating ionotropic glutamate receptors
might be involved in the mechanism of nAChRs-
modulated cardiovascular effects in the NTS.

Activation of nAChRs has been reported to
enhance NO generation in thoracic dorsal root ganglia
and NTS neurons of rats (28, 36).  Our previous study
also showed NO production by nicotine administration
in the NTS, which demonstrated the involvement of
nAChRs-Ca2+-calmodulin-eNOS-NO signaling path-
way in the cardiovascular effects of nicotine (6).  NO
is a free radical gas molecule that is readily diffusible
and is, thus, eminently suited for signaling, including
cell-to-cell communication (26, 30).  NO is known to
play a critical role in cardiovascular regulation in the
NTS (7, 34).  Microinjection of L-arginine, a NO pre-
cursor, L-glutamate or NMDA into the NTS could
elicit depressor and bradycardic responses (25).  Sys-
temic administration of lipopolysaccharide induced
releases of NO and glutamate in the NTS (21).  More-
over, pretreatment of the NMDA receptor antagonist,
MK801, or the non-NMDA receptor antagonist, 6,7-
dinitroquinoxaline-2,3-dione (DNQX), significantly
decreased the depressor effects evoked by L-arginine

in the NTS (25).  Furthermore, the cardiovascular
effects of L-glutamate in the NTS could be suppressed
by pretreatment of the NO synthase (NOS) inhibitor,
L-NMMA (25).  In reciprocal, cardiovascular effects
of NO depend on responsive ionotropic glutamate
receptors in the NTS (20).  However, it is unclear
whether there is a causal relationship between iono-
tropic glutamate receptors and NO in nicotine-induced
cardiovascular regulation in the NTS.

The present study  was conducted to investi-
gate the involvement of NMDA or non-NMDA
receptor on the cardiovascular effects of nicotine
in the NTS.  Based on our data, we propose that the
hypotensive and bradycardic effects of nicotine may
be mediated via NMDA receptors in the NTS im-
plicating the involvement of the AChRs-NMDA
receptor-NO signaling pathway in central cardiovas-
cular regulation.

Materials and Methods

Reagents and Chemicals

All chemicals including urethane, sodium chlor-
ide, L-glutamate, heparin, nicotine, (+)-5-methyl-10,
11-dihydro-5H-dibenzo[a, d] cyclohepten-5,10-imine
maleate (MK801),  (± )-2-amino-5-phosphono-
pentanoic acid (APV), 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzo[f]quinoxaline-2,3-dione disodium
(NBQX), and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich Inc.  (St. Louis, MO,
USA).

Animals and Preparation

Male Wistar-Kyoto rats (weight 230 to 300 g)
were purchased from the National Science Council
Animal Facility (Taipei, Taiwan) and housed in the
animal room of the Kaohsiung 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 the Kaohsiung Veterans General
Hospital.

Intra-NTS Microinjection and Hemodynamic
Measurements

Rats were anesthetized with urethane (1.0 g/kg
i.p. and 0.3 g/kg i.v. when needed).  The preparation
of animals for intra-NTS microinjections and the
methods used to locate the NTS have previously been
described (6, 7, 34).  Briefly, a polyethylene cannula
was inserted into the femoral vein for fluid supple-
mentation, and blood pressure was measured via a
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femoral-artery cannula by a pressure transducer and
polygraph (Gould, Cleveland, OH, USA).  Mean blood
pressure (MBP) was derived from signals of the blood
pressure.  Heart rate (HR) was monitored through a
tachograph preamplifier (Gould).

A glass cannula was filled with L-glutamate and
lowered into the NTS with coordinates as previously
described (6, 7, 34).  In this study, each injection
volume in the NTS was restricted to 60 nl and injected
over 10 sec by air pressure generated by a handheld
syringe.  Each injection was 30-40 min apart for
completely recovery of the basal blood pressure and
HR.  All drugs, including sodium L-glutamate, nicotine
(a non-selective nAChR agonist), MK801 (a non-
competitive NMDA receptor antagonist), APV (a
competitive NMDA receptor antagonist) and NBQX
(a competitive AMPA receptor antagonist) were
dissolved in an artificial cerebrospinal fluid (aCSF)
containing the following chemicals in mM: NaCl 119,
KCl 2.5, MgCl2 4, CaCl2 4, NaHCO3 26.2, NaH2PO4

1 and glucose 11, and gassed with 95% O2 and 5%
CO2 at pH 7.4.  The aCSF was used as a vehicle con-
trol.  To verify that the injection site was located pre-
cisely in the NTS, L-glutamate (0.154 nmol) was
microinjected to induce the characteristically abrupt
decreases in MBP (more than 35 mm Hg decreases)
and HR (more than 50 bpm decreases).  Nicotine in
doses of 0.5, 1.5 and 4.6 pmol was microinjected into
the rat’s NTS (n = 7) to determine if there was a dose-
response relationship.

Involvement of ionotropic glutamate receptors
in the nicotine-induced cardiovascular effects was
determined by prior microinjections of MK801 (1
nmol; n = 6), APV (10 nmol; n = 5) or NBQX (10
pmol; n = 6) into the NTS, and the same dose (1.5
pmol) of nicotine was microinjected into the NTS
before and 10, 30, 60 and 90 min after MK801, APV,
or NBQX administration.  The doses of MK801 or
NBQX were as reported in our previous studies (24,
25), and the dose of APV was determined from a pilot
study.  The dosages were shown to be effective and
did not elicit significant changes in MBP and HR.

Measurement of Nitrate (NO3-) in the NTS

The samples were deproteinized by microcon
YM-30 (Millipore, Bedford, MA, USA).  The amount
of NO3-, a metabolite of NO, in the samples was
determined using a modified procedure of the purge
system of Sievers Nitric Oxide Analyzer (NOA 280i)
(Sievers Instruments, Boulder, CO, USA) based on
chemiluminescence measurements (7).  The measured
NO3- levels, served as the total NO production, were
corrected for the NTS of the studied rats.

Statistical Analysis

Paired t-test (before and after pretreatments)
or Student’s t-test was applied to compare group
differences when significant effects were noted.  Dif-
ferences with a probability value of < 0.05 were
considered to be statistically significant.  All data are
expressed as means ± SEM.

Results

Nicotine-Induced Hypotensive and Bradycardic Effects
in the NTS

To investigate the cardiovascular effects of nico-
tine in the NTS of rats, unilateral microinjection of
nicotine (0.5, 1.5 and 4.6 pmol) was administered
into the NTS in urethane-anesthetized WKY rats.
Injection of nicotine at a dose of 0.5 pmol was
sufficient to evoke hypotension and bradycardia
(-22.5 ± 3 mmHg and -20.7 ± 18 bpm, respectively;
n = 7) in WKY rats (Fig. 1, A and B).  The hypoten-
sion and bradycardia evoked by 4.6 pmol of nicotine
were -34.3 ± 11 mmHg and -15.7 ± 5 bpm, respectively
(n = 7).  There appeared to be a dose-response
relationship, but this was not statistically significant.
The dose of 1.5 pmol seemed to have reached the
maximum (-31.1 ± 5 mmHg and -14.3 ± 7 bpm,
respectively; n = 7).  We chose 1.5 pmol of nicotine
in subsequent studies to investigate the cardiovas-
cular effects of nicotine in the NTS of WKY rats.

Effects of the Non-Competitive NMDA Receptor
Antagonist, MK801, on Cardiovascular Responses to
Nicotine in the NTS

To examine the role of ionotropic glutamate
receptors in cardiovascular responses to nicotine in
the NTS, we pretreated the NTS with MK801, a non-
competitive NMDA receptor antagonist, and observed
the cardiovascular responses induced by nicotine
microinjection into the NTS.  Ten minutes after
MK801 (1 nmol/60 nl) administration, hypotensive
and bradycardic responses to the same dose of nicotine
were significantly attenuated (-29 ± 7 versus -7 ± 5
mmHg and -28 ± 21 versus -15 ± 14 bpm, respectively;
P < 0.05, paired t-test; n = 6; Fig. 2, A and B).  As the
effects of MK801 were washed out, the hypotensive
and bradycardic effects of nicotine recovered (Fig.
2A).  These results indicate that the non-competitive
NMDA receptor plays a role in the downstream sig-
naling of nicotine in the NTS.

Effects of the Competitive NMDA Receptor Antagonist,
APV, on Cardiovascular Responses and NO3-

Production to Nicotine in the NTS

To illustrate the role of competitive NMDA re-
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ceptor in cardiovascular responses to nicotine in the
NTS, we pretreated the NTS with APV, a competitive
NMDA receptor antagonist, and observed the cardio-
vascular responses induced by nicotine microinjection
into the NTS.  Ten minutes after APV (10 nmol/60 nl)
treatment, hypotensive and bradycardic responses to
the same dose of nicotine were significantly attenuated
(-25 ± 2 versus -16 ± 3.4 mmHg and -18 ± 4.3 versus
-13 ± 3.3 bpm, respectively; P < 0.05, paired t-test;
n = 5; Fig. 3A).  As the effects of APV were washed

out, the hypotensive and bradycardic effects of nico-
tine recovered.  These results strongly indicate that
NMDA receptor plays a role in downstream signaling
of nicotine in the NTS.

Our previous study demonstrated NO production
in response to nicotine microinjection into the NTS
(6).  Therefore, we also directly measured the NO3-

levels, which represented total NO production, in
response to nicotine with or without APV treatment in
the NTS.  As shown in Fig. 3B, pretreatment with

Fig. 1. Cardiovascular effects of unilateral microinjection of nicotine (0.5-4.6 pmol) into the NTS in the anesthetized WKY rats.  (A)
Representative tracings demonstrate the cardiovascular effects of nicotine.  BP, MBP and HR recordings were made at a paper
speed of 3 mm/min.  Horizontal bar represents recording during 5-min intervals.  (B) Bar graphs show comparative MBP and
HR effects of nicotine (0.5-4.6 pmol) on unilateral intra-NTS administration of the substances.  Vertical bars represent SEM
changes from baseline values, which were 95 ± 7 mmHg for MBP and 315 ± 34 bpm for HR.  Each bar represents the average
data from 7 rats.  *P < 0.05 indicates a significant difference from the corresponding vehicle response.
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APV significantly attenuated the NO3- levels in re-
sponse to nicotine microinjection (0.5 ± 0.04 versus
0.3 ± 0.03 µM/µg protein, P < 0.05, n = 5).  These
results indicate interactions between the NMDA
receptor and NO in the downstream signaling of
nicotine in the NTS.

Prior Administration of the Non-NMDA Receptor

Antagonist, NBQX, Did not Change the Cardiovascular
Effects of Nicotine in the NTS

To examine the role of non-NMDA receptor in
cardiovascular responses to nicotine in the NTS, we
pretreated the NTS with NBQX, a selective AMPA
antagonist, and monitored the cardiovascular re-
sponses induced by nicotine microinjection into the

Fig. 2. Cardiovascular effects of nicotine in the NTS before and after administration of the non-competitive NMDA receptor antagonist,
MK801.  (A) Representative tracings demonstrate the cardiovascular effects of nicotine (1.5 pmol) in unilateral NTS before
and 10 min after pretreatment with MK801 (1 nmol) in the anesthetized WKY rats.  Nicotine and MK801 were microinjected
at the indicated time points.  BP, MBP and HR recordings were made at a paper speed of 3 mm/min.  Horizontal bar represents
recording during 5-min intervals.  (B) Bar graph reveals the effects of pretreated MK801 on MBP and HR after microinjection
of nicotine into unilateral NTS.  Nicotine was injected in the absence (open column) or presence (black column) of MK801.
Vertical bars represent SEM changes from baseline values, which were 95 ± 7 mmHg for MBP and 315 ± 34 bpm for HR.  Each
bar represents the average value from 6 rats.  *P < 0.05 indicates significant difference from the corresponding control nicotine
responses.  #P < 0.05 indicates significant difference from the corresponding 10-min responses.
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NTS.  Ten minutes after NBQX (10 pmol/60 nl)
treatment, hypotensive and bradycardic responses to
the same dose of nicotine remained unchanged (-35 ±
4 versus -33 ± 7 mmHg and -29 ± 17 versus -22 ± 8

bpm, respectively; P > 0.05, paired t-test; n = 6; Fig.
4, A and B).  These results indicate that the non-
NMDA receptor does not participate in the down-
stream signaling of nicotine.

Fig. 3. Cardiovascular effects and nitrate levels of nicotine in the NTS before and after administration of the competitive NMDA receptor
antagonist, APV.  (A) Representative tracings demonstrate the cardiovascular effects of nicotine (1.5 pmol) in unilateral NTS
before and 10 min after pretreatment with APV (10 nmol) in the anesthetized WKY rats.  Bar graph reveals the effects of
pretreated APV on MBP and HR after microinjection of nicotine into unilateral NTS.  (B) Bar graph reveals the effects of
nicotine on nitrate (NO3-) levels in the NTS of WKY rats.  Each vertical bar represents the average values changed
from baseline values of 5 rats.  Nicotine was injected in the absence (open column) or presence (black column) of APV.  Values
are shown as means ± SEM.  *P < 0.05 indicates significant difference from the corresponding control nicotine responses.
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Discussion

Previous studies have indicated that nicotine
could play an important role in hypotensive modulation
in the NTS of WKY rats (6, 32), and these findings
are consistent with those reported in Sprague-Dawley
rats (32, 33).  In the present study, our data showed
that the hypotensive and bradycardic effects of nicotine
in the NTS of WKY rats could be found at a low dose
of 0.5 pmol.  The cardiovascular effects of nicotine

were suppressed by pretreatment with the NMDA
receptor antagonists, MK801 and APV, but not by the
non-NMDA receptor antagonist, NBQX.  Moreover,
the nitrate (total NO) levels evoked by nicotine micro-
injection into the NTS were attenuated after treatment
with APV, a competitive NMDA receptor antagonist.
These results demonstrated that the cardiovascular
effects of nicotine were mediated through NMDA
receptors in the NTS suggesting involvement of the
nAChRs-NMDA receptor-NO pathway.

Fig. 4. Cardiovascular effects of nicotine in the NTS before and after administration of the non-NMDA receptor antagonist, NBQX.  (A)
Representative tracings demonstrate the cardiovascular effects of nicotine (1.5 pmol) in unilateral NTS before and 10 min after
pretreatment with NBQX (10 pmol) in the anesthetized WKY rats.  Nicotine and NBQX were microinjected at the indicated time
points.  BP, MBP and HR recordings were made at a paper speed of 3 mm/min.  Horizontal bar represents recording during 5-
min intervals.  (B) Bar graph reveals the effects of pretreated NBQX on MBP and HR after microinjection of nicotine into
unilateral NTS.  Nicotine was injected in the absence (open column) or presence (black column) of NBQX.  Vertical bars
represent SEM changes from baseline values, which were 92 ± 11 mmHg for MBP and 291 ± 39 bpm for HR.  Each bar represents
the average value from 6 rats.
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In vitro autoradiographic studies have indicated
the presence of nicotinic cholinergic binding sites in
the NTS (2).  Activation of nAChRs by local nicotine
administration into the rat NTS has been reported
to be capable of evoking glutamate release (2).  In
addition, elevated extracellular level of glutamate in
the NTS in response to baroreceptor stimulation was
shown to be suppressed by the administration of
nicotinic antagonists (3).  These observations indicated
the involvement of glutamatergic transmission in
nAChRs-mediated responses in the NTS.  It is known
that enrichment of glutamatergic transmission in the
NTS may play an important role in central cardio-
vascular regulation (4).  Glutamate is the major neu-
rotransmitter of the primary afferent neurons, inter-
neurons and central projection neurons in the NTS
(18).  The distributions of ionotropic glutamate
receptors, including NMDA and AMPA/kainite (non-
NMDA) receptors, were found in all NTS subnuclei
throughout the rat NTS (16, 20).  Activation of iono-
tropic glutamate receptors in the NTS could evoke
cardiovascular responses similar to those produced
by activation of cardiovascular reflexes (27).  Indeed,
several studies have demonstrated that there was
an interaction between nicotine and glutamatergic
transmission in the CNS.  For example, the effect of
nicotine on the enhancement of excitatory synaptic
transmission in the CNS has been reported most likely
to act via nAChRs-induced calcium influx subse-
quently leading to glutamate release (9).  Electro-
physiological studies in CA3 pyramidal neurons
demonstrated that activation of presynaptic nAChRs
enhanced, at least in part, the release of glutamate
onto the postsynaptic NMDA and non-NMDA recep-
tors, which contributed to the nicotinic effects on
learning and memory in the hippocampus (15).  In
addition, activation of nAChRs, which in turn activated
NMDA and AMPA receptors, might have been in-
volved in the mechanism underlying the nicotine
effects in the dorsal facial area leading to increases
in blood flow in the common carotid artery (17).
Results in the present study demonstrated that both
non-competitive and competitive NMDA receptor
antagonists could attenuate the cardiovascular ef-
fects of nicotine.  Our results were consistent with
previous observations and suggest the involvement
of glutamatergic transmission, particularly at the
NMDA receptor, in nAChRs-modulated cardiovas-
cular effects in the NTS.

Our study findings further demonstrated that
nicotine-induced NO production in the NTS might be
mediated through NMDA receptors.  Activation of
nAChRs was reported to be capable of enhancing NO
generation in rat thoracic dorsal root ganglia (28),
insect neurons (35) and neurons of the rat NTS (36).
Our previous study has shown involvement of the

nAChRs-Ca2+-calmodulin-eNOS-NO signaling path-
way in the cardiovascular effects of nicotine in the
rat NTS (6).  NO is known to play an important role in
cardiovascular reflex transmission in the NTS (6, 7).
NOS and glutamate were both found to be frequently
co-localized in the same neurons and fibers in the rat
NTS (22).  It has been reported that NO and glutamate
in the NTS appeared to show reciprocal augmentation
in the modulation of cardiovascular responses (20, 21,
25).  Moreover, it has been proposed that NO acts as
a positive feedback regulator in glutamatergic trans-
mission, in which activation of NMDA receptors evokes
NO production and NO in turn reaches presynaptic
terminals to enhance glutamate release (10).  Taken
together, these observations implicate interactions
between NO and NMDA receptors in the nAChRs-
modulated cardiovascular effects.

nAChRs constitute a family of pentameric ligand-
gated cation channels that are widely distributed in the
brain (12).  The α7 subtype of nAChRs is distinguished
by its high permeability to calcium, affinity for the
antagonists α-bungarotoxin and methyllycaconitine,
and rapid desensitization (1, 11).  Our previous study
indicated a primary contribution of α7 nAChRs subtype
receptors in the nicotine-induced depressor effect in
the rat NTS, via the nAChRs-Ca2+-calmodulin-eNOS-
NO signaling pathway (6).  In the CNS, it has been
postulated that nAChRs serve as presynaptic modulators
rather than postsynaptic mediators to modulate the
release of neurotransmitters (8, 9).  Stimulation of
presynaptic nAChRs evoked glutamate release and
subsequently increased NO production in which this
phenomenon has been suggested to contribute to the
nicotine effect in the hippocampus (29) and in the NTS
(36).  Thus, the findings of the present and of our
previous studies, taken together, suggest that nicotine-
induced hypotensive and bradycardic effects in the
NTS might be mediated through the nAChRs-NMDA
receptor-NO pathway.

In conclusion, the present study indicated that
the nicotine-modulated hypotensive and bradycardic
effects in the NTS were mediated via NMDA receptors.
Moreover, the hypotensive and bradycardic effects of
nicotine in the NTS found in the present study might
have been due to glutamate-NO transmission modu-
lated by nAChRs.  Our findings provide new insights
into the central regulation of blood pressure and may
contribute to further research on the development of
therapies for cardiovascular diseases.
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