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Role of neuronal nitric oxide synthase
(nNOS) at medulla in tachycardia induced
by repeated administration of ethanol in
conscious rats
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Abstract

Background: Intake of ethanol (alcohol) has been shown to influence cardiovascular function; the underlying
brain mechanism remains unclear. Noting that nitric oxide (NO) system in the CNS is involved in the regulation
of cardiovascular function, the present study examined the role of NO in medulla in ethanol-induced cardiovascular
changes.

Methods: Ethanol was administered by oral gavage at dose of 3.2 g/kg once every day for 8 consecutive days. Changes
in blood pressure (BP) and heart rate (HR) in response to ethanol were measured by radiotelemetry method in
freely moving female Sprague-Dawley rats. NO modulators were applied by intracerebroventricular (ICV) injection.
The protein levels of nitric oxide synthase (NOS) and NO content in rostroventral medulla were measured by Western
blot and nitrate/nitrite colorimetric assay kit, respectively.

Results: Ethanol intake had little effects on basal BP and HR following 8 consecutive day treatments. A significant
increase in HR but not BP following ethanol intake was observed at 6th and 8th, but not at 1st and 4th day treatments as
compared with saline group. A decrease in the protein expression of neuronal NOS (nNOS) but not inducible
NOS or endothelial NOS and a decline in the level of NO in the medulla 30 min after ethanol administration was
observed at 8th day treatment. ICV treatment with NO donors attenuated ethanol-induced tachycardia effects at
8th day treatment. Ethanol produced significantly tachycardia responses when ICV nNOS inhibitors were given
at 1st day treatment.

Conclusion: Our results suggest that medulla nNOS/NO pathways play an important role in ethanol regulation of HR.
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Background
The detrimental effects of ethanol undoubtedly are the
major concern worldwide. To date, ethanol is the most
abused drugs in the world and it affects major organs
such as brain and heart. The effects of ethanol consump-
tion can vary according to the amount of intake, exposure
duration in terms of acute and chronic intake, and type of
ethanol beverages such as beer and wine. Chronic low and

moderate ethanol intake has been shown to be cardiovas-
cular protective while chronic high intake of ethanol leads
to high risk of cardiovascular disease [1–3]. Ethanol also
may increase heart rate in human [4, 5] or animals [6–8].
However, the mechanism underlying this phenomenon is
not well characterized. It has been reported that the effect
of ethanol on central nervous system (CNS), particularly
nuclei in ventral region of medulla contain neurons that
are responsible for cardiovascular regulation [9, 10], plays
a role in mediating changes in cardiovascular function
[11–16]. Thus, ethanol exposure may affect the function
of the neurons in rostral ventrolateral medulla (RVLM)
and the underlying cardiovascular regulation [17, 18].
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Nitric oxide (NO) is a signaling molecule involved in
neurotransmission within CNS as neuronal messenger [19].
NO is generated from amino acid L-arginine by the mem-
bers of the NO synthase (NOS) family. There are three iso-
forms in the NOS family: neuronal NOS (nNOS), inducible
NOS (iNOS) and endothelial NOS (eNOS) [20]. The three
isoforms are localized differently in body’s organs. The
constitute expression of iNOS isoform is low and induced
under stress condition such as ischemia, trauma and in-
flammation [21, 22]. eNOS is mainly found in endothelial
cells, vascular endothelium, and the smooth muscle. nNOS
is a major isoform within the brain areas such as cerebral
cortex, lateral dorsal, nucleus of solitary tract and cerebel-
lum [23]. Previous studies have shown an increased vulner-
ability to ethanol-induced neuronal loss in the neocortex
and hippocampus in neonatal mice genetically deficient
for nNOS, suggesting a neuroprotective role of NO in
ethanol intoxication [24]. In addition, central and periph-
eral NO and NOS have been demonstrated to participate
in cardiovascular regulation [25–28] and may play a cardi-
oprotective role [29, 30].
Acute or chronic ethanol intake affects NOS activity;

ethanol regulation of NOS activity may vary in different
brain cells [31]. It is not clear whether ethanol regulation
of NO signals in the CNS is involved in the cardiovascular
effects of ethanol. The present study was undertaken to
test the hypothesis that repeated ethanol intake may im-
pair the regulation of cardiovascular function and NOS/
NO system in the ventral medulla. Using an in vivo model,
we demonstrated that repeated administration of ethanol
caused tachycardia, which may be consequential to reduc-
tion of nNOS protein levels and NO level in ventral me-
dulla of brain by ethanol.

Methods
Animals
All animal care and experimental protocols were carried
out in accordance with the guidelines of the Institutional
Animal Care and Use Committee of Tzu Chi University.
Female Sprague-Dawley rats, aged 11–12 weeks were
purchased from commercial supplier (BioLASCO Co.,
LTD., Taipei, Taiwan). The rats were housed and main-
tained in controlled room at 23 °C ± 1 °C, with 50% ± 10%
humidity and a 12-h light/dark cycle. After radiotelemetry
transmitter surgery with or without intracerebroventricular
cannula implantation, the rats were housed individually in
separated cages.

Determination of blood ethanol concentration
Blood ethanol concentrations were measured in another
group of rats to avoid perturbing blood pressure and heart
rate measurement. Prior to blood withdrawal, the rats were
anesthetized using short-term inhalation anesthetic iso-
flurane (Panion & BF Biotech Inc., Taoyuan, Taiwan). The

blood sample of 0.1 mL was withdrawn from the lateral tail
vein using heparinized syringes at 30 min, 60 min, 120 min,
and 180 min after oral gavage administration on day 1, day
3 and day 8. Blood ethanol levels were determined by an
ethanol assay kit available commercially (BioAssay Systems,
Hayward, CA); the rate of increase in absorbance at
580 nm was recorded with a microplate spectropho-
tometer (Epoch™, BioTek Instruments, Inc., Winooski,
VT, USA).

Radiotelemetry transmitter surgery and blood pressure
measurement
Under anesthetized by intraperitoneal injection of Zoletil
(50 mg/kg), rats were implanted with the transmitter
(model PAC40, Data Sciences International). A 4 to 5-cm-
long midline incision through the skin and wall of abdomen
was made. The location of abdominal aorta was uncovered
by using sterile cotton swab. To allow access to the ab-
dominal aorta, the intestine was retracted by using a
sterile cotton pad pre-soaked with normal saline. Four
to five-cm-long suture was passed to each caudal to the
left renal vein and anterior to the iliac bifurcation. Tension
was applied to both sutures to allow temporary blood flow
occlusion. Using a bended tip of 22-gauge needle, aorta
1–2 mm anterior to the iliac bifurcation was pierced and
the catheter was inserted quickly upstream toward the
heart. The aorta entry site was dried by using sterile cot-
ton tip applicators and a small amount of Tissue adhesive
(Vetbond, 3 M Animal Care Products, St Paul, MN, USA)
was used to secure the catheter. Both occlusion sutures
were slowly released and removed. The transmitter was
placed inside the cavity and sutured to the abdominal wall.
The abdominal wall and skin were closed individually.
Rats were allowed for recovery at least 7 days before
used in the following experiment. After recovery pe-
riods, rats were placed individually on a receiver and
the transmitter was turned on or turned off by using a
magnet. The blood pressure and heart rate data were
analyzed using Dataquest A.R.T. System 2.2 software
for Windows (Data Sciences International). The data was
processed and counted per 60 min before treatment and
per 10 min after administration of ethanol.

Oral administration
Ethanol (3.2 g/kg, 40% v/v) or saline was given orally
using 16-gauge 3-in.-long stainless steel needle (Cadence
Science®, Cadence, Inc., Staunton, VA, USA). Before ad-
ministration, the rats were restrained gently in upright
position by grasping around the thorax to immobilize
the head. The needle was inserted into the right side of
the mouth and directed along the hard palate of the
mouth to the back of the throat. Thereafter, the needle
was passed into the esophagus until the base of the needle
and ethanol or saline was delivered slowly.
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Intracerebroventricular cannula implantation
Procedures for intracerebroventricular (ICV) cannula im-
plantation were similar to those described previously [32].
Briefly, under anesthetized by intraperitoneal injection of
Zoletil (50 mg/kg), rats were placed prone in a David Kopf
stereotaxic frame and the head was fixed by ear bars and
incisor bar. Occipital hole was drilled to the desired pos-
ition in relation to the bregma using the following stereo-
taxic coordinates: 1.5 mm lateral to the midline, 0.8 mm
caudal to the bregma. A stainless steel guide cannula (23-
gauge) was placed into the hole, 3.5 mm below the dorsal
surface of the brain and secured with two stainless steel
screws and dental cement. A removable stylet was used to
close the cannula. A 27-gauge stainless steel micropipette
was connected to Hamilton microsyringes (10 μL) and
used for ICV administration; drugs (3 μL) were injected
using a syringe pump at a rate of 10 μL/min. The drinking
behavior caused by ICV angiotensin II (50 ng, 5 μL) 3 days
after surgery was used to determine correct placement of
the guide cannula [33]; the rats that started drinking
within 3 min after the injection were used for the follow-
ing experiments.

Western blot analysis
The procedure for Western blot analysis of brain tissue
was similar to that described in earlier studies [32, 34].
Rats were sacrificed 30 min after oral gavage of ethanol
or saline. Brains were rapidly removed and soaked in
ice-cold Krebs solution for 1 min. The brainstems were
isolated from the brain and quickly frozen by cold spray
(FREEZE 75; CRC Industry Europe NV, Zele, Belgium).
Coronal section 0.5–1.5 mm rostral to the obex was pre-
pared from the brainstem and the ventral part of the sec-
tion was isolated. They were frozen in liquid nitrogen and
stored at − 85 °C until used. About 10 mg of tissue was
homogenized in 100 μL solution (0.32 M sucrose, 1 mM
EDTA and 1 mTIU/ml aprotinin) with a homogenizer at
speed of 10,000 rpm for 15 s. SDS was added to the sam-
ple to a final concentration of 0.1%, and 10 μg of protein
was electrophoresed on 8% denaturing polyacrylamide
gels. Separated proteins were transferred to PVDF transfer
membrane and probed with primary antibody, rabbit anti-
nNOS polyclonal antibody (1:1000, ab106417, Abcam,
Cambridge, UK), rabbit anti-iNOS polyclonal antibody
(1:1000, ab204017, Abcam, Cambridge, UK), and rabbit
anti-eNOS polyclonal antibody (1:200, ab66127, Abcam,
Cambridge, UK). Bound antibody was incubated with goat
anti-rabbit secondary antibody (Bethyl, A120-101P, Bethyl
Laboratories, Inc., Montgomery, TX, USA) conjugated to
horseradish peroxidase which was reacted with Western
Lighting® Plus-ECL Reagent (PerkinElmer, Waltham, MA,
USA). The chemiluminescent signal was digitalized by
UVP Biospectrum 810 (UVP, LLC, Upland, CA, USA)
and the bands were analyzed with VisionWorks LS

software for Windows (UVP, Upland). Protein concen-
trations were determined by BCA method (Sigma CO,
St. Louis, MO, USA).

Determination of total nitrate-nitrite
The rats were sacrificed 30 min following saline or ethanol
administration and rostroventral medulla was carefully
dissected from the brain stem as experiments for Western
blot. Total nitrate-nitrite levels were measured by nitrate-
nitrite colorimetric assay kit (Cayman Chemical, Ann Arbor,
MI, USA) based on Griess method, in which a chromophore
with a strong absorbance at 545 nm was formed. NO values
obtained by this method represent the total amount of
nitrate and nitrite expressed in pmol/mg tissue.

Chemicals
Ethanol, NOC-18, and aprotinin were purchased from
Sigma Co (St. Louis, Missouri, USA). NPLA was pur-
chased from Tocris Cookson Ltd. (Bristol, UK). Zoletil®
50 was purchased from Virbac Taiwan Co. Ltd. (Taipei,
Taiwan). Reagents for electrophoresis were purchased
from Bio-Rad Laboratories (Richmond, CA).

Statistical analysis
Data were presented as mean±S.E.M. and were plotted
and analyzed statistically with GraphPad Prism version
6.03 for Windows, GraphPad Software (La Jolla California
USA). The time course of percentage changes in BP and
HR after administration of ethanol or NO modulators
was analyzed using repeated measure one-way ANOVA
followed by Dunnett’s post-test. The results of BP, HR
and blood ethanol concentration among various days of
treatment and the effects of NOS modulators on ethanol
effects at different times after administration were ana-
lyzed using repeated measure two-way ANOVA followed
by the Bonferroni post-test. The results of Western blot
analysis and total nitrate-nitrite were analyzed by unpaired
t-test (comparison of two groups). P < 0.05 was considered
statistically significant.

Results
Effects of ethanol on mean arterial pressure and heart rate
The values of basal mean arterial pressure (MAP) and
heart rate (HR) were measured 1-h prior to ethanol or
saline administration. Basal MAP and HR of saline group
(n = 7) and ethanol group (n = 7) were 102.6 ± 2.0 mmHg
and 347.0 ± 11.1 bpm and 101.0 ± 1.4 mmHg and 362.1 ±
6.4 bpm, respectively, in free moving, conscious female
rats on day 1 administration. The values of MAP and HR
were measured for 8 consecutive days. Compared to saline
group, basal MAP and HR of ethanol group were similar
in the course of 8 days (Fig. 1). Changes in blood ethanol
concentrations of ethanol at 30 min, 60 min, 120 min
and 180 min following intake of ethanol at 1st, 3rd, and
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8th days of treatment are illustrated in Fig. 2. Blood
ethanol concentrations were about 100 mg/dL and
60 mg/dL at 30 min and 180 min, respectively, after
oral gavage of 3.2 g/kg ethanol. There is no statistical
difference in xethanol blood levels during the observa-
tion period among various days of treatment. Oral gavage
of saline caused increases in MAP and HR at the early
period (10–30 min) after administration. Oral gavage of
ethanol caused increases in MAP at the early period
(10–20 min) while increases in HR during the observa-
tion period (Fig. 3). In comparison to saline group,
ethanol did not cause a significant change in MAP over
time after exposure on day 1 (Fig. 3a), day 4 (Fig. 3c),
day 6 (Fig. 3e), and day 8 (Fig. 3g) treatments. Similarly,
ethanol caused no change in HR during ethanol exposure
on day 1 (Fig. 3b) and day 4 (Fig. 3d) treatments. However,
ethanol produced significantly increases in HR on day 6

(Fig. 3f) and on day 8 (Fig. 3h) treatments as compared
with saline group. The tachycardia occurred at 20–30 min
after ethanol intake and lasted over 60 min.

Effects of ethanol on the protein level of NOS and total
amount of nitrate-nitrite in rostroventral medulla
The changes in the levels of NOS expressions in the rostro-
ventral part of medulla 30 min after oral administration of
saline or ethanol were estimated by immunological staining
of Western blots with antibody against nNOS, iNOS, and
eNOS. The results showed that the protein level of nNOS
was significantly decreased, without significant changes in
the levels of iNOS and eNOS compared with saline group
at 8th day treatment. Representative Western blots and per-
centage changes in the levels of nNOS, iNOS, and eNOS
protein content in the rostroventral medulla are shown in
Fig. 4a, b, and c, respectively. To determine changes in the
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Fig. 1 Bar graphs show basal MAP (top) and HR (bottom) before oral administration of 3.2 g/kg ethanol (n = 7) or saline (n = 7) at different days
of treatment in freely moving rats. Ethanol (10 mL/kg, 40% (v/v)) or saline (10 mL/kg) was given by gavage once every day for 8 consecutive
days. The values of MAP and HR represent an average value of 60 min recordings before ethanol or saline administration at each day of treatment
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NO content, the total amount of nitrate and nitrite (NOx)
in the rostroventral medulla were measured following ad-
ministration of ethanol. The NOx levels at 30 min after
administration were significantly decreased at day 8 treat-
ment of ethanol (158.26 ± 10.86 pmol/mg) compared with
saline group (309.19 ± 16.42 pmol/mg) (Fig. 4d).

Effects of NO modulators on ethanol regulation of HR
ICV injection of NPLA (a nNOS inhibitor) alone in various
dosages (up to 70 nmol) did not cause significant changes
in MAP and HR over the observation period (Fig. 5a).
However, ethanol produced a significant increases in HR
but not MAP following ethanol intake in rats treated with
ICV NPLA (10 nmol), which was applied immediately after
oral gavage of ethanol, at day 1 ethanol treatment (Fig. 5b),
suggesting that acute intake of ethanol may induce or po-
tentiate the tachycardia effects while brain nNOS activity
was impaired. ICV injection of a lower dose of NOC-18
(12 nmol, an NO donor) had little effects on MAP and HR.
Higher doses of NOC-18 (60, 120 nmol) significantly re-
duced MAP and HR (Fig. 6a); the reduction lasted for
about 20 min. Immediate ICV injection of low dose of
NOC-18 (12 nmol) after ethanol administration reduced
the tachycardia induced by ethanol at 8th day treatment;
treatment with NOC-18 had no significant effects on BP re-
sponses (Fig. 6b).

Discussion
In the present study, we showed that repeated daily ad-
ministration of ethanol by oral gavage over 8 days did
not significantly change the baseline BP and HR when
compared to saline-treated rats. However, repeated ethanol
intake caused a progressive increase in HR, but no signifi-
cant changes in BP following ethanol administration. In

addition, the protein level of nNOS and NO content de-
creased in rostroventral medulla after repeated adminis-
tration of ethanol. We further showed that acute intake of
ethanol produced tachycardia effects when brain nNOS
activity was blocked by ICV nNOS inhibitors. ICV treat-
ment with NO donor reduced the tachycardia induced by
repeated administration of ethanol. Our results provide
the first in vivo evidence that nNOS/NO system in the
medulla of the brain participates in the regulation of HR
by ethanol. The results imply that the central effects of
ethanol play an important role in the mechanisms under-
lying ethanol regulation of cardiovascular function.
Central regulation of HR mainly relies on parasympa-

thetic impulses from nucleus ambiguus (NA) and sym-
pathetic impulses from RVLM. Both nuclei are located
in ventral medulla oblongata. Parasympathetic stimulation
has been known to slow down the HR; in contrast, sympa-
thetic stimulation has been known to increase the HR.
Ethanol has been repeatedly reported to increase HR
[4–8] though the action mechanism is not well charac-
terized. Some studies suggest that ethanol regulation of
the activity of autonomic nuclei in the CNS plays a role
in ethanol cardiovascular function. For instance, ethanol
may inhibit pressor effects elicited by NMDA receptor
stimulation in RVLM [17] or in contrast ethanol may in-
duce pressor responses via the activation of NMDA recep-
tors in the central nucleus of amygdala [11].
In the present study, ethanol did increase HR and BP

following administration since day 1 treatment. Never-
theless, the increases in HR and BP existed in both etha-
nol group and saline group. This is reasonable because
oral gavage administration of both ethanol and saline
may impose stress on rats, leading to consequent increases
in HR and BP. In line with our results, previous studies
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Fig. 2 Bar graphic shows changes in blood ethanol concentrations at different times after administration of ethanol at day 1, 3, and 8 treatments.
Ethanol (3.2 g/kg) was administered once every day for 8 consecutive days (n = 4)
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have shown that oral gavage caused a short-period increase
in HR and BP [35]. On day 6 and 8 treatments, however,
ethanol significantly increased HR after administration
compared with saline group; the effects lasted for around
2-h observation period. The progressive increase in tachy-
cardia responses to ethanol is not due to a baroreflex re-
sponse because changes in MAP in both saline and ethanol

groups are not statistically significant. The autonomic ner-
vous system is crucial for regulation of BP and HR. Though
BP and HR have close relationship each other, they are reg-
ulated by different mechanisms. Based on our findings,
ethanol may have more effects on regulatory machinery of
HR than that of BP. Our results showed a decrease in the
protein levels and NO content in the rostroventral medulla

B 10 20 30 40 50 60 70 80 90 100 110 120
50

75

100

125

Saline

Ethanol

Time (min)

M
A

P
 (

%
 o

f 
b

as
el

in
e)

*
*

*

*

*

B 10 20 30 40 50 60 70 80 90 100 110 120
50

75

100

125

Saline

Ethanol

Time(min)

M
A

P
 (

%
 o

f 
b

as
el

in
e)

#* *
*

*

B 10 20 30 40 50 60 70 80 90 100 110 120
50

75

100

125

Saline

Ethanol

Time (min)

M
A

P
 (

%
 o

f 
b

as
el

in
e)

*

*

*
*

B 10 20 30 40 50 60 70 80 90 100 110 120
50

75

100

125

Saline

Ethanol

Time (min)

M
A

P
 (

%
 o

f 
b

as
el

in
e)

*

*

*

B 10 20 30 40 50 60 70 80 90 100 110 120
50

100

150

Saline

Ethanol

T im e (m in )

H
R

 (
%

 o
f 

b
as

el
in

e)

#
*

*
*

*

* * *

* * * * * * * *

*

B 10 20 30 40 50 60 70 80 90 100 110 120
50

100

150

Saline

Ethanol

Time (min)

H
R

 (
%

 o
f 

b
as

el
in

e)

* *
*

*
*

*

* * * * * * * * *

* *

B 10 20 30 40 50 60 70 80 90 100 110 120
50

100

150

Saline

Ethanol

Time (min)

H
R

 (
%

 o
f 

b
as

el
in

e)

#
#

#

#

# # # # # #

*
*

*

* * *
*

*
* * * * * * *

B 10 20 30 40 50 60 70 80 90 100 110 120
50

100

150

Saline

Ethanol

Time (min)

H
R

 (
%

 o
f 

b
as

el
in

e)

#
#

# #
#

#
#

*
*

* * *
* * *

* * * * *
*

a b

c d

f

hg

e

Fig. 3 Line graph show the time course of changes in MAP and HR after oral gavage of saline or ethanol at 1st (a, b), 4th (c, d), 6th (e, f), 8th (g,
h) day treatment. Ethanol (10 mL/kg, 40% (v/v)) or saline (10 mL/kg) were administered once every day for 8 consecutive days (n = 7 each). The
average BP and HR 60 min before ethanol administration are taken as baseline (B) of 100%. *P < 0.05 compared with baseline (B) using repeated
measure one-way ANOVA followed by Dunnett’s post-test. #P < 0.05 compared with saline group analyzed by repeated measure two-way ANOVA
followed by Bonferroni post-test
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during tachycardia responses after repeated daily ethanol
intake. In addition, ICV application of NO modulators reg-
ulated ethanol-induced tachycardia effects. These results
suggest that NO system in the autonomic nuclei in the
CNS plays an important role in cardiovascular effects
of ethanol. Moreover, ethanol-induced increases in HR
after repeated administration were observed at blood
concentrations of less than 100 mg/dL (0.1%) in the present
study. Most heavy drinkers should reach this range of
blood levels.
NO has been known as a key modulator in the brain

and it has different effects on physiological function in-
cluding cardiovascular function. Studies have shown that
central endogenous and exogenous NO affects BP and HR
[25–29]. The role of NO in regulation of BP and HR may
vary depending on its location and/or under influence of
the other substances. For instance, decreases in nNOS
protein expression and NO levels by overexpression of
cystathionine-β synthase in the RVLM elicited increases

in BP and HR in spontaneously hypertensive rats [36].
The mechanisms of superoxide-induced sympathoexcita-
tion in hypertensive rats may partly involve the reduction
of NO-mediated GABA release in the RVLM [37]. Those
studies imply that increases in NO production in the
RVLM may lower BP and HR. On the other hand, studies
showed that nNOS-mediated NO production exhibited
excitatory tonic activity in the RVLM [38, 39]. The cardio-
protection role of nNOS/NO system has been noted in
several studies such as control of baroreceptor reflex
sensitivity [40], and maintenance of hemodynamic re-
sponse during brain activation [41]. Our data showed
that nNOS protein expression in rostroventral medulla
of ethanol-treated rats was reduced on the 8th day treat-
ment compared to saline-treated rats while iNOS and
eNOS protein expression remained the same. This implies
that the development of tachycardia following administra-
tion of ethanol during the course of treatment may be due
to the reduction of nNOS protein expression in the
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Fig. 4 Bar graphs show Western blot analysis of the levels of nNOS (a), iNOS (b), eNOS (c) and changes in NOx (d) content in rostroventral
medulla at 30 min after oral gavage of saline (10 mL/kg) or ethanol (3.2 g/kg) at day 8 treatment. Ethanol or saline was administered once every
day for 8 consecutive days (n = 4 each). The ratio of different NOS to β-actin in saline group is taken as control of 100%. *P < 0.05 versus saline
group analyzed using unpaired t-test
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rostroventral medulla. In accord with the changes in
nNOS protein level, the level of NO represented by total
nitrate/nitrite in rostroventral medulla was decreased on
day 8 treatment 30 min following administration of etha-
nol. Previous in vitro and in vivo studies have shown that
acute exposure of ethanol had little effects on NOS and
nNOS enzyme activity in several brain areas [42, 43].
Thus the decreased NO level is most likely due to re-
duction in the protein expression of nNOS. Further work
would be required to clarify the mechanism underlying
ethanol-induced decrease in protein level of NOS.
The present study was carried out in conscious rats.

ICV administration of agents regulating nNOS/NO system
is the best choice to further clarify the role of nNOS/NO
system in HR changes upon repeated ethanol exposure
pharmacologically. We examined the effect of ICV nNOS
inhibitors on the cardiovascular function. The results
showed that neither BP nor HR was affected by ICV
nNOS inhibitors alone. Nevertheless, microinjection of
nNOS inhibitors into RVLM has been reported to re-
sult in significant hypotension and bradycardia [38, 39].
It is likely that nNOS inhibitors after ICV administration
are widely diffused in the brain and thus the cardiovascular
responses may result from the summation of the activation

or inactivation of neuronal activity in various autonomic
nuclei. However, treatment with ICV nNOS inhibitors leads
to a notable increase in HR following acute administration
of ethanol. Central NO donor is known to reduce BP and
HR [28, 44–46]. Similar to previous findings, our results
showed that ICV NO donor can reduce BP and HR. These
effects also can be seen when higher doses of NO donor
were injected directly to RVLM [38]. Interestingly, our
results showed attenuation of ethanol-tachycardia by
ICV treatment with small dose of NO donor that has
no effects on BP and HR though the attenuation only
observed at early period after ethanol administration.
The short-acting effect of NO donor may be due to
rapid metabolism as our results showed that decreases in
BP and HR following ICV administration of high doses of
NO donor only lasted for a short period (10–20 min). By
combining pharmacological and biochemical approaches,
our results demonstrate the specific role of nNOS/NO sys-
tem in the medulla in the tachycardia caused by repeated
ethanol intake. Studies have documented the predominant
role of NA, located in the ventral medulla, in regulation of
HR [47]. Though our results are not able to indicate the
exact site in the medulla due to the limitation of method-
ology (ICV administration of drugs), NA containing vagal
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Fig. 5 a Line graph shows the time course of percentage changes in MAP (left) and HR (right) after ICV injection of different doses of NPLA, a
nNOS inhibitor (n = 4 each). The average BP and HR 60 min before NPLA injection are taken as baseline (b) of 100%. b Line graph show time
course of percentage change in MAP (left) and HR (right) after administration of ethanol (3.2 g/kg) with or without ICV treatment with 10 nmol
NPLA (n = 4) on day 1 treatment of ethanol. NPLA was given immediately after ethanol administration. The average BP and HR 60 min
before ethanol administration are taken as baseline (b) of 100%. *P < 0.05 compared with baseline (b) using repeated measure one-way
ANOVA followed by Dunnett’s post-test. #P < 0.05 compared with ethanol group analyzed by repeated measure two-way ANOVA followed
by Bonferroni post-test
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cardioinhibitory neurons is the most likely site for ethanol
regulation of HR because decreases in nNOS-mediated NO
production may cause a reduction of neuronal activity
in NA and a subsequent decrease in vagal tone, leading
to tachycardia [48].
Ethanol concentration might be different in the brain

among individual [49] and the effects of ethanol are highly
correlated with its concentration in the blood. In our re-
sults, the blood ethanol concentration was not different
between day 1 and day 8. This indicates that the effects of
ethanol are not due to pharmacokinetic tolerance. The
present study was carried out in female rats. It has been
reported that ethanol reach peak concentration in the
brain of female rats faster than male rats [50] and thus
may cause worsen effect in female rats. In addition, it has
been shown that acute ethanol-induced hypotensive ef-
fects in female rats are estrogen-dependent [51] . Add-
itional experiments may be required to clarify the role of
estrogen in HR responses during repeated administration
of ethanol in female rats.

Conclusion
In conclusion, repeated daily ethanol intake that leads
to a blood ethanol level comparable to a heavy drinker

over 8 days induced tachycardia and decreased nNOS/
NO system in the rostroventral medulla. Decreasing brain
nNOS activity enhanced the development of tachycardia
responses; and restoration of brain NO content could
reduce the tachycardia responses. Thus nNOS/NO sys-
tem in the medulla may play an important role in medi-
ating ethanol-induced tachycardia during repeated ethanol
exposure.
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