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a b s t r a c t

The bed nucleus of the stria terminalis (BNST) is a forebrain structure implicated in physiological and
behavioral responses to emotional stress. However, the local neurochemical mechanisms mediating the
BNST control of stress responses are not fully known. Here, we investigated the involvement of BNST
cholinergic neurotransmission, acting via muscarinic receptors, in cardiovascular (increase in blood
pressure and heart rate and fall in tail skin temperature) and neuroendocrine (increase in plasma
corticosterone) responses and behavioral consequences (anxiogenic-like effect in the elevated plus-
maze) evoked by acute restraint stress in rats. Bilateral microinjection into the BNST of either the
choline uptake inhibitor hemicholinium-3 (3 nmol/100 nl) or the muscarinic receptor antagonist
methylatropine (3 nmol/100 nl) enhanced the heart rate increase and inhibited the anxiogenic-like effect
observed in the elevated plus-maze evoked by restraint. However, neither hemicholinium-3 nor meth-
ylatropine affected the increase in blood pressure and plasma corticosterone levels and the fall in tail
skin temperature. Facilitation of local cholinergic signaling by microinjection of the acetylcholinesterase
inhibitor neostigmine (0.1 nmol/100 nl) into the BNST reduced restraint-evoked pressor and tachycardiac
responses and the fall in tail cutaneous temperature, without affecting the increase in plasma cortico-
sterone. All effects of neostigmine were completely abolished by local BNST pretreatment with meth-
ylatropine. These findings indicate an opposite role of BNST cholinergic neurotransmission, acting via
local muscarinic receptor, in control of cardiovascular responses (inhibitory influence) and emotional
consequences (facilitatory influence) evoked by restraint stress. Furthermore, present findings provide
evidence that BNST control of neuroendocrine responses to stress is mediated by mechanisms others
than local cholinergic signaling.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A coordinated and complex set of physiological changes is
generated during aversive threats, which constitute important
adaptive responses maintaining the homeostasis (Dampney et al.,
2008; Danese and McEwen, 2012; Sterling, 2012; Ulrich-Lai and
Herman, 2009). Cardiovascular changes include blood pressure and
ogy, Department of Natural
tical Sciences, S~ao Paulo State
ampus Universit�ario), 14801-
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heart rate (HR) increases; hemodynamics alterations characterized
by vasodilatation in skeletal muscle and vasoconstriction in
splanchnic, renal and cutaneous beds; and modulation of barore-
flex activity (Blessing, 2003; Crestani et al., 2010; Dos Reis et al.,
2014; Schadt and Hasser, 1998). The vasoconstriction in skin terri-
tory leads to a drop in the cutaneous temperature (Oliveira et al.,
2015; Vianna and Carrive, 2005). Activation of the hypothal-
amicepituitaryeadrenocortical (HPA) axis is a characteristic
neuroendocrine response to stress (Dickerson and Kemeny, 2004;
Ulrich-Lai and Herman, 2009). In addition to physiological re-
sponses, stressful events also evoke emotional changes that can be
identified in rodents through analysis of anxiety- and depression-
like behaviors (Busnardo et al., 2013; Padovan and Guimaraes,
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2000; Sevgi et al., 2006). Although importance of stress responses,
the neurobiological mechanisms involved in physiological and
behavioral changes to aversive threats is poorly understood.

The brain triggers the responses during emotional stress
through action of several neurochemical mechanisms (Joels and
Baram, 2009; Ulrich-Lai and Herman, 2009). The bed nucleus of
the stria terminalis (BNST) is a limbic forebrain structure implicated
in control of cardiovascular and neuroendocrine functions and
behavioral responses (Crestani et al., 2013; Davis et al., 2010). Both
an inhibitory and facilitatory role of the BNST in cardiovascular and
neuroendocrine responses to stress has been reported, depending
on the type of aversive stimulus and the BNST region investigated
(for review, see Crestani et al. (2013)). Regarding the behavioral
reactivity to stress, it was demonstrated an involvement of the
BNST in reduction of food intake (Ohata and Shibasaki, 2011) and
anxiogenic effect evoked by aversive threats (Cecchi et al., 2002;
Khoshbouei et al., 2002). Although these results indicate a role of
the BNST in physiological and behavioral responses to stress, the
local neurochemical mechanisms involved in this control was not
fully elucidated.

Acetylcholine is released in several limbic structures during
aversive stimuli (Mark et al., 1996; Nail-Boucherie et al., 2000).
Indeed, convergent evidence has indicated a role of this signaling
mechanism in controlling stress responses in several limbic struc-
tures (Bhatnagar et al., 1997; Fortaleza et al., 2009; Helm et al.,
2004; Kubo et al., 2003). Cholinergic terminals as well as musca-
rinic and nicotinic cholinergic receptors were detected within the
BNST (Clarke et al., 1985; Guo et al., 2012; Ruggiero et al., 1990;
Spencer et al., 1986; Wamsley et al., 1984). Activation of musca-
rinic receptors seems to be the primary mechanism mediating
acetylcholine actions in the BNST. For instance, modulation of firing
activity of BNST neurons by acetylcholine is inhibited bymuscarinic
receptor antagonists, without being affected by nicotinic receptor
blockers (Casada and Dafny, 1993; Guo et al., 2012). Moreover,
microinjection of cholinergic agonists into the BNST evokes blood
pressure increase and reduces baroreflex activity via muscarinic
receptors (Alves et al., 2007; Nasimi and Hatam, 2011). A role of
BNST cholinergic neurotransmission in control of neuroendocrine
functions through local muscarinic receptors has also been
described (Alves et al., 2011; Crestani et al., 2013).

Activation of muscarinic cholinergic receptors within the BNST
evokes physiological responses similar to those observed during
stress (Alves et al., 2007; Nasimi and Hatam, 2011). However, a
possible involvement of BNST cholinergic neurotransmission in
stress responses has never been evaluated. Therefore, in the pre-
sent study we evaluated the involvement of cholinergic signaling
within the BNST, acting via local muscarinic receptors, in cardio-
vascular and neuroendocrine responses and anxiogenic-like effects
evoked by acute restraint stress. Restraint stress is a widely utilized
experimental model to study the emotional and behavioral re-
sponses to stress. It is an unavoidable and unconditioned aversive
situation that leads to HPA axis activation; cardiovascular re-
sponses; and behavioral changes, such as reduced exploration of
open arms of the elevated plus-maze (EPM) (Busnardo et al., 2013;
Choi et al., 2007; Dos Reis et al., 2014; Padovan and Guimaraes,
2000).

2. Material and methods

2.1. Animals

Ninety-five male Wistar rats weighting 240e260 g (60-days-
old) were used in the present study. Animals were obtained from
the animal breeding facility of the Univ. Estadual PaulistaeUNESP
(Botucatu, SP, Brazil) and were housed in plastic cages in a
temperature-controlled room (24 �C) in the Animal Facility of the
Laboratory of Pharmacology/School of Pharmaceutical Sciences/
UNESP. They were kept under a 12:12 h lightedark cycle (lights on
between 7:00 h and 19:00 h) and had free access to water and
standard laboratory food. Housing conditions and experimental
procedures were approved by the Ethical Committee for Use of
Animals of the School of Pharmaceutical Science/UNESP, which
complies with Brazilian and international guidelines for animal use
and welfare.

2.2. Surgical procedures

Five days before the trial, rats were anesthetized with tri-
bromoethanol (250 mg/kg, i.p.) and their heads fixed to a stereo-
taxic apparatus (Stoelting, Wood Dale, Illinois, USA). After scalp
anesthesia with 2% lidocaine the skull was exposed and stainless-
steel guide cannulas (26G, 12 mm-long) were bilaterally implan-
ted into the BNST at a position 1 mm above the site of injection.
Stereotaxic coordinates for cannula implantation into the BNST
were: antero-posterior ¼ þ8.6 mm from interaural;
lateral ¼ 4.0 mm from the medial suture, ventral ¼ �5.8 mm from
the skull with a lateral inclination of 23� (Paxinos and Watson,
1997). Cannulas were fixed to the skull with dental cement and
one metal screw. Immediately after end of the surgery procedures,
the animals received a streptomycin and penicillin polyantibiotic
formulation to prevent infection (560 mg/ml/kg, i.m.) and the non-
steroidal anti-inflammatory flunixine meglumine for post-
operation analgesia (0.5 mg/ml/kg, s.c.).

One day before the experiment, rats were anesthetized with
tribromoethanol (250 mg/kg, i.p.) and a catheter (Clay Adams,
Parsippany, NJ, USA) filled with a solution of heparin (50UI/ml,
Hepamax-S®, Blausiegel, Cotia, SP, Brazil) diluted in saline (0.9%
NaCl) was inserted into the abdominal aorta through the femoral
artery for cardiovascular recording and blood samples collection.
The catheter was tunneled under the skin and exteriorized on the
animal's dorsum. Immediately after end of the surgery procedures,
the non-steroidal anti-inflammatory flunixine meglumine was
administered for post-operation analgesia (0.5 mg/ml/kg, s.c.). The
animals were kept in individual cages during the postoperative
period and experimental procedures and did not show signs of pain
or discomfort on the trial day, thus indicating a proper recovery
from surgeries.

2.3. Blood pressure and heart rate recording

The cannula implanted into the femoral artery was connected to
a pressure transducer (DPT100, Utah Medical Products Inc., Mid-
vale, UT, USA). The pulsatile blood pressure was recorded using an
amplifier (Bridge Amp, ML224, ADInstruments, Australia) and an
acquisition board (PowerLab 4/30, ML866/P, ADInstruments, NSW,
Australia). Mean arterial pressure (MAP) and heart rate (HR) values
were derived from the pulsatile arterial pressure.

2.4. Cutaneous temperature measurement

The tail skin temperature was recorded using a thermal camera
(IRI4010, Infra Red Integrated Systems Ltd., Northampton, UK). The
temperature was measured on five points of the animal's tail and
the mean value was calculated for each recording (Busnardo et al.,
2013; Oliveira et al., 2015).

2.5. Plasma corticosterone measurement

Plasma corticosterone concentration was measured by radio-
immunoassay. The method was adapted from that described
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previously (Sarnyai et al., 1992). Briefly, 20 ml of plasma was diluted
50 times with 0.01 M PBS and placed in awater bath at 75 �C for 1 h
for heat inactivation of corticosteroid binding globulin. One hun-
dredmicroliters of a solution of antibody (SigmaeAldrich, USA) and
(3H)-corticosterone (10,000e20,000 cpm/ml) (New England Nu-
clear, Boston, MA, USA) was added to each sample, mixed and
incubated overnight at 4 �C. Dextran-coated charcoal was used to
adsorb free steroid after incubation. Tubes were centrifuged at
2000 � g for 15 min at 4 �C, the supernatant from each tube was
transferred to scintillation vials and the radioactivity was quanti-
fied by liquid scintillation spectrometry. Standard curves were
constructed using 25, 50, 100, 250, 500, 750, 1000 and 2000 pg/
100 ml of corticosterone (SigmaeAldrich, USA). After dilution, all
concentrations of corticosterone samples were within the linear
range of the standard curve.

2.6. Restraint stress

Animals were subjected to restraint by placing each rat in a
plastic cylindrical restraint tube (diameter 6.5 cm, length 15 cm)
ventilated by holes (1 cm diameter) that comprised approximately
20% of the tube surface. Immediately after the end of the stress
exposure rats were returned to their home cages. Each rat was
submitted only to one session of restraint in order to avoid
habituation.

2.7. Elevated plus maze

The EPM test was conducted as described before (Busnardo
et al., 2013; Padovan and Guimaraes, 2000). Briefly, the apparatus
consisted of two opposite open arms (50� 10 cm) crossed at a right
angle by two arms of the same dimensions enclosed by 40 cm high
walls with no roof. The maze was located 50 cm above the floor.
Rodents naturally avoid the open arms of the EPM and anxiolytic
compounds typically increase the exploration of these arms
without changing the number of enclosed-arm entries (Pellow and
File, 1986). Therefore, behavioral measures were the frequency of
closed-arm entries (CE) and the percentage of open-arm entries (%
OE) and percentage of open-arm time (%OT). All sessions were
videotaped and analysis was realized in a blindedmanner using the
software Any-maze® (Stoelting, Wood Dale, Illinois, USA).

2.8. Microinjection into the BNST

The needles (33G, Small Parts, Miami Lakes, FL, USA) used for
microinjection were 1 mm longer than the guide cannulas
implanted into the BNST and were connected to a 2 mL syringe
(7002-KH, Hamilton Co., Reno, NV, USA) through a piece of PE-10
polyethylene tubing (Clay Adams, Parsippany, NJ, USA). Needles
were carefully inserted into the guide cannulas without restraining
the animals, and drugs were injected in a final volume of 100 nL
(Crestani et al., 2009; Oliveira et al., 2015).

2.9. Drugs and solutions

Hemicholinium-3 (choline uptake inhibitor) (SigmaeAldrich, St.
Louis, Missouri, USA), methylatropine bromide (muscarinic
cholinergic receptor antagonist) (SigmaeAldrich), neostigmine
bromide (acetylcholinesterase inhibitor) (SigmaeAldrich), tri-
bromoethanol (SigmaeAldrich), and urethane (SigmaeAldrich)
were dissolved in saline (NaCl 0.9%). Flunexine meglumine (Ban-
amine®, Schering Plough, Cotia, SP) and the poly-antibiotic prepa-
ration with streptomycins and penicillins (Pentabiotico®, Fort
Dodge, Campinas, SP, Brazil) were used as provided.
2.10. Experimental procedures

Animals were brought to the experimental room in their own
cages. Animals were allowed at least 60 min to adapt to the
experimental room conditions, such as sound and illumination,
before starting the experiments. The experimental room was
temperature controlled (24 �C) and acoustically isolated from the
other rooms.

2.10.1. Effect of bilateral microinjection into the BNST of
hemicholinium-3 or methylatropine in cardiovascular and
neuroendocrine responses to acute restraint stress

This protocol aimed to investigate whether BNST cholinergic
neurotransmission, acting via muscarinic receptors, modulates
cardiovascular and neuroendocrine responses evoked by acute re-
straint stress. For this, independent groups of animals received
bilateral microinjection into the BNST of the choline uptake in-
hibitor hemicholinium-3 (3 nmol/100 nl), the muscarinic cholin-
ergic receptor antagonist methylatropine (3 nmol/100 nl), or
vehicle (saline, 100 nl). Ten minutes later, the animals were sub-
jected to a 30 min session of restraint. The treatment protocol
(timing and doses) was based in previous studies from our group
(Alves et al., 2007; Fernandes et al., 2005; Fortaleza et al., 2009).
The duration of stress session was based in previous studies that
reported a role of the BNST in controlling cardiovascular and HPA
axis responses to restraint (Choi et al., 2007; Oliveira et al., 2015;
Radley et al., 2009).

Cardiovascular recordings began at least 30min before the onset
of the restraint and were performed throughout the period of
exposure to the restraint stress. The tail skin temperature was
measured 10, 5 and 0 min before the restraint for baseline values,
and at every 5 min during restraint. Blood samples (~200 ml) for the
determination of plasma corticosterone concentration were
collected from the femoral artery catheter immediately before
(basal level) and 15 and 30 min after onset of the restraint.

2.10.2. Effect of unilateral microinjection into the BNST of
methylatropine and/or neostigmine in cardiovascular and
neuroendocrine responses to acute restraint stress

In order to confirm a role of BNSTcholinergic neurotransmission
in physiological responses to restraint stress, we investigated the
effects of facilitation of cholinergic signaling within the BNST in
restraint-evoked cardiovascular and neuroendocrine responses.
We also evaluated whether these effects were mediated by acti-
vation of local muscarinic receptors. For this, independent groups
of animals received unilateral microinjection into the BNST of
methylatropine (3 nmol/100 nl) or vehicle (saline, 100 nl) followed,
5 min later, by unilateral injection of the acetylcholinesterase in-
hibitor neostigmine (0.1 nmol/100 nl) or vehicle (saline, 100 nl).
Five minutes after BNST pharmacological treatment, the animals
underwent a 30 min session of restraint stress. Cardiovascular
recording, cutaneous temperature measurement, and blood sam-
pling were realized as described above. The treatment protocol
(timing and doses) was based in previous studies from our group
(Alves et al., 2007; Fernandes et al., 2005; Fortaleza et al., 2009).

2.10.3. Effect of bilateral microinjection of hemicholinium-3 or
methylatropine into the BNST on behavioral responses to acute
restraint stress

This protocol aimed to investigate an involvement of BNST
cholinergic neurotransmission, acting through muscarinic re-
ceptors, in anxiogenic-like effects induced by restraint stress. For
this purpose, animals were divided into four experimental groups:
(1) naïve group, which was not subjected to restraint stress and not
subjected to any pharmacological treatment; (2) vehicle group



Fig. 1. (A) Diagrammatic representation based on the rat brain atlas of Paxinos and Watson (1997) indicating the bilateral injection sites into the BNST of hemicholinium-3 (black
circles), methylatropine (grey circles), and vehicle (white circles). (B) Diagrammatic representation based on the rat brain atlas of Paxinos and Watson (1997) indicating the
unilateral injection sites into the BNST of vehicle þ vehicle (white circles), methylatropine þ vehicle (white squares), vehicle þ neostigmine (black circles), and
methylatropine þ neostigmine (black squares). (C) Photomicrograph of a coronal brain section from a representative rat showing bilateral injection sites into the BNST. IA-interaural
coordinate; ac-anterior commissure; cc-corpus callosum; f-fornix; ic-internal capsule; LV- lateral ventricle; sm-stria medullaris, st-stria terminalis.
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(100 nl), which saline was bilaterally microinjected into the BNST
before exposure to restraint; (3) hemicholinium-3 group, which the
choline uptake inhibitor hemicholinium-3 (3 nmol/100 nl) was
bilaterally microinjected into the BNST before the restraint session;
and (4) methylatropine group, which the muscarinic cholinergic
receptor antagonist methylatropine (3 nmol/100 nL) was bilaterally
microinjected into the BNST before restraint.

As previously described (Busnardo et al., 2013; Padovan and
Guimaraes, 2000), experiments were realized in two days. In the
first day, animals underwent a 60 min session of restraint stress
10 min after BNST pharmacological treatment. Twenty-four hours
after the end of restraint session, all rats were tested in the EPM.
Animals in naïve group were left undisturbed in the first day, but
were tested in the EPM in the second day.

2.11. Histological determination of the microinjection sites

At the end of experiments, animals were anesthetized with
urethane (1.25 g/kg, i.p.) and 100 nL of 1% Evan's blue dye was
injected into the BNST as a marker of the injection site. Brains were
removed and post-fixed in 10% formalin for at least 48 h at 4 �C.
Then, serial 40 mm-thick sections of the BNST region were cut with
a cryostat (CM1900, Leica, Wetzlar, Germany). The actual place-
ment of the microinjection needles was determined according to
the rat brain atlas of Paxinos and Watson (1997) by analyzing the
serial sections under a light microscopy.

2.12. Data analysis

Data were expressed as the means ± SEM. The basal values of
MAP, HR, tail skin temperature and plasma corticosterone
Table 1
Basal parameters of mean arterial pressure (MAP), heart rate (HR), tail skin temperature, a

Group n MAP
(mmHg)

Vehicle 7 102 ± 1
Hemicholinium-3 8 101 ± 2
Vehicle 6 103 ± 2
Methylatropine 6 100 ± 2
Vehicle þ Vehicle 6 99 ± 3
Methylatropine þ Vehicle 6 101 ± 3
Vehicle þ Neostigmine 8 100 ± 1
Methylatropine þ Neostigmine 6 99 ± 2

No significant difference in all comparisons was observed.
concentration were compared using Student's t-test or one-way
ANOVA. The time-course of change in plasma corticosterone con-
centration and cardiovascular parameters were analyzed using
repeated measures ANOVA with treatment as between factor and
time as within factor. A post hoc t-test with a Bonferroni correction
was used for identification of differences between the groups. The
behavioral measures in the EPM were analyzed using one-way
ANOVA followed by Bonferroni's post hoc test. Results of statisti-
cal tests with P < 0.05 were considered significant.

3. Results

A diagrammatic representation showing bilateral sites of
microinjection into the BNST of all animals used in the present
study and a photomicrograph of a coronal brain section depicting
bilateral microinjection sites in the BNST of one representative
animal is presented in Fig. 1.

3.1. Effect of bilateral microinjection into the BNST of
hemicholinium-3 or methylatropine in cardiovascular and
neuroendocrine responses to acute restraint stress

3.1.1. Hemicholinium-3
Bilateral microinjection of the choline uptake inhibitor

hemicholinium-3 (3 nmol/100 nl) into the BNST did not alter
baseline values of either MAP, HR, tail skin temperature, or plasma
corticosterone (Table 1). Restraint increased the MAP
(F(16,221) ¼ 32.99, P < 0.0001), HR (F(16,221) ¼ 45.45, P < 0.0001), and
plasma corticosterone (F(2,39) ¼ 32.94, P < 0.0001); and decreased
the tail cutaneous temperature (F(8,117) ¼ 18.61, P < 0.0001) (Fig. 2).
BNST treatment with hemicholinium-3 enhanced the restraint-
nd plasma corticosterone concentration after pharmacological treatment of the BNST.

HR
(bpm)

Tail skin temperature
(�C)

Plasma corticosterone
(mg/dl)

350 ± 5 29.0 ± 0.5 16 ± 4
358 ± 3 28.3 ± 0.7 18 ± 7
353 ± 5 28.3 ± 0.3 17 ± 2
362 ± 8 28.9 ± 0.8 20 ± 2
354 ± 6 28.5 ± 0.5 22 ± 3
366 ± 8 29.0 ± 0.4 21 ± 2
353 ± 4 28.2 ± 0.6 18 ± 2
363 ± 6 28.2 ± 0.5 20 ± 5



Fig. 2. Time course of changes in mean arterial pressure (MAP), heart rate (HR), tail skin temperature (tail temperature), and plasma corticosterone concentration induced by
restraint stress in animals treated with the choline uptake inhibitor hemicholinium-3 (3 nmol/100 nl, n ¼ 8) or vehicle (saline, 100 nl, n ¼ 7) into the BNST. Shaded area indicates the
period of restraint. Circles represent the mean and bars the SEM. #P < 0.05 over the whole restraint period compared to vehicle-treated animals, ANOVA followed by post hoc t-test
with a Bonferroni correction. Note that hemicholinium-3 enhanced the restraint-evoked increase in the HR without affecting MAP, tail temperature, and plasma corticosterone
responses.

Fig. 3. Time course of changes in mean arterial pressure (MAP), heart rate (HR), tail skin temperature (tail temperature), and plasma corticosterone concentration induced by
restraint stress in animals treated with the muscarinic receptor antagonist methylatropine (3 nmol/100 nl, n ¼ 6) or vehicle (saline, 100 nl, n ¼ 6) into the BNST. Shaded area
indicates the period of restraint. Circles represent the mean and bars the SEM. #P < 0.05 over the whole restraint period compared to vehicle-treated animals, ANOVA followed by
post hoc t-test with a Bonferroni correction. Note that methylatropine enhanced the restraint-evoked increase in the HR without affecting MAP, tail temperature, and plasma
corticosterone responses.

M.K. Gouveia et al. / Neuropharmacology 101 (2016) 379e388 383



Fig. 4. Time course of changes in mean arterial pressure (MAP), heart rate (HR), tail skin temperature (tail temperature), and plasma corticosterone concentration induced by
restraint stress in animals pretreated the muscarinic receptor antagonist methylatropine (3 nmol/100 nl) or vehicle (saline, 100 nl) followed by a second injection of the acetyl-
cholinesterase inhibitor neostigmine (0.1 nmol/100 nl) or vehicle (saline, 100 nl) into the BNST (n ¼ 6e8/group). Shaded area indicates the period of restraint. Circles represent the
mean and bars the SEM. #P < 0.05 over the whole restraint period compared to vehicle þ vehicle-treated animals, ANOVA followed by post hoc t-test with a Bonferroni correction.
ATR-methylatropine, NEO-neostigmine, V-vehicle. Note that neostigmine reduced the restraint-evoked increase in the MAP and HR and the drop in the tail temperature, and all
these effects were inhibited by local pretreatment with methylatropine.
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evoked increase in the HR (F(1,221) ¼ 89.98, P < 0.0001), without
affecting MAP (F(1,221) ¼ 2.87, P > 0.05), skin temperature
(F(1,117) ¼ 0.48, P > 0.05), and plasma corticosterone responses
(F(1,39) ¼ 2.57, P > 0.05) (Fig. 2). Analysis did not identify interaction
between treatment and time for MAP (F(16,221) ¼ 0.66, P > 0.05), HR
(F(16,221) ¼ 1.78, P > 0.05), cutaneous temperature (F(8,117) ¼ 0.07,
P > 0.05), and plasma corticosterone (F(2,39) ¼ 0.30, P > 0.05)
measurements.
3.1.2. Methylatropine
Bilateral microinjection of the muscarinic cholinergic receptor

antagonist methylatropine (3 nmol/100 nl) into the BNST did not
alter baseline values of either MAP, HR, tail skin temperature, or
plasma corticosterone (Table 1). Restraint increased the MAP
(F(16,170) ¼ 26.62, P < 0.0001), HR (F(16,170) ¼ 19.32, P < 0.0001), and
plasma corticosterone (F(2,30) ¼ 32.02, P < 0.0001); and decreased
the tail skin temperature (F(8,90) ¼ 15.93, P < 0.0001) (Fig. 3). BNST
treatment with methylatropine enhanced the restraint-evoked in-
crease in the HR (F(1,170)¼ 54.20, P< 0.0001), without affectingMAP
(F(1,170) ¼ 0.04, P > 0.05), cutaneous temperature (F(1,90) ¼ 0.001,
P > 0.05), and plasma corticosterone responses (F(1,30) ¼ 0.03,
P > 0.05) (Fig. 3). Analysis did not identify interaction between
treatment and time for MAP (F(16,170) ¼ 0.49, P > 0.05), HR
(F(16,170) ¼ 1.69, P > 0.05), skin temperature (F(8,90) ¼ 0.18, P > 0.05),
and plasma corticosterone (F(2,30) ¼ 1.73, P > 0.05) measurements.
3.2. Effect of unilateral microinjection into the BNST of
methylatropine and/or neostigmine in cardiovascular and
neuroendocrine responses to acute restraint stress

Unilateral microinjection of the acetylcholinesterase inhibitor
neostigmine (0.1 nmol/100 nl) into the BNST following local pre-
treatment with either vehicle or methylatropine did not alter
baseline values of either MAP, HR, tail skin temperature, or plasma
corticosterone (Table 1). Restraint increased the MAP
(F(16,374) ¼ 33.13, P < 0.0001), HR (F(16,374) ¼ 58.93, P < 0.0001), and
plasma corticosterone (F(2,66) ¼ 51.11, P < 0.0001); and decreased
the tail skin temperature (F(8,198) ¼ 39.20, P < 0.0001) (Fig. 4).
Analysis indicated an effect of BNST pharmacological treatments in
MAP (F(3,374) ¼ 22.10, P < 0.0001), HR (F(3,374) ¼ 78.77, P < 0.0001),
and tail temperature (F(3,198) ¼ 8.9, P < 0.0001) responses (Fig. 4).
However, treatments did not affect the increase in plasma corti-
costerone concentration (F(3,66) ¼ 0.24, P > 0.05) (Fig. 4). Post hoc
analysis revealed that BNST treatment with neostigmine reduced
the increase in theMAP (P < 0.05) and HR (P < 0.05) and the drop in
the tail skin temperature (P < 0.05) evoked by restraint stress.
Unilateral microinjection of methylatropine into the BNST did not
affect any parameter analyzed (P > 0.05) (Fig. 4). However, meth-
ylatropine pretreatment inhibited neostigmine effects in MAP
(P > 0.05), HR (P > 0.05), and tail temperature (P > 0.05) responses
(Fig. 4).
3.3. Effect of bilateral microinjection of hemicholinium-3 or
methylatropine into the BNST on behavioral responses to acute
restraint stress

The acute restraint stress evoked a significant decrease in the
percentage of time spent (F(3,41) ¼ 6.10, P < 0.001) and number of
entries (F(3,41) ¼ 3.21, P < 0.03) in the open arms of the EPM in the
vehicle-treated animals, when compared with naïve animals
(Fig. 5). Acute restraint stress did not affect the number of entries in
the enclosed arms (F(3,41) ¼ 1.44, P > 0.05) (Fig. 5). BNST treatment



Fig. 5. Effect of bilateral microinjection of the choline uptake inhibitor hemicholinium-
3 (3 nmol/100 nl, n ¼ 9), the muscarinic receptor antagonist methylatropine (3 nmol/
100 nl, n ¼ 9), or vehicle (saline, 100 nl, n ¼ 10) into the BNST on behavioral changes in
the elevated plus-maze (EPM) evoked by acute restraint stress. Animals that were not
exposed to restraint stress (naïve group, n ¼ 14) were used as control. Pharmacological
treatment of the BNST was realized 10 min before the restraint onset. Columns
represent the mean and bars the SEM. *P < 0.05 vs naïve group, #P < 0.05 vs vehicle
group. One-way ANOVA followed by post hoc t-test with a Bonferroni correction. Note
that restraint stress reduced the exploration of the open arms (anxiogenic-like effect),
and BNST treatment with either hemicholinium-3 or methylatropine reverted this
effect.
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with either hemicholinium-3 or methylatropine reverted restraint-
evoked decrease in the percentage of time spent (hemicholinium-
3: P < 0.05, methylatropine: P < 0.05) and number of entries in the
open arms (hemicholinium-3: P < 0.05, methylatropine: P < 0.05)
of the EPM (Fig. 5).

4. Discussion

The present study provides the first evidence that cholinergic
signaling within the BNST modulates physiological and behavioral
responses evoked by emotional stress. We have demonstrated that
bilateral microinjection into the BNST of either the choline uptake
inhibitor hemicholinium-3 or the muscarinic receptor antagonist
methylatropine enhanced the tachycardiac response and inhibited
the anxiogenic-like effect in the EPM evoked by acute restraint
stress. Neither hemicholinium-3 nor methylatropine affected the
responses of increase in MAP and plasma corticosterone concen-
tration and the drop in tail skin temperature. Conversely, facilita-
tion of local cholinergic signaling by microinjection of the
acetylcholinesterase inhibitor neostigmine into the BNST reduced
restraint-evoked pressor and tachycardiac responses and the fall in
tail cutaneous temperature, without affecting the increase in
plasma corticosterone. All effects of neostigmine were inhibited by
local BNST pretreatment with methylatropine.

The activation of the HPA axis is a primary response during
stress (Dickerson and Kemeny, 2004; Ulrich-Lai and Herman,
2009). The BNST has been implicated in HPA axis response to stress
(Choi et al., 2007; Crestani et al., 2013; Ulrich-Lai and Herman,
2009). The BNST sends direct projections to corticotropin-releasing
hormone (CRH) containing parvocellular regions of the hypotha-
lamic paraventricular nucleus (PVN) (Dong et al., 2001b; Dong and
Swanson, 2006), thus providing evidence of a mechanism for direct
actions on HPA axis output. The control of HPA response by BNST is
region specific (Crestani et al., 2013; Ulrich-Lai and Herman, 2009).
For instance, chemical lesion of anterior division of the BNST
reduced restraint-induced increase in circulating adrenocortico-
trophic hormone (ACTH) and corticosterone and PVN c-fos mRNA
induction, whereas acute inhibition by local muscimol microin-
jection or lesion of the posterior BNST division resulted in elevated
corticosterone and ACTH release and increased parvocellular PVN
Fos activation following acute restraint stress (Choi et al., 2007;
Crestani et al., 2013). Most of our microinjection sites reached the
anterior division of the BNST, which is the critical BNST region
involved in autonomic control (Crestani et al., 2013; Dong et al.,
2001a), and plays a facilitatory role in HPA activation during re-
straint stress (Choi et al., 2007; Crestani et al., 2013). However,
neither inhibition nor facilitation of cholinergic signaling within
the BNST affected corticosterone response to restraint, thus indi-
cating that BNST control of HPA response to stress is mediated by
mechanisms other than local cholinergic signaling. Previous studies
described a modulation of HPA response to stress by local norad-
renergic, GABAergic, and peptidergic mechanisms within the BNST
(Cecchi et al., 2002; Crestani et al., 2013; Khoshbouei et al., 2002).

Present findings indicate that BNST cholinergic neurotransmis-
sion, acting via local muscarinic receptors, plays an inhibitory role
in HR response to restraint stress. Similarly, we have previously
reported that acute BNST neurotransmission inhibition caused by
local treatment with CoCl2 enhanced restraint-evoked tachycardia,
without affecting the pressor response (Crestani et al., 2009). Thus,
local cholinergic signaling seems to be an important local neuro-
chemical mechanism mediating the BNST inhibitory influence in
cardiac responses to stress. However, BNST treatment with a se-
lective a1-adrenoceptor antagonist also facilitated restraint-evoked
tachycardiac response (Crestani et al., 2009), thus indicating that
local noradrenergic mechanisms also contribute to control of
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stress-induced cardiac responses by the BNST. To the best of our
knowledge, a possible interaction between cholinergic and norad-
renergic signaling within the BNST has never been described.
Nevertheless, recent results have shown that endogenously
released acetylcholine within the BNST suppresses local glutamate
neurotransmission through activation of presynaptic muscarinic
receptors (Guo et al., 2012). In the same way, noradrenaline acting
through a-adrenoceptors has predominantly an inhibitory influ-
ence in the firing activity of BNST neurons (Casada and Dafny, 1993;
Sawada and Yamamoto, 1981), which is mediated by both facilita-
tion of local GABAA receptor-related inhibitory actions (Dumont
and Williams, 2004) and reduction of glutamate neurotransmis-
sion (Egli et al., 2005; Forray et al., 1999; Krawczyk et al., 2011;
Shields et al., 2009). These results support the findings of a
similar influence of BNST muscarinic receptors and a1-adreno-
ceptors in restraint-evoked tachycardiac response.

Decreased exploration of open arms in the EPM has been re-
ported following exposure of rodents to different stressors,
including the restraint stress (Korte and De Boer, 2003). This effect
is inhibited by anxiolytic substances and potentiated by anxiogenic
drugs, thus suggesting an anxiogenic-like effect (Korte and De Boer,
2003). The BNST has been proposed as a critical structure for the
etiology of several anxiety disorders, including anxiety generated
by stress (Adhikari, 2014; Davis et al., 2010; Hammack et al., 2010;
Kash et al., 2015). Indeed, previous data have reported an
involvement of the BNST in anxiogenic effect in the EPM induced by
acute inescapable shock and immobilization stress (Cecchi et al.,
2002; Hammack et al., 2004; Khoshbouei et al., 2002). Neverthe-
less, present study provides the first evidence for a role of local
cholinergic signaling in BNST control of stress-evoked anxiogenic-
like effect.

The inhibition of behavioral reactivity to stress in animals
treated with inhibitors of cholinergic signaling indicates a pro-
aversive effect of acetylcholine released within the BNST during
stress. This finding contrasts with cardiovascular results, which
indicated an inhibitory influence of BNST cholinergic neurotrans-
mission in restraint-evoked tachycardia. Therefore, our results
suggest that distinct neural pathways mediate the control by BNST
of cardiovascular and behavioral responses to stress. This
assumption is supported by recent findings indicating divergent
BNST outputs controlling physiological functions and behavioral
responses (Kim et al., 2013). For instance, results obtained through
optogenetic stimulation suggested that projections from BNST to
lateral hypothalamus modulate behavioral responses in the EPM
without affecting respiratory rate (physiological measurement)
(Kim et al., 2013). On the other hand, stimulation of BNST pro-
jections to parabrachial nucleus reduced the respiratory rate in-
crease in an anxiogenic environment without affecting behavior in
the EPM (Kim et al., 2013). Our findings are further supported by
studies reporting a segregation of autonomic and behavioral re-
sponses to aversive threats in other limbic structures, such as the
lateral septal area and dorsal and ventral hippocampus (Reis et al.,
2011; Resstel et al., 2008; Scopinho et al., 2013). Furthermore, the
absence of a modulation of corticosterone response by BNST
cholinergic neurotransmission indicates a further dissociation in
control of neuroendocrine adjustments in relation to cardiovascu-
lar and behavioral responses.

The BNST is reciprocally connected with the central amygdala
and medial amygdala and receives innervation from the hippo-
campus and medial prefrontal cortex (MPFC) (Dong et al., 2001a;
Myers et al., 2014). Moreover, BNST neurons project to many hy-
pothalamic and brainstem nuclei involved in control of autonomic
and neuroendocrine functions and behavioral responses (Dong
et al., 2001b; Dong and Swanson, 2006). Limbic structures (such
as amygdala, hippocampus, andMPFC) have little direct anatomical
connections with primary stress effector regions in hypothalamus
and brainstem (Myers et al., 2012; Ulrich-Lai and Herman, 2009).
Therefore, the BNST has been proposed as a relay station between
limbic processing of emotional information and elaboration of
physiological and behavioral responses to stress (Adhikari, 2014;
Choi et al., 2007; Crestani et al., 2013; Myers et al., 2012; Ulrich-
Lai and Herman, 2009). Indeed, BNST ablation inhibits cardiovas-
cular and neuroendocrine responses elicited by amygdala, hippo-
campus, and MPFC (Radley et al., 2009; Roder and Ciriello, 1993;
Zhu et al., 2001). Moreover, MPFC lesion reduces restraint-evoked
activation of BNST neurons (Figueiredo et al., 2003), and inhibi-
tion of either the medial amygdala or MPFC evokes effects in car-
diovascular responses to restraint stress similar to those presently
reported (i.e., facilitation of stress-evoked tachycardia) (Fortaleza
et al., 2009; Tavares and Correa, 2006). Also, previous results
have indicated an involvement of the hippocampus and MPFC in
anxiogenic effect of the restraint stress in the EPM (Fogaca et al.,
2014; Padovan et al., 2000). Thus, although evidence that limbic
inputs to the BNST are predominantly glutamatergic and GABAergic
(Myers et al., 2014), our results indicate that local cholinergic
signaling is important in local processing of limbic information in
the BNST for elaboration of cardiovascular and behavioral
responses.

Results obtained with the choline uptake inhibitor and the
muscarinic receptor antagonist provided evidence that physiolog-
ical release of acetylcholine within the BNST during restraint
selectively modulates tachycardiac response and anxiogenic-like
effect, without affecting blood pressure and sympathetic-
mediated cutaneous vasoconstriction responses. Nevertheless,
facilitation of BNST cholinergic neurotransmission by local treat-
ment with the acetylcholinesterase inhibitor neostigmine affected
both blood pressure, HR, and cutaneous temperature responses.
Therefore, although the evidence obtained via the blockade of
cholinergic neurotransmission indicating a specific role of this
neurochemical mechanism in the BNST in controlling cardiac
response to restraint, results of neostigmine indicate that BNST
cholinergic neurotransmission is also able to modulate arterial
pressure and cutaneous vasoconstriction responses during
emotional stress. Furthermore, all effects of neostigmine were
inhibited by pretreatment with methylatropine, thus reinforcing
evidence of a primary role of muscarinic receptors in mediating
acetylcholine control of stress responses within the BNST. The
absence of effect of neostigmine in corticosterone response further
support the idea that BNSTcontrol of HPA axis response is mediated
by mechanisms other than cholinergic neurotransmission.

In summary, the present results indicate that cholinergic
signaling within the BNST, acting via local muscarinic receptors,
differently modulate cardiovascular responses and emotional
consequences of stress. Our data suggest an inhibitory role of BNST
cholinergic neurotransmission in tachycardiac response to restraint
stress, whereas this signaling mechanism is involved in etiology of
stress-evoked anxiogenic-like effect. Present findings also provide
evidence that BNST control of HPA axis activation during stress is
mediated by mechanisms other than local cholinergic
neurotransmission.
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