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Abstract
The bed nucleus of the stria terminalis (BNST) constitutes an important component of neural
substrates of physiological and behavioral responses to aversive stimuli, and it has been
implicated on cardiovascular responses evoked by stress. Nevertheless, the local neurochemical
mechanisms involved in BNST control of cardiovascular responses during aversive threats are
still poorly understood. Thus, the aim of the present study was to assess the involvement of
activation in the BNST of the neuronal isoform of the enzyme nitric oxide synthase (nNOS), as
well as of signaling mechanisms related to nitric oxide effects such as soluble guanylate cyclase
(sGC) and protein kinase G (PKG) on cardiovascular responses induced by an acute session of
restraint stress in male rats. We observed that bilateral microinjection of either the
nonselective NOS inhibitor Nω-Nitro-L-arginine methyl ester (L-NAME), the selective nNOS
inhibitor Nω-Propyl-L-arginine (NPLA) or the sGC inhibitor 1H-[1,2,4]Oxadiazolo[4,3-a]quinox-
alin-1-one (ODQ) into the BNST enhanced the tachycardic response and decreased the drop in
tail cutaneous temperature evoked by acute restraint stress, but without affecting the increase
on blood pressure. Bilateral BNST treatment with the selective PKG inhibitor KT5823 also
facilitated the heart rate increase and decreased the drop in cutaneous temperature, in
addition to enhancing the blood pressure increase. Taken together, these results provide
evidence that NO released from nNOS and activation of sGC and PKG within the BNST play an
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inhibitory influence on tachycardia to stress, whereas this signaling mechanism mediates the
sympathetic-mediated cutaneous vasoconstriction.
& 2017 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Physiological responses evoked during aversive situations
are triggered by overlapping limbic circuits in the central
nervous system (Dampney, 2015; Myers, 2017; Ulrich-Lai and
Herman, 2009). The bed nucleus of stria terminalis (BNST) is
a limbic structure located in the prosencephalon, which has
been implicated in cardiovascular, neuroendocrine and
behavioral responses to stress (Crestani et al., 2013; Davis
et al., 2010). Specifically regarding the cardiovascular
responses, it was demonstrated that reversible inactivation
of the BNST enhanced the heart rate (HR) increase evoked
by an acute session of restraint stress, but without affecting
the blood pressure increase (Crestani et al., 2009). These
results indicated an inhibitory role of the BNST on cardiac
responses evoked by unconditioned aversive stimuli
(Crestani et al., 2013). Conversely, a facilitatory role of
the BNST on blood pressure and HR changes induced by
contextual fear conditioning has been reported (Hott et al.,
2012; Hott et al., 2017; Resstel et al., 2008). Taken
together, these pieces of evidence suggested that role of
the BNST regulating cardiovascular responses to stress is
related to paradigm of aversive stimulus (e.g., conditioned
versus unconditioned) (Crestani et al., 2013). Previous
studies reported a role of local typical neurotransmitters
in BNST control of cardiovascular responses to aversive
threats, such as glutamate, acetylcholine and noradrenaline
(Adami et al., 2017; Crestani et al., 2009; Gouveia et al.,
2016; Hott et al., 2012, 2017). However, evidence of a
possible involvement of atypical neurotransmitters, such as
nitric oxide (NO), is still scarce.

The NO is synthesized from l-arginine by three isoforms of
the enzyme nitric oxide synthase (NOS), which are called
neuronal (nNOS), endothelial (eNOS) and induced (iNOS)
(Alderton et al., 2001). The nNOS is proposed as the major
isoform involved in the synthesis of NO in the brain
(Garthwaite, 2008; Huang et al., 1993; Zhou and Zhu, 2009),
and is widely expressed in mammalian encephalon (Bredt
et al., 1991; Garthwaite, 2008; Vincent and Kimura, 1992).
The activation of the soluble guanylate cyclase (sGC) enzyme,
which converts guanosine triphosphate (GTP) to cyclic guano-
sine monophosphate (cGMP), has been described as the main
pathway related to NO effects (Garthwaite, 2008). Despite the
report of other signaling pathways (Craven and Zagotta, 2006;
Rybalkin et al., 2003), the activation of the protein kinase
G (PKG) is a prominent effector mechanism of cGMP
(Garthwaite, 2008; Hofmann et al., 2006).

Neurons capable of synthesizing NO were identified within
the BNST (Vincent and Kimura, 1992), and these neurons are
activated by aversive stimuli (Guimaraes et al., 2005).
Furthermore, systemic administration of nNOS inhibitors
attenuated the neuronal activation in the BNST induced by
an aversive stimulus (Silva et al., 2012), thus providing
evidence that nNOS in the BNST is activated during stress.
Previous studies evidenced a role of nNOS within the BNST in
the control of baroreflex activity (Alves et al., 2009) and of
cardiovascular responses to contextual fear conditioning
(Hott et al., 2017). However, an involvement of signaling
mechanisms related to NO effects, such as cGMP-PKG path-
way, in BNST control of cardiovascular function has never
been investigated. Furthermore, evidence of a role of BNST
nitrergic neurotransmission in control of cardiovascular
responses to unconditioned aversive stimulus is missing.
Therefore, this study aimed to evaluate the hypothesis that
activation of nNOS, sGC and PKG within the BNST modulate
the cardiovascular responses evoked by an acute session of
restraint stress in male rats.

2. Experimental procedures

2.1. Animals

Male Wistar rats with body weight ranging from 240 to 260 g were
used. The animals were supplied by the animal breeding facility of
the UNESP (Botucatu, SP, Brazil). The animals had free access to
granulated feed and water, and were submitted to alternating
light/dark cycles (lights on between 7:00 h a.m. and 7:00 h p.m.).
All experimental procedures were carried out following protocol
approved by Ethical Committee for Use of Animals (CEUA) of the
School of Pharmaceutical Science/UNESP (protocol # 10/2013),
which complies with Brazilian and international guidelines for
animal use and welfare.

2.2. Surgical preparation

Five days before the trial, animals were anesthetized with
tribromoethanol (250 mg/kg, i.p.), scalp was anesthetized with
2% lidocaine, and the skull was exposed. Then, using a stereotaxic
apparatus (Stoelting, Wood Dale, Illinois, USA), stainless-steel
cannulas (26G, 12 mm long) were bilaterally implanted into the
BNST. Stereotaxic coordinates were: antero-posterior = +8.6 mm
from interaural; lateral = 4.0 mm from the medial suture, ventral
= �5.8 mm from the skull, with a lateral inclination of 231
(Paxinos and Watson, 1997). Dental cement was used to fix
cannulas to the skull. After surgery, the rats were treated with a
poly-antibiotic containing streptomycins and penicillins to prevent
infection (560 mg/mL/kg, i.m.) and the nonsteroidal anti-inflam-
matory flunixine meglumine to provide post-operation analgesia
(0.5 mg/mL/kg, s.c.).

One day before the experiment, animals were again anesthe-
tized with tribromoethanol (250 mg/kg, i.p.) and a polyethylene
cannula (a 4 cm segment of PE-10 bound to a 13 cm segment of PE-
50) (Clay Adams, Parsippany, New Jersey, USA) was implanted into
the abdominal aorta via the femoral artery for cardiovascular
recording. The catheter was tunneled under the skin and exterior-
ized on the animal's dorsum. After the surgery, the nonsteroidal
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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 post-operative period and cardiovascu-
lar recording.

2.3. Arterial pressure and HR recording

The catheter implanted into the abdominal aorta via the femoral
artery was connected to a pressure transducer (DPT100, Utah
Medical Products Inc., Midvale, UT, USA). Pulsatile arterial pressure
was recorded using an amplifier (Bridge Amp, ML221, ADInstru-
ments, Australia), connected to a computerized data acquisition
system (PowerLab 4/30, ML866, ADInstruments, Australia) using an
appropriate program (Lab Chart PRO, ADInstruments, Australia).
The values of mean arterial pressure (MAP) and heart rate (HR)
were obtained from the pulsatile arterial pressure recordings.

2.4. Tail cutaneous temperature measurement

Tail skin temperature records were performed using a thermal
camera Multi-Purpose imager (IRI4010, InfraRed Integrates Systems
Ltd, Northampton, UK). The analysis was performed using a soft-
ware for thermographic analysis, and temperature was represented
by color intensity variations (Busnardo et al., 2013; Vianna and
Carrive, 2005). For image analysis, the temperature values were
obtained at 5 points along the animal's tail, and the mean was
calculated for each recording.

2.5. Restraint stress

Acute restraint stress consisted of introducing the animals into
plastic cylindrical tubes (diameter = 6.5 cm, length = 15 cm),
which were ventilated by 1

2̷ inch holes that comprised approxi-
mately 20% of the tube. In the present study, restraint stress session
lasted 30 min (Adami et al., 2017; Choi et al., 2007; Crestani et al.,
2010b), after which animals were returned to their home cage.
Each animal was submitted to only one session of stress in order to
avoid habituation.

2.6. Drug microinjection into the brain

Injection needles (33G, Small Parts, USA) used for the microinjec-
tion of drugs into the BNST were one mm longer than the guide
cannulas fixed to the skull. The needle was connected to a two μL
syringe (7002KH, Hamilton, USA) using a PE-10 tubing. The drugs
were injected in a final volume of 100 nL (Adami et al., 2017;
Crestani et al., 2010a; Crestani et al., 2009).

2.7. Drugs and solutions

Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME) (Sigma-
Aldrich, St Louis, Missouri, USA), Nω-Propyl-L-arginine hydrochlor-
ide (NPLA) (TOCRIS, Westwoods Business, Park Ellisville, MO, USA),
tribromoethanol (Sigma-Aldrich) and urethane (Sigma-Aldrich) were
dissolved in saline (NaCl 0.9%). 1H-[1,2,4]Oxadiazolo[4,3-a]quinox-
alin-1-one (ODQ) (TOCRIS) and KT5823 (TOCRIS) were dissolved in a
solution of saline containing 20% of DMSO (DMSO 20%). Flunixine
megulimine (Banamine, Schering Plough, Cotia, SP, Brazil) and the
polyantibiotic preparation of streptomycins and penicillins (Penta-
biótico, Fort Dodge, Campinas, SP, Brazil) were used as provided.

2.8. Experimental design

Rats were brought to the experimental room in their own cage at
least 60 minutes before starting the experiment. The experimental
room was temperature controlled (24 1C) and acoustically isolated
from the others rooms.

Independent set of animals received bilateral microinjections
into the BNST of either the nonselective NOS inhibitor Nω-Nitro-L-
arginine methyl ester (L-NAME, 40 nmol/100 nL), the selective
nNOS inhibitor Nω-Propyl-L-arginine (NPLA, 0.4 nmol/100 nL), the
sGC inhibitor ODQ (1 nmol/100 nL), the selective PKG inhibitor
KT5823 (0.1 nmol/100 nL) or vehicles (either saline or DMSO 20%,
100 nL). Doses of the inhibitors were based on previous studies
from our group (Alves et al., 2009; Busnardo et al., 2010;
Hott et al., 2017).

Ten minutes after the pharmacological treatment of the BNST,
animals in all experimental groups were subjected to a 30-minute
session of restraint stress. Blood pressure and heart rate recordings
started at least 30 minutes before the onset of the stress session,
and were performed throughout the restraint stress period. Tail skin
temperature was measured at 10, 5 and 0 min before the restraint,
and every 5 min during the stress session.

2.9. Histological determination of the microinjection
sites

At the end of each experiment, all animals were anesthetized
with urethane (250 mg/mL/200 g body weight, i.p.) and 100 nL of
1% Evan's blue dye was injected into the brain at the same volume
of drug injection (i.e., 100 nL) as a marker of microinjection sites.
The brains were then removed from the cranial cavity and post-
fixed in 10% formalin solution for at least 48 h at 4 1C. Then, serial
40 μm thick sections of the BNST region were cut using a cryostat
(CM1900, Leica, Wetzlar, Germany). The sites of injection sites
were analyzed using the Atlas of Paxinos and Watson (1997) as
reference.

2.10. Statistical analysis

Data are presented as mean 7 standard error of the mean (SEM).
The basal values of MAP, HR, and tail skin temperature were
compared using Student's t-test. The time-course curves of cardi-
ovascular changes during restraint stress were analyzed using two-
way analysis of variance (ANOVA), with treatment as main factor
and time as repeated measurement, followed by Bonferroni post-
hoc test. The significance was set at P o 0.05.

3. Results

Figure 1 presents diagrammatic representations showing
microinjection sites into the BNST of L-NAME, NPLA, ODQ,
KT5823 and vehicle of all animals used in the present study.
A photomicrograph of a coronal brain section depicting
microinjection sites in the BNST of a representative animal
is also presented in Figure 1.

3.1. Effect of bilateral microinjection of L-NAME
into the BNST on cardiovascular responses to acute
restraint stress

Bilateral microinjection of the nonselective NOS inhibitor
L-NAME (40nmol/100nL, n = 7) into the BNST did not affect
the baseline values of either MAP (1077 1 vs 1087 3 mmHg, t
= 0.4, P 4 0.05), HR (362 7 17 vs 377 7 8 bpm, t = 0.8, P 4
0.05) or cutaneous temperature of the tail (27.4 7 0.7 vs 25.9
7 0.6 1C, t = 1.4, P4 0.05), when compared with the animals
that received vehicle into the BNST (n = 6). However, acute



Figure 1 (Top) Photomicrograph of a coronal brain section depicting microinjection sites in the BNST of a representative animal.
(Bottom) Diagrammatic representation based on the rat brain atlas of Paxinos and Watson (1997) indicating the microinjection sites
into the BNST of vehicle (gray circles) and the nonselective NOS inhibitor L-NAME (black circles, first panel), the selective nNOS
inhibitor NPLA (black circles, second panel), the sGC inhibitor ODQ (black circles, third panel) and the selective PKG inhibitor
KT5823 (black circles, fourht panel). 3 V – third ventricle, ac – anterior commissure; f – fornix; IA – interaural coordinate; ic – internal
capsule; LV – lateral ventricle; st – stria terminalis.
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restraint stress evoked a sustained increase on both MAP
(F(19,220) = 17, P o 0.0001) and HR (F(19,220) = 17,
P o 0.0001), and decreased the tail skin temperature (F(8,99)
= 6, P o 0.0001) (Figure 2). Besides, treatment of the BNST
with L-NAME enhanced the tachycardiac response (F(1,220) = 20,
P o 0.0001) and decreased the drop on skin temperature
(F(1,99) = 6, P o 0.01) evoked by restraint, but without
affecting the pressor response (F(1,220) = 0.3, P 4 0.05)



Figure 2 Effect of BNST treatment with inhibitors of NOS on cardiovascular responses to acute restraint stress. (Left) Time-course
curves of change on mean arterial pressure (ΔMAP), heart rate (ΔHR) and tail skin temperature (Δ tail skin temperature) evoked by
acute restraint stress in animals treated bilaterally into the BNST with the nonselective NOS inhibitor L-NAME (40 nmol/100 nl,
n = 7) or vehicle (100 nL, n = 6). (Right) Time-course curves of ΔMAP, ΔHR and Δ tail skin temperature evoked by acute restraint
stress in animals treated bilaterally into the BNSTwith the selective nNOS inhibitor NPLA (0.4 nmol/100 nl, n = 6) or vehicle (100 nL,
n = 6). The onset of stress was at t = 0. Circles represent the mean and the bars the SEM. # P o 0.05 over the whole restraint period
compared to vehicle-treated animals, ANOVA followed by Bonferroni post-hoc test.
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(Figure 2). Analysis did not indicate significant treatment x time
interaction for either MAP (F(19,220) = 0.3, P 4 0.05), HR
(F(19,220) = 1, P 4 0.05) or cutaneous temperature (F(8,99) =
0.3, P 4 0.05).
3.2. Effect of bilateral microinjection of NPLA
into the BNST on cardiovascular responses to acute
restraint stress

Bilateral treatment of the BNST with the selective nNOS
inhibitor NPLA (0.4 nmol/100 nL, n = 6) did not affect the
baseline values of either MAP (106 7 1 vs 107 7 2 mmHg, t
= 0.1, P 4 0.05), HR (376 7 8 vs 384 7 11 bpm, t = 0.6, P
4 0.05) or tail skin temperature (27.3 7 0.7 vs 28.4 7
0.6 1C, t = 1.2, P 4 0.05), when compared with the animals
that received vehicle into the BNST (n = 6). However, acute
restraint stress caused a sustained increase on both MAP
(F(19,200) = 15, P o 0.0001) and HR (F(19,200) = 12,
P o 0.0001), and decreased the cutaneous temperature of
the tail (F(8,90) = 11, P o 0.0001) (Figure 2). Moreover,
treatment of the BNST with NPLA enhanced the tachycar-
diac response (F(1,200) = 27, P o 0.0001) and decreased the
drop on tail skin temperature (F(1,90) = 9, P o 0.003)
evoked by restraint stress, but whithout affecting the
increase on MAP (F(1,200) = 1, P 4 0.05) (Figure 2). Analysis
also indicated a significant treatment x time interaction for
HR (F(19,200) = 2, P o 0.02), but not for MAP (F(19,200) = 0.6,
P 4 0.05) and cutaneous temperature (F(8,90) = 0.9,
P 4 0.05).



Figure 3 Effect of BNST treatment with inhibitors of either sGC or PKG on cardiovascular responses to acute restraint stress. (Left)
Time-course curves of change on mean arterial pressure (ΔMAP), heart rate (ΔHR) and tail skin temperature (Δ tail skin
temperature) evoked by acute restraint stress in animals treated bilaterally into the BNST with the sGC inhibitor ODQ (1 nmol/
100 nl, n = 6) or vehicle (100 nL, n = 6). (Right) Time-course curves of ΔMAP, ΔHR and Δ tail skin temperature evoked by acute
restraint stress in animals treated bilaterally into the BNST with the selective PKG inhibitor KT5823 (0.1 nmol/100 nl, n = 6) or
vehicle (100 nL, n = 6). The onset of stress was at t = 0. Circles represent the mean and the bars the SEM. # P o 0.05 over the
whole restraint period compared to vehicle-treated animals, ANOVA followed by Bonferroni post-hoc test.
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3.3. Effect of bilateral microinjection of ODQ into
the BNST on cardiovascular responses to acute
restraint stress

Bilateral treatment of the BNST with the sGC inhibitor ODQ
(1 nmol/100 nL, n = 6) did not affect the baseline values of
either MAP (103 7 4 vs 99 7 3 mmHg, t = 0.8, P 4 0.05),
HR (357 7 7 vs 366 7 9 bpm, t = 0.7, P 4 0.05) or tail skin
temperature (29.0 7 0.6 vs 29.9 7 0.5 1C, t = 1,
P 4 0.05), when compared with animals that received
vehicle into the BNST (n = 6). However, acute restraint
stress caused a sustained increase on both MAP (F(19,200) =
17, P o 0.0001) and HR (F(19,200) = 8, P o 0.0001), and
decreased the cutaneous temperature (F(8,90) = 4, P o
0.0004) (Figure 3). Moreover, treatment of the BNST with
ODQ enhanced the tachycardiac response (F(1,200) = 15,
P o 0.0002) and decreased the drop on tail skin
temperature (F(1,90) = 4, P o 0.03) evoked by restraint,
but whithout affecting the increase on MAP (F(1,200) = 0.6,
P 4 0.05) (Figure 3). Analysis did not indicate a significant
treatment x time interaction for both MAP (F(19,200) = 0.6,
P 4 0.05), HR (F(19,200) = 0.7, P 4 0.05) and cutaneous
temperature (F(8,90) = 0.4, P 4 0.05).
3.4. Effect of bilateral microinjection of KT5823
into the BNST on cardiovascular responses to acute
restraint stress

Bilateral treatment of the BNST with the selective PKG
inhibitor KT5823 (0.1 nmol/100 nL, n = 6) did not affect
the baseline values of either MAP (107 7 3 vs 108 7
3 mmHg, t = 0.3, P 4 0.05), HR (356 7 18 vs 368 7
14 bpm, t = 0.5, P 4 0.05) or tail skin temperature (27.0



81BNST and cardiovascular responses to stress
7 0.9 vs 28.4 7 0.9 1C, t = 1, P 4 0.05), when compared
with the animals that received vehicle into the BNST (n =
6). However, acute restraint stress caused a sustained
increase on both MAP (F(19,200) = 5, P o 0.0001) and HR
(F(19,200) = 6, P o 0.0001), and decreased the cutaneous
temperature of the tail (F(8,90) = 15, P o 0.0001)
(Figure 3). Moreover, treatment of the BNST with KT5823
enhanced the restraint-evoked pressor (F(1,200) = 6,
P o 0.0004) and tachycardiac (F(1,200) = 9, P o 0.002)
responses, and decreased the drop on tail skin tempera-
ture (F(1,90) = 18, P o 0.0001) (Figure 3). Analysis did not
indicate a treatment x time interaction for both MAP
(F(19,200) = 0.3, P 4 0.05), HR (F(19,200) = 0.4, P 4 0.05)
and cutaneous temperature (F(8,90) = 1, P 4 0.05).

Microinjection of either L-NAME, NPLA, ODQ or KT5823
into structures surrounding the BNST did not evoke any
change in restraint-evoked cardiovascular responses (data
not shown).
4. Discussion

The present study provides the first evidence for an
involvelment of cGMP-PKG signaling on control of cardio-
vascular responses to aversive threats. Furthermore, results
reported here are the first to indicate a role of BNST
nitrergic signalling modulating the cardiovascular responses
evoked by an unconditioned aversive stimulus. Indeed, we
observed that BNST treatment with inhibitors of either the
nNOS, sGC or PKG enhanced the tachycardiac response and
decreased the drop in tail skin temperature evoked by acute
restraint stress. Besides, PKG inhibition within the BNST
enhanced the restraint-evoked pressor response.

With exception of the PKG inhibitor, any of the treat-
ments affected the pressor response to restraint, despite of
the increased tachycardiac response. The absence of
changes on pressor response is possibly related to the
decreased drop in tail skin temperature, so that a possible
increase in cardiac output mediated by the facilitation of
HR response was buffered by the decreased vasoconstriction
in cutaneous bed. However, we cannot to exclude the
possibility of a role of changes in other vascular beds since
PKG inhibition enhanced the restraint-evoked pressor
response even in presence of a decreased drop in tail skin
temperature. Therefore, further studies are necessary to a
better understanding of the role of BNST nitrergic neuro-
transmission in control of hemodynamic responses to stress.

The present data indicating an inhibitory influence of BNST
nitrergic neurotransmission on stress-evoked cardiovascular
changes contrasts with previous findings of pro-aversive effect
of NO in the central nervous system, which was evidenced
mainly by an involvement of NO in stress behavioral conse-
quences (Calixto et al., 2008; Guimaraes et al., 2005; Silva
et al., 2012). However, our results are in line with reports of
protector cardiovascular effects of nitrergic neurotransmission
in the central nervous system (Martins-Pinge et al., 2012; Patel
and Zheng, 2012; Stern et al., 2003). Furthermore, changes on
restraint-evoked cardiovascular responses following BNST
treatment with the inhibitors of nNOS, sGC and PKG are
similar to effects reported previously in animals subjected to
BNST nonselective synaptic inactivation (Crestani et al.,
2009). Indeed, we documented previously that bilateral BNST
neurotransmission inhibition via local treatment with the
nonselective synaptic blocker CoCl2 enhanced the restraint-
evoked tachycardia, but without affecting the pressor
response (Crestani et al., 2009). Likewise, the HR increase
during restraint stress was also enhanced by BNST treatment
with either selective α1-adrenoceptor or muscarinic choliner-
gic receptor antagonists (Crestani et al., 2009; Gouveia et al.,
2016). In this sense, present findings provide new evidence
indicating a role of local release of NO from nNOS, and
activation of sGC and PKG, in BNST inhibitory influence on
cardiac responses to restraint stress. Furthermore, our findings
corroborate reports of a facilitatory role of the BNST on
sympathetically-mediated cutaneous vasoconstriction during
aversive threats (Adami et al., 2017; Hott et al., 2012, 2017).

NO is synthetized from the l-arginine by the nNOS in the
brain in response to influx of Ca2+ following activation of
the N-methyl-D-aspartate (NMDA) glutamatergic receptor
(Garthwaite, 2008; Prast and Philippu, 2001). In this sense,
Adami et al. (2017) reported recently that microinjection of
a selective NMDA receptor antagonist into the BNST
decreased the tachycardic response to acute restraint
stress, thus suggesting a facilitatory influence of BNST
glutamatergic neurotransmission on cardiac responses to
restraint stress. Besides, blockade of NMDA glutamate
receptor within the BNST did not affect the sympatheti-
cally-mediated cutaneous vasoconstriction (Adami et al.,
2017). Therefore, the control of restraint-evoked cardio-
vascular responses by BNST nitrergic neurotransmission
seems not to be related to an interaction with local
glutamatergic neurotransmission. However, we cannot
exclude the possibility that nNOS is activated in response
to NMDA receptor activation in the BNST, but once released
NO interacts with other local neurochemical mechanisms to
control restraint-evoked cardiovascular responses. In this
sense, activation of BNST NMDA receptor induces local
release of noradrenaline (Aliaga et al., 1995; Forray and
Gysling, 2004). Despite the absence of direct evidence of an
interaction between BNST noradrenergic and nitrergic neu-
rotransmissions, the similar modulation of cardiac response
to restraint stress by nNOS and α1-adrenoceptor within the
BNST (Crestani et al., 2009), together with evidence that
NO act pre-synaptically stimulating neurotransmitter
release (Garthwaite, 2008; Prast and Philippu, 2001), sup-
ports the hypothesis that BNST nitrergic signaling may acts
through a facilitation of local release of noradrenaline.
Nevertheless, considering that NO-cGMP-PKG pathway also
acts post-synaptically directly depolarizing and hyperpolar-
izing neurons (Garthwaite, 2008; Prast and Philippu, 2001),
we cannot rule out the possibility that BNST nitrergic
neurotransmission modulates the cardiovascular responses
to stress via mechanisms independent of interactions with
other local neurochemical mechanisms. Anyway, further
studies are necessary to clarify the local mechanisms
related to modulation of cardiovascular responses to stress
by NO-cGMP-PKG pathway within the BNST.

The inhibitory influence of BNST nitrergic signaling in
control of restraint-evoked HR response contrasts with recent
results indicating a facilitatory role of this neurochemical
mechanism in control of cardiovascular responses to con-
textual fear conditioning (Hott et al., 2017). Nevertheless,
the opposite role of BNST nitrergic signaling in control of
cardiovascular responses to conditioned versus unconditioned
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stimuli is in line with previous evidence that BNST plays
opposite roles in control of cardiovascular responses to
unconditioned (inhibitory) and conditioned (facilitatory)
aversive stimuli (Crestani et al., 2009; Resstel et al., 2008).
A specific control of cardiovascular responses to conditioned
versus unconditioned stimuli by BNST nitrergic neurotrans-
mission is further supported by evidence of different neural
circuitry and neurochemical/cellular mechanisms involved in
expression of innate and conditioned defensive responses
(Gross and Canteras, 2012; Rosen, 2004). In this sense, the
BNST is part of brain circuits involved in expression of both
conditioned and unconditioned responses (Gungor and Pare,
2016), but this structure seems to differently processes
innate versus conditioned emotional information. It is possi-
bly related to multiple functional subregions and group of
cells within the BNST with different, or even opposite,
functional phenotype (Gungor and Pare, 2016; Lebow and
Chen, 2016). The multiple BNST connections also provide a
neuroanatomical basis for elaboration of stressor-specific
responses (Gungor and Pare, 2016; Lebow and Chen, 2016;
Myers, 2017). Importantly, the NO signaling seems to be a
prominent local neurochemical mechanism mediating the
specific control of cardiovascular responses to unconditioned
versus conditioned stimuli by BNST.

Outputs from corticolimbic structures such as the hippo-
campus, amygdala and medial prefrontal cortex (MPFC)
converge on the BNST (Dong et al., 2001a; Myers et al.,
2014). Besides, BNST neurons project to hypothalamic and
brainstem nuclei controlling autonomic activity (Dong
et al., 2001b; Dong and Swanson, 2006). Thus, since limbic
structures such as amygdala, hippocampus, and MPFC have
little direct anatomical connections with primary stress
effector regions in hypothalamus and brainstem (Myers,
2017; Ulrich-Lai and Herman, 2009), the BNST has been
proposed as a relay station between processing of emotional
information by limbic forebrain structures and elaboration
of physiological and behavioral responses to stress by
hypothalamic and brainstem regions (Crestani et al., 2013;
Myers, 2017; Ulrich-Lai and Herman, 2009). Supporting this
idea, it was reported that MPFC lesion decreased restraint-
evoked activation of BNST neurons (Figueiredo et al., 2003).
Additionally, inactivation of either the medial amygdaloid
nucleus (MeA) or MPFC evoked effects in cardiovascular
responses to restraint stress in which were similar to those
presently reported (i.e., facilitation of tachycardia)
(Fortaleza et al., 2009; Tavares et al., 2009). Thus, although
evidence that limbic inputs to the BNST are predominantly
glutamatergic and GABAergic (Myers et al., 2014), present
findings indicate that local activation of nNOS, sGC and PKG
are important in processing of limbic information in the
BNST for elaboration of cardiovascular responses.

Cardiovascular responses during aversive threats are
mediated by changes on activity of both sympathetic and
parasympathetic nervous system (Crestani, 2016). For
instance, increase on HR during aversive threats is abolished
following inhibition of sympathetic tone to the heart while
blockade of cardiac parasympathetic activity increases this
response (Carrive, 2006; Dos Reis et al., 2014), thus
suggesting that both sympathetic and parasympathetic tone
to the heart are increased during stress (Crestani, 2016).
The vasoconstriction in cutaneous beds, which in turn
causes a drop in skin temperature (Busnardo et al., 2013;
Vianna and Carrive, 2005), is mediated by an increase of
sympathetic vasomotor outflow (Blessing, 2003). Neurons
within the BNST project to medullary structures controlling
autonomic activity, such as the nucleus of the solitary tract,
nucleus ambiguus, and ventrolateral regions (Dong and
Swanson, 2004; Gray and Magnuson, 1987). Previous findings
indicated an inhibitory influence of nNOS activation within
the BNST on cardiac parasympathetic outflow (Alves et al.,
2009). Therefore, the inhibitory role of NO released from
nNOS, as well as of sCG and PKG activation, in the BNST on
restraint-evoked tachycardia is possibly mediated by stimu-
lation of inhibitory drive to sympathetic premotor neurons.
Conversely, the decrease of sympathetic-mediated cuta-
neous vasoconstriction indicates activation of sympathetic
circuits by nitrergic signaling within the BNST. The existence
of specific neuronal pathways controlling autonomic activity
to different organs provides the structural substrate for a
different control of sympathetic activity to heart and
cutaneous vascular beds during aversive threats by BNST
nitrergic signaling (Morrison, 2001).

In summary, our data indicate an involvement of the
activation of both nNOS, sGC and PKG within the BNST on
cardiovascular responses during aversive threats. Specifi-
cally, present findings provide evidence of an inhibitory
influence on tachycardiac response to stress, whereas the
sympathetically-mediated cutaneous vasoconstriction is
mediated by NO released from nNOS and activation of sGC
and PKG within the BNST.
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