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Introduction
The anterior hypothalamus (AH) is a diencephalic region consid-
ered to be a part of the hypothalamic defensive system and is pro-
posed to play a critical role in anti-predatory defensive reactions 
(Canteras, 2002; Canteras et al., 1997). Some studies using immu-
nohistochemical techniques have shown an increase in the expres-
sion of the Fos protein in this hypothalamic nucleus of rodents 
upon exposure to a natural predator (Canteras et al., 1997; 
Martinez et al., 2008; Paschoalin-Maurin et al., 2018). However, 
there is little evidence showing the defensive behavioural pattern 
evoked by local chemical stimulation in the AH. Activation of 
excitatory neurons in limbic and paralimbic structures by microin-
jections of excitatory neuromodulators, nitric oxide (NO) donors 
(Faria et al., 2016; Moreira et al., 2004), or NMDA (N-methyl-d-
aspartic acid) receptor agonist (Ullah et al., 2015) causes fear-
related defensive reactions, which are considered panic attack-like 
behaviours. Neuronal nitric oxide synthase (nNOS), an enzyme 
responsible for the synthesis of NO, and glutamate are found in 
the AH of rodents (Edelmann et al., 2007; Shioda et al., 2012), and 
both NO and glutamate interact to result in neuronal activation 
(Prast et al., 1996) in different neural networks.

The binding of glutamate, the main neurotransmitter medi-
ating excitatory transmission in the central nervous system 

(CNS) (Catena-Dell’Osso et al., 2013), to NMDA receptors 
promotes a calcium influx that activates nNOS (Garthwaite 
et al., 1989). Once synthesised at the post-synaptic terminal, 
NO can assume the role of a retrograde messenger targeting the 
presynaptic terminal, thereby activating the soluble guanylate 
cyclase (sGC) enzyme that facilitates activation of glutamate-
linked cyclic guanosine monophosphate (cGMP) (Bredt and 
Snyder, 1989; Knowles et al., 1989). Thus, NO has been con-
sidered an important messenger molecule that may facilitate 
glutamate release in the CNS through feedback mechanisms 
(Montague et al., 1994).
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Among the glutamatergic receptors that have been proposed 
to be involved in the regulation of NO levels, the NMDA receptor 
has been suggested to play a key role in hypothalamic defensive 
reactions and fear-induced antinociception. Recent studies have 
shown that NMDA receptor blockade in other hypothalamic 
nuclei, such as the dorsal premammillary (Aguiar and Guimarães, 
2011) and the posterior (PH) nuclei (Falconi-Sobrinho et al., 
2017b), reduces escape reactions triggered by hypothalamic neu-
rons. In addition, the antinociceptive response that followed the 
PH-mediated defensive behaviours was also attenuated by local 
NMDA receptor blockade (Falconi-Sobrinho et al., 2017b). Fear-
induced antinociception occurs by activation of the endogenous 
pain modulatory system and can originate from hypothalamic 
neurons (Biagioni et al., 2013; for review see Butler and Finn, 
2009). Other studies using intra-mesencephalic pharmacological 
approaches have shown that the NMDA receptor can mediate 
fear-related defensive responses evoked by local microinjection 
of the NO donor SIN-1, an active metabolite of molsidomine. For 
example, the blockade of NMDA receptors in both periaque-
ductal grey (PAG) matter and the inferior colliculus was able to 
impair the jumping reaction and locomotor activity (distance 
moved), respectively, induced by SIN-1 microinjected in these 
same midbrain tectum structures (de Araújo Moreira et al., 2003; 
Moreira et al., 2004). In fact, the NMDA receptor seems to influ-
ence the nitrergic effect on mesencephalic defensive behaviours. 
However, there is a lack of studies showing the influence of the 
glutamatergic system on the nitrergic effect, both in fear-related 
behaviours and in the antinociceptive mechanisms organised by 
AH neurons.

The aim of the present study was to investigate the role of 
NMDA receptors in the control of panic-like defensive behaviour 
and unconditioned fear-induced antinociception evoked by 
microinjections of the NO donor SIN-1 in the AH. The hypothe-
sis of the present work was that AH pre-treatment with the 
NMDA receptor selective antagonist AP-7 (2-amino-7-phospho-
noheptanoic acid) at different concentrations would impair both 
the fear-related defensive behavior and antinociceptive responses 
elicited by the NO donor SIN-1 microinjected into the AH.

Material and methods

Animals

Male C57BL/6 mice (10–12 weeks, weighing 30–35 g, N = 79; 
n = 7 per group for experiment 1 and n = 6–8 for experiment 2) 
from the animal facility of Ribeirão Preto Medical School of 
the University of São Paulo (FMRP-USP) were studied. The 
mice were kept five to a cage and were habituated in the exper-
imental room for at least 48 h prior to the experiments with free 
access to water and food. The enclosure was maintained under 
a 12/12-h light/dark cycle (lights on from 7 am to 7 pm) and at 
a constant room temperature of 23±1°C. All efforts were made 
to minimise animal suffering. The experiments were performed 
in accordance with the recommendations of the Commission of 
Ethics in Animal Experimentation of the FMRP-USP (process 
187/2015), which is consistent with the ethical principles in 
animal research adopted by the National Council for Animal 
Experimentation Control (CONCEA), and were approved by 
the Commission of Ethics in Animal Research (CETEA) on 
29/2/2016.

Stereotaxic surgery

Animals underwent deep anaesthesia with 100 mg/kg ketamine 
(Ketamine Agener, União Química Farmacêutica Nacional, São 
Paulo, Brazil) and 10 mg/kg xylazine (Calmium, União Química 
Farmacêutica Nacional, São Paulo, Brazil) and were fixed in a ster-
eotaxic frame (David Kopf, USA). A stainless-steel guide cannula 
(outer diameter 0.6 mm, inner diameter 0.4 mm) was implanted in 
the diencephalon, targeting 1 mm above the AH. The following 
coordinates, based on the Paxinos and Franklin (2001) mouse brain 
in stereotaxic coordinates atlas and using bregma as the reference, 
were used for the AH: anteroposterior: -0.70 mm; mediolateral: 
−0.6 mm; and dorsoventral: −4.0 mm. The guide cannula was fixed 
to the skull using acrylic resin. At the end of the surgery, each guide 
cannula was sealed with a stainless-steel wire to protect it from 
obstruction. After stereotaxic surgery, each mouse was treated with 
an intramuscular injection of penicillin G-benzathine (120,000 UI; 
0.1 mL) followed by subcutaneous injection of the non-steroidal 
analgesic and anti-inflammatory flunixin meglumine (2.5 mg/kg) 
(Schering-Plough, São Paulo, SP, Brazil). After surgery, the rodents 
were allowed to recover for 4 days before the behavioural tests.

Experiment 1: microinjection of an NO donor 
into the AH

After stereotaxic surgery, the mice were placed in a polygonal 
arena and maintained there for habituation with free access to 
food and water for 3 days. At the end of the habituation period, 
each animal was submitted to three measures of control tail-flick 
latencies to determine the baseline nociceptive threshold. On the 
next day, independent groups of mice were randomly assigned to 
receive microinjections of vehicle (0.9% NaCl/0.1 μL) or the NO 
donor SIN-1 at different concentrations (75, 150 and 300 
nmol/0.1 μL) into the AH using a dental needle (0.3 mm OD) 1 
mm longer than the guide cannula aimed at the AH. The drug or 
vehicle were injected through a polyethylene tube (PE-10) in a 
volume of 0.1 μL for 30 s using a 5 μL syringe (Hamilton, Reno, 
NV, USA) connected to an infusion pump (Stoelting, Kiel, WI, 
USA). To prevent reflux, the dental needle was left in place for 
15 s after the end of each injection.

After the intra-AH administrations of SIN-1, mice were 
placed in a polygonal arena and behavioural responses were 
quantitatively analysed every minute for 10 min. To perform the 
behavioural test, a quadrangular transparent acrylic arena (140 × 
62 × 50 cm3; polygonal arena) was used. The floor of the quad-
rangular arena was made of a transparent acrylic platform, placed 
on a rectangular stainless-steel plaque below the arena. The arena 
was divided by red lines into 20 equal rectangles (4.2 mm width; 
Pritt mark-it). In the arena, there was a shelter box (black acrylic; 
10 × 7 × 5 cm3) and two stairs with a small platform (safe places) 
(Almada and Coimbra, 2015; Almada et al., 2015). After 10 min 
of the behavioural tests, the nociceptive threshold was measured 
at 10 min intervals for 60 min.

Experiment 2: microinjection of an NMDA 
receptor antagonist into the AH

The postoperative procedures until the day of the experiment 
were the same as those for the animal groups submitted to 
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experiment 1. On the day of the experiment, each animal was 
pre-treated with microinjections of 0.02, 0.2 or 2 nmol/0.1 μL 
DL-AP7 or vehicle (0.9% NaCl/0.1 μL) into the AH. Ten minutes 
later, 300 nmol of the NO donor SIN-1 or vehicle was microin-
jected into the AH as described in the previous experiment. After 
the intra-AH administration of the NO donor or vehicle, the 
defensive responses displayed by mice in the arena were quanti-
tatively analysed for 10 min, and immediately after the behav-
ioural tests, the nociceptive threshold was measured at 10-min 
intervals for 60 min.

Behavioural tests

The behavioural reactions displayed by mice were recorded for 
10 min using a video camera (Handycam, Sony Corporation, 
Osaki, Shinagawa-ku, Tokyo, Japan). Behavioural defensive 
reactions were quantified by measuring the number and duration 
of freezing events characterised by defensive immobility for at 
least 6 s followed by an autonomic reaction, such as defecation, 
exophthalmia, and/or micturition (Coimbra et al., 2017; Uribe-
Mariño et al., 2012). Escape behaviour was expressed as the 
number and duration of oriented escape or non-oriented escape 
responses, which were defined as running and jumping towards 
the stairs and/or the burrow or running and jumping in a direction 
in the arena other than towards the stairs and/or the burrow, 
respectively (Almada et al., 2015). Both freezing and escape 
defensive behaviour are typically considered panic-like behav-
iours (Blanchard et al., 2001; Borelli et al., 2004; Schenberg 
et al., 2001; Shekhar, 1994).

Nociceptive testing

The nociception thresholds of the experimental animals were 
compared using the tail-flick test. Each animal was placed in a 
restraining apparatus (Insight, Ribeirão Preto, SP, Brazil) with 
acrylic walls, and its tail was placed on a heating sensor (tail-flick 
Analgesia Instrument; FMRP-USP Precision Workshop facilities, 
Ribeirão Preto, SP, Brazil). The amount of heat applied to the tail 
was increased until the animal removed its tail from the apparatus. 
The coil (Ni/Cr alloy; 26.04 cm in length × 0.02 cm in diameter) 
began at room temperature (approximately 20°C), and then cur-
rent was applied to increase the coil temperature at a rate of 9°C/s 
(Falconi-Sobrinho et al., 2017a). Small adjustments in the current 
intensity were made, if necessary, at the beginning of the experi-
ment (baseline records) to obtain three consecutive tail-flick 
latencies between 2.5 and 3.5 s. If the animal did not remove its 
tail from the heater within 6 s, the apparatus was turned off to 
prevent damage to the skin. Three baseline measurements of con-
trol tail-flick latencies were made at 5-min intervals. In the experi-
ment, tail-flick latencies were measured at 10 min intervals for 60 
min immediately after the defensive behaviour observation.

Drugs

Experiment 1. The NO donor SIN-1 (3-morpholinosydnoni-
mine hydrochloride; Tocris Biosciences, Bristol, United King-
dom) at 75, 150 (Lisboa and Guimarães, 2012) or 300 nmol/0.1 
μL (de Oliveira et al., 2000) or saline (0.9% NaCl/0.1 μL) was 
microinjected into the AH.

Experiment 2. The NO donor SIN-1 at 300 nmol/0.1 μL or 
saline (0.9% NaCl/0.1 μL) was microinjected into the AH follow-
ing the local microinjection of 0.02, 0.2 (Faria et al., 2016) or 2 
nmol/0.1 μL (Aguiar and Guimarães, 2011) DL-AP7 (dl-
2-amino-7-phosphonoheptanoic acid; Tocris Bioscience, Avon-
mouth, Bristol, UK) or saline (0.9% NaCl/0.1 μL). The drugs 
were dissolved in physiological saline shortly before each central 
microinjection.

Histology

Upon completion of the behavioural experiements, the animals 
were anaesthetised with 100 mg/kg ketamine (Ketamina®) and 
10 mg/kg xylazine (Dopaser®) and perfused through the left car-
diac ventricle using an infusion pump (Master Flex® L/S TM, 
Vernon Hills, IL, USA). The thoracic descending aorta was 
clamped, the pericardial heart wrap was released to allow perfu-
sion through left ventricle, and blood was washed out with 
Tyrode buffer (40 mL at 4°C). The animal was then perfused with 
200 mL ice-cold 4% (w/v) paraformaldehyde in 0.1 M sodium 
phosphate buffer (pH 7.3) for 15 min at a pressure of 50 mmHg. 
The brain was quickly removed, maintained in 4% paraformalde-
hyde for at least 4 h, and then immersed in a 20% sucrose solu-
tion for 24 h followed by a 10% sucrose solution for another 24 
h. Tissue pieces were immersed in 2-methylbutane (Sigma-
Aldrich, St. Louis, USA), frozen on dry ice (30 min), embedded 
in Tissue Tek, and cut on a cryostat (CM 1950, Leica, Mannheim, 
Germany). The slices were then mounted on glass slides that 
were coated with chrome alum gelatine to prevent detachment 
and stained in a robotic autostainer (CV 5030 Leica Autostainer) 
with haematoxylin-eosin. The sections were viewed under a 
motorised photomicroscope (AxioImager Z1, Zeiss, Oberkochen, 
Germany), and the positions of the tips of the guide cannulae and 
injector needle were localised according to the Paxinos and 
Franklin (2001) mouse brain in stereotaxic coordinates atlas.

Statistical analysis

All data were submitted to Shapiro-Wilk’s test of normality. 
GraphPad Prism version 7.0 was used for statistical analyses. 
One-way analysis of variance (ANOVA) followed by Newman–
Keuls’ post hoc tests were used to analyse data related to behav-
ioural studies of experiment 1, since all groups passed the normality 
test (n = 7 mice per group) per group. On the other hand, the groups 
of animals that comprise experiment 2 did not pass the normality 
test. Thus, the number and duration of the panic-like defensive 
behaviours for experiment 2 were analysed by Kruskal–Wallis 
non-parametric test followed by Dunn’s post hoc test (n = 6–8 
mice per group). Data from the nociceptive threshold experi-
ments collected immediately after the end of the defensive 
behaviour were submitted to a repeated measures two-way 
ANOVA (RM-ANOVA) followed by Tukey’s post hoc test. Data 
normally distributed were represented as mean ± standard error 
of the mean (SEM). We represented data that do not follow a 
Gaussian distribution as median. In all cases, differences were 
considered significant when p < 0.05.

The nociceptive threshold recorded immediately after the 
defensive behaviour (t0) and the sum of the number of defensive 
behaviours (freezing and oriented/non-oriented escape) were 
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used to perform a linear regression analysis to study the correla-
tion between panic attack-like defensive behaviours and 
antinociception.

Results

Experiment 1: effect of increasing doses of 
intra-AH NO donor (SIN-1) on behavioural 
reactions and fear-induced antinociception

Behavioural reactions. According to the one-way ANOVA fol-
lowed by a Newman–Keuls post hoc test, there was a significant 
effect of treatment on the number (F3,24 = 15.23, p < 0.001) and 
duration (F3,24 = 22.87, p < 0.001) of freezing events. Intra-AH 
treatment with the NO donor SIN-1 at 150 and 300 nmol evoked 
freezing reactions (p < 0.01 and p < 0.001, respectively, consider-
ing the number of events and (p < 0.05 and p < 0.001, respec-
tively, considering the duration of freezing response) compared 
to vehicle- and SIN-1 (75 nmol)-treated groups. In addition, the 
effect of the highest dose of SIN-1 was significantly different 
from the intermediate dose on both the number p < 0.05) and 
duration (p < 0.001) of freezing events; see Figure 1(a) and (b).

Regarding escape behaviour, there was a significant effect of 
SIN-1 treatment on the number (F3,24 = 10.24, p < 0.001) and dura-
tion (F3,24 = 8.88, p < 0.001) of oriented escape reactions and on the 
number (F3,24 = 5.381, p < 0.001) and duration (F(3,24) = 6.623, p 
< 0.001) of non-oriented escape reactions, according to one-way 
ANOVA. Intra-AH treatment with SIN-1 at 75, 150 and 300 nmol 
caused a dose-dependent effect, increasing the number (Newman–
Keuls post hoc test; p < 0.05, p < 0.01 and p < 0.001, respectively) 
and duration (Newman–Keuls post hoc test; p < 0.001, p < 0.001 
and p < 0.05, respectively) of oriented escape behaviour responses; 
see Figure 1(c) and (d). In addition, there was a significant differ-
ence between the effects of intra-AH treatment with SIN-1 at 75 
and 300 nmol on the number of oriented escape behaviour 
responses (Newman–Keuls post hoc test; p < 0.05, Figure 1(c)). 
Although microinjections of SIN-1 in the AH at different doses 
elicited escape reactions, according to one-way ANOVA, only the 
highest doses of SIN-1 (150 and 300 nmol) significantly increased 
the number (Newman–Keuls post hoc test; P < 0.05 and P < 0.01, 
respectively) and duration (Newman–Keuls post hoc test; p < 0.01 
and p < 0.05, respectively) of non-oriented escape behaviour 
responses when compared with those exhibited by the vehicle-
treated control group; see Figure 1(e) and (f).

Antinociceptive response. The defensive behaviours that were 
evoked by the activation of the AH with the NO donor SIN-1 
were followed by a fear-related antinociceptive response. 
According to the two-way RM-ANOVA, there were statistically 
significant effects of treatment (F9,60 = 46.4, p < 0.001) and time 
(F3,180 = 65.68, p < 0.001) as well as an interaction between treat-
ment and time (F27,180 = 14.19, p < 0.001). The group of rodents 
that received intra-AH microinjections of SIN-1 at the highest 
doses exhibited an antinociceptive response from zero to 20 min 
after the panic-like defensive behaviours, while the group that 
received SIN-1 at the lowest dose (75 nmol) had an increase in 
tail withdrawal latency only at t0 compared to the vehicle-control 
group (Tukey’s post hoc tests; p < 0.05). In addition, the uncon-
ditioned fear-induced antinociception displayed by animals 

treated with intra-AH microinjections of SIN-1 at the highest 
doses (150 and 300 nmol) were significantly different from that 
displayed by mice treated with SIN-1 at 75 nmol from 0 to 20 
min (Tukey’s post hoc tests; p < 0.05); see Figure 2(a).

In addition, a significant positive correlation was observed 
between the panic-like defensive behaviours and antinociception 
(r2 = 0.867; df1,2 = 13.03; p < 0.05); see Figure 2(b).

Experiment 2: effect of AH pre-treatment 
with AP-7 on the panic-like defensive 
behaviour and fear-induced antinociception 
elicited by AH microinjections of the NO 
donor SIN-1 at the highest dose

Behavioural reactions. Similar to the first set of experiments, 
AH treatment with 300 nmol SIN-1 induced freezing and ori-
ented/non-oriented escape behaviours. In addition, these panic-
like defensive reactions induced by intra-AH SIN-1 injections 
were attenuated or inhibited by NMDA receptor blockade 
through microinjections of AP-7 in the same hypothalamic 
nucleus; see Figure 3(a)–(f).

According to the Kruskal–Wallis test, there was a significant 
effect of treatment on the number (F8,52 = 46.04, p < 0.001) and 
duration (F8,52 = 44.34, p < 0.001) of freezing events. The intra-
AH SIN-1 microinjections preceded by local administration of 
saline evoked freezing, with these mice exhibiting more freezing 
events and a longer freezing duration (Dunn’s post hoc test; p < 
0.05 and p < 0.05, respectively) than the vehicle + vehicle-treated 
control group. However, pre-treatment of the AH with 2 nmol 
AP-7 inhibited the freezing behaviours (according to Dunn’s post 
hoc test; p < 0.05 to number and duration). In addition, 2 nmol + 
SIN-1-treated group was different from those 0.02 nmol + SIN-1-
treated (p < 0.01 to number and p < 0.05 to duration) and 0.2 
nmol + SIN-1-treated group (p < 0.05 to number and duration of 
freezing events), according to Dunn’s post hoc test; see Figure 
3(a) and (b).

Regarding escape behaviour, there was a significant effect of 
treatment on the number (F8,52 = 44.98, p < 0.001) and duration 
(F8,52 = 44.57, p < 0.001) of oriented escape responses and on the 
number (F8,52 = 45.54, p < 0.001) and duration (F8,52 = 43.83, p < 
0.001) of non-oriented escape responses. The vehicle + SIN-1-
treated group displayed a greater number and duration of both 
oriented and non-oriented escape reactions (Dunn’s post hoc test; 
P < 0.01 in all cases) than the vehicle + vehicle-treated control 
group. Pre-treatment of the AH with AP-7 at the highest dose 
abolished both oriented and non-oriented escape behaviour 
(Dunn’s post hoc test; p < 0.01 in all cases). In addition, intra-AH 
treatment with AP-7 2 nmol was different from the 0.02 nmol + 
SIN-1-treated on both the number (p < 0.05) and duration (p < 
0.05) of oriented escape, and the number (p < 0.01) and duration 
(p < 0.01) of non-oriented escape, according to Dunn’s post hoc 
test. However, there was no statistically significant difference 
between the 0.2 and 2 nmol doses of AP-7 in escape panic-like 
reactions (Newman–Keuls post hoc test; p > 0.5 in all cases); see 
Figure 3(c) to (f).

Antinociceptive response. SIN-1 microinjected into the AH 
induced panic-like defensive behaviour that were followed by 
antinociception. According to a two-way RM-ANOVA, there 
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were statistically significant effects of treatment (F5,30 = 19.89, p 
< 0.001) and time (F9,270 = 64.03, p < 0.001) as well as an interac-
tion between treatment and time (F45,270 = 13.17, p < 0.001). The 
panic-like behaviours were followed by significantly longer tail-
flick latencies from 0 to 20 min after escape behaviour than those 
exhibited by the vehicle-treated control group (Tukey’s post hoc 
tests; p < 0.05). When compared to AH vehicle + SIN-1 treat-
ment, the blockade of AH NMDA receptors through local admin-
istration of AP-7 at the higher doses (0.2 and 2 nmol) reduced the 

antinociceptive response recorded immediately after panic-like 
defensive behaviour and lasting 20 min (p < 0.05 in both cases). 
In addition, when compared with AP-7 (0.02) + SIN-1 treatment, 
these both doses of AP-7 attenuated the antinociception in the 
same time-window. There were no significant differences 
between AP-7 (0.02 nmol) + SIN-1 and vehicle + SIN-1 treat-
ments (p > 0.05). Intra-AH microinjections of AP-7 in a dose of 
2 nmol followed by SIN-1 microinjection in the AH caused sig-
nificantly different effects from those caused by AP-7 (0.2 nmol) 

Figure 1. Effect of central microinjection of SIN-1 (75, 150 and 300 nmol/0.1 µL) or vehicle (NaCl 0.9%/0.1 µL) into the anterior hypothalamus 
(AH) of mice on the number and duration of freezing responses (a, b), number and duration of oriented escape responses (c, d) and number and 
duration of non-oriented escape responses (e, f). Data are presented as mean ± standard error of the mean (SEM) (scatter dot plot; each dot 
representing one response per animal); n = 7 per group. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the vehicle (veh)-treated control 
group. +p < 0.05, ++p < 0.01 and +++p < 0.001 compared with the SIN-1 at 75 nmol-treated group. #p < 0.01 and ###p < 0.001 compared with the 
SIN-1 at 150 nmol-treated group (according to one-way ANOVA followed by Newman–Keuls post hoc tests).
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+ SIN-1 intra-hypothalamic treatment at time 0 and10 min (p < 
0.05) after panic-like defensive behaviour; see Figure 4(a).

In addition, a significant positive correlation was observed 
between panic-like defensive behaviours and unconditioned fear-
induced antinociception (r2 = 0.9742; df1,6 = 226.8; p < 0.05); see 
Figure 4(b).

Histology. Histologically confirmed sites of the SIN-1 (75, 150 
and 300 nmol) or vehicle microinjections into the AH corre-
sponding to experiment 1 (Figure 5(a)) and sites of the intra-AH 
microinjections of vehicle or AP-7 (0.02, 0.2 and 2 nmol) fol-
lowed by vehicle or SIN-1 (300 nmol) from experiment 2 (Figure 
5(b)) are shown in schematic drawings of coronal sections of the 
C57BL/6 mouse brain. The number of points illustrated in the 
figure is less than the total number of mice because of overlap-
ping microinjection sites.

Discussion
The present work investigated the effects of microinjections of the 
NO donor SIN-1 into the AH of mice on behavioural reactions 
and unconditioned fear-induced antinociception. Then, we stud-
ied the effects of AH NMDA receptor blockade through local 
microinjections of three different doses of AP-7, an NMDA recep-
tor antagonist, on the fear-related responses evoked by SIN-1 
microinjection into the same hypothalamic nucleus. Intra-AH 
injections of the SIN-1 evoked escape behaviour expressed by 
running interspersed with jumps at the highest doses and only run-
ning at the lowest dose. These defensive escape reactions, which 
are thought to be akin to panic attack behavioural responses 
(Schenberg et al., 2001; Shekhar, 1994), were preceded by alert-
ness reactions (data not shown) and freezing events. Panic-like 
freezing reactions were also exhibited by the animals at the end of 
the escape behaviour. Curiously, although the lower dose of the 

Figure 2. (a) Effect of central microinjection of SIN-1 (75, 150 and 300 nmol/0.1 µL) or vehicle (NaCl 0.9%/0.1 µL) into the anterior hypothalamus 
(AH) of mice on nociceptive thresholds; n = 7 per group. Data are represented as the mean ± standard error of the mean (SEM). *p < 0.05 compared 
with the vehicle (veh)-treated control group. #p < 0.05 compared with the 75 nmol SIN-1-treated group (according to two-way RM-ANOVA followed 
by Tukey’s post hoc tests). (b) Linear regression curve showing the correlation between panic-like defensive behaviour and antinociception after the 
intra-AH microinjections of the NO donor SIN-1 (75, 150 and 300 nmol) or vehicle into the AH.
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SIN-1 microinjected into the AH also caused escape reactions, it 
was unable to provoke freezing, whereas increasing doses of the 
SIN-1 provoked a progressive defensive behavioural pattern. 
Interestingly, previous studies have reported similar defensive 

reactions in response to activation with NMDA of another divi-
sion of the hypothalamus of rats (Ullah et al., 2015). These authors 
suggested that the dorsomedial part of the ventromedial hypothal-
amus (dmVMH), when chemically stimulated by high doses of 

Figure 3. Effect of central microinjections of AP-7 (0.02, 0.2 and 2 nmol/0.1 µL) or vehicle (NaCl 0.9%/0.1 µL) into the anterior hypothalamus 
(AH) of mice on the number and duration of freezing responses (a, b), number and duration of oriented escape responses (c, d) and number and 
duration of non-oriented escape responses (e, f) induced by the intra-AH microinjection of 300 nmol SIN-1 or vehicle. Data are represented as 
median (scatter dot plot; each dot representing one response per animal); n = 6–8 per group. *p < 0.05 **p < 0.01 compared with the vehicle (Veh) 
+ 300 nmol SIN-1-treated group. +p < 0.05 and ++p < 0.01 compared with the Veh + SIN-1-treated group. #p < 0.05 and ##p < 0.01 compared with 
the 0.02 nmol AP-7 + 300 nmol SIN-1-treated group. –p < 0.05 compared with the 0.2 nmol AP-7 + 300 nmol SIN-1-treated group (according to 
Kruskal–Wallis test followed by Dunn’s post hoc tests).
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NMDA, recruits midbrain tectum neurons that mediate freezing 
and more intense defensive behaviours such as non-oriented 
escape. In that same study, pre-treatment of the dorsal PAG matter 
(dPAG) with the non-selective blocker of synaptic contacts cobalt 
chloride (CoCl2) abolished the freezing and non-oriented escape 
responses caused by intra-dmVMH microinjections of NMDA. 
However, these rats still exhibited oriented escape behaviour, 
demonstrating that panic-like behaviours, such as freezing and 
non-oriented escape, mediated by the activation of excitatory 
amino acids in more rostral hypothalamic nuclei depend on the 
recruitment of neurons from the dPAG. In addition, microinjec-
tions of NO donors in the AH facilitate local glutamate release 
(Prast et al., 1996). As previously stated, endogenous glutamate is 
released by activation of NO/cGMP signal transduction pathways 
(Bredt and Snyder, 1989). In this sense, NO-induced glutamate 
release in the AH, in addition to contributing to the triggering of 

oriented escape behaviours, may also recruit neurons from the 
PAG responsible for the triggering of the freezing response.

Although all NO donors produce NO-related activity, 
NO-generating pathways differ for each compound. SIN-1 pro-
duces a slow NO release involving the formation of the interme-
diate compound SIN-1C that is to say SIN-1 is converted to 
SIN-1A, which then decomposes to NO and SIN-1C (Feelisch 
et al., 1989; Southam and Garthwaite, 1991). This process 
demands oxygen and is associated with a formation of oxidative 
agents that could reduce the half-life of NO formed (Feelisch 
et al., 1989). Corroborating the literature, our findings demon-
strate that the action of SIN-1 in triggering panic attack-like 
defensive behaviours in mice seems to be somewhat slower than 
those exhibited by rodents that received, for example, DEA/NO 
(de Oliveira et al., 2000) an NO donor that releases NO more 
rapidly (Southam and Garthwaite, 1991). This increased latency 

Figure 4. (a) Effect of central microinjections of AP-7 (0.02, 0.2 and 2 nmol/0.1 µL) or vehicle (NaCl 0.9%/ 0.1 µL) into the anterior hypothalamus 
(AH) of mice on nociceptive thresholds; n = 6–8 per group. Data are represented as the mean ± standard error of the mean (SEM). *p < 0.05 
compared with the vehicle (veh)-treated control group. #p < 0.05 compared with the vehicle (veh) + 300 nmol SIN-1-treated group. +p < 0.05 
compared with the 0.02 nmol AP-7 + 300 nmol SIN-1-treated control group. –p < 0.05 compared with the 0.2 nmol AP-7 + 300 nmol SIN-1-treated 
control group (according to two-way RM-ANOVA followed by Tukey’s post hoc tests). (b) Linear regression curve showing the correlation between 
panic attack-like defensive behaviour and antinociception after the intra-AH microinjections of vehicle or AP-7 (0.02, 0.2 and 2 nmol/0.1 µL) 
followed by vehicle or 300 nmol SIN-1 microinjected into the same structure.
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of the SIN-1-induced panic attack-like behavioural reactions 
could be a result of the slow release of NO produced by this 
donor through the formation of the SIN-1C.

When SIN-1 injection was preceded by microinjection of 
AP-7 in the AH, the panic-like defensive behaviours were attenu-
ated or inhibited depending on the administered AP-7 dose. 
Although the lower dose of AP-7 injected into the AH was unable 
to have an anti-aversive effect, the higher dose of AP-7 abolished 
the defensive reactions, clearly demonstrating a dose-dependent 
panicolytic effect of the NMDA receptor antagonist. In this sense, 
because AH NMDA receptor blockade was able to inhibit 
NO-induced unconditioned fear-like behaviours, our findings 
suggest that the glutamatergic system plays a critical role in the 
organisation of NO-induced escape defensive behaviour by 
recruiting NMDA receptors in the anterior hypothalamic nucleus 
(Figure 6).

In addition to the panicolytic effects produced by NMDA 
receptor blockade through intra-AH AP-7 microinjections on the 
NO-mediated hypothalamic escape behaviour, the present work 
also provided new evidence demonstrating that AH NMDA 
receptors are critically recruited to mediate NO-induced freezing 
behaviour.

Studies using animal models of anxiety such as the elevated 
plus-maze test (EPM) have demonstrated an anxiolytic effect 
of AP-7 in different structures related to emotions, such as the 

bed nucleus of the stria terminalis (BNST) (Faria et al., 2016), 
PAG (Molchanov and Guimarães, 2002) and dmVMH (Jardim 
et al., 2005). Here, in the behavioural measure following intra-
AH administration of vehicle, mice did not exhibit any defen-
sive behavioural responses. Thus, this floor effect does not 
allow us to interpret whether NMDA receptor blockade alone 
has an anxiolytic effect in this paradigm. NO donors have been 
also implicated to study the modulation of anxiety-like behav-
iours. However, it seems to have controversial effects on this 
type of behavioural response. Studies by Li and Quock (2002) 
using the mouse light/dark exploration test have shown an 
increase in the time spent by mice in the light compartment 
after intracerebroventricular injection of SIN-1. On the other 
hand, intra-BNST (Faria et al., 2016) or intra-PAG (Miguel 
et al., 2012) injections of other NO donor, the NOC-9, decrease 
the time spent in open arms by mice exposed to the EPM (Faria 
et al., 2016).

Additionally, our results clearly showed that these 
NO-mediated defensive reactions organised by AH neurons were 
followed by a significant antinociceptive response. Unconditioned 
fear-induced antinociception has been considered an important 
defensive response characterised by an increase in the nocicep-
tive threshold accompanying defensive behavioural reactions 
(Bolles and Fanselow, 1980; Coimbra et al., 2006, 2017). When 
animals experience a threatening situation, this defensive 

Figure 5. Diagrammatic representation of coronal sections of the C57BL/6 mouse brain illustrating (a) sites of intra-AH microinjections of vehicle 
(○) or SIN-1 at 75 (■), 150 (▲) and 300 (●) nmol/0.1 µL, corresponding to experiment 1, and (b) sites of intra-AH microinjections of vehicle + 
vehicle (○), AP-7 at 0.02 (□), 0.2 (∆) and 2 (◊) nmol/0.1 µL + vehicle, vehicle + SIN-1 (●), AP-7 at 0.02 (■), 0.2 (▲) and 2 (♦) nmol/0.1 µL 
+ SIN-1, corresponding to experiment 2. The histologically confirmed microinjection sites are depicted on illustrations modified from the Paxinos 
and Franklin (2001) mouse brain in stereotaxic coordinates atlas. Photomicrograph of a diencephalic (bottom corner) coronal section of a mouse at 
bregma −0.82 mm, showing a representative site of central microinjections of drugs in the anterior hypothalamus. Scale bar: 200 μm. Histological 
staining: haematoxylin and eosin.
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phenomenon of pain suppression, which is activated by the 
recruitment of neurons from the endogenous pain modulatory 
system, is triggered (de Oliveira et al., 2017). This instinctive 
analgesic response may provide a greater chance of animal sur-
vival in a dangerous situation by leading to the avoidance of 
pain-induced recuperative behaviour (Coimbra et al., 2017).

However, we should not rule out the possibility that this anal-
gesic effect was at least partially a result of intra-AH infusion of 
SIN-1. The combination of the pharmacological manipulation 
and differences in behavioural performance could contribute to 
the antinociceptive effects (e.g. fear-related defensive behav-
iours release neurotransmitters or hormones that contribute to 
the antinociceptive effects). For example, decreases in 
GABAergic inhibition or glutamatergic activation of limbic 
structures, such as the hypothalamus and PAG, can activate the 
endogenous pain modulatory system, which inhibits nocicep-
tion-related neurons in dorsal horn of the spinal cord, resulting 
in an antinociceptive response (Falconi-Sobrinho et al., 2017a; 
Jones and Gebhart, 1988). Interestingly, corroborating our find-
ings, the decrease of glutamatergic neurotransmission in telen-
cephalic and diencephalic structures such as amygdala (Lee 
et al., 2001) and hypothalamus (Falconi-Sobrinho et al., 2017b) 
by local microinjection of NMDA receptor antagonists attenu-
ates fear-related antinociceptive effects. In addition to the influ-
ence of excitatory amino acids on nociceptive mechanisms, 
recently published studies have suggested that the release of 
corticotropin-releasing factor (CRF) by microinjections of NO 
donor in the PAG of mice contributes to triggering an analgesic 
response, since that the blockade of corticotropin-releasing 

factor type 1 receptor (CRFr1) attenuated antinociceptive effects 
evoked after injections of the NO donor NOC-9 within the PAG 
(Miguel et al., 2012). Finally, it is also important to point out that 
CRF can induce glutamate release (Skórzewska et al., 2009), 
which plays an important role in control mechanisms of pain 
(Jones and Gebhart, 1988; for a review, see Butler and Finn, 
2009).

In the present work, the antinociceptive response that fol-
lowed the panic attack-like defensive behaviours elicited by the 
enhancement of nitrergic neuromodulators in the AH was reduced 
after local NMDA receptor blockade. Interestingly, control ani-
mals that received intra-AH treatment with AP-7 followed by 
physiological saline microinjections in the same hypothalamic 
nucleus did not show significant changes in the tail withdrawal 
latency recorded by the tail-flick test, suggesting that NMDA 
receptor blockade in the AH per se has no intrinsic effect on base-
line nociceptive thresholds. Although pharmacological studies 
have shown a dissociation between defensive behaviour and 
antinociception elicited in hypothalamic nuclei (Biagioni et al., 
2016; de Freitas et al., 2014), our findings suggest that the reduc-
tion in antinociception observed after NMDA receptor blockade 
is due to a lack of (or decrease in) panic-like defensive reactions 
and not to an AP-7 pre-treatment effect per se.

Finally, our findings were obtained with unilateral microin-
jections of drugs, a procedure that elicited and modulated 
adaptive behavioural responses. Indeed, it is surprising that 
both electrical and chemical unilateral stimulation of each key 
structure of the limbic system, such the amygdaloid complex, 
the hypothalamus and even dorsal midbrain outputs of the 

Figure 6. Schematic diagram suggesting the modulatory role of NMDA receptors in the AH on fear-related behavioural and antinociceptive responses 
induced by local microinjections of the nitric oxide (NO) donor SIN-1. NO induced by SIN-1 possibly modulates the presynaptic release of glutamate. 
Once released from the synaptic cleft, glutamate binds to the NMDA receptor (+) promoting an influx of Na+ and Ca2+ into the postsynaptic cell (Mori 
and Mishina, 1995) and contributing to the triggering of fear-related adaptive responses. In turn, the blockade of NMDA receptors (×) by AP-7 in AH 
inhibits the proaversive effects and unconditioned fear-induced antinociception elicited by microinjections of SIN-1 in the anterior hypothalamus 
(AH).
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encephalic aversion system (the PAG matter, the superior col-
liculus and the inferior colliculus) elicit robust defensive 
behavioural responses usually followed by unconditioned fear-
induced antinociception (Coimbra et al., 2006; Coimbra and 
Brandão, 1997; Coimbra et al., 1992; de Oliveira et al., 2017; 
Falconi-Sobrinho et al., 2017a, 2017b; Leite-Panissi et al., 
2003) similar to that displayed in the presence of predators 
(Coimbra et al., 2017). It seems that the encephalic aversion 
system and the hypothalamic defensive system act as a defence 
neural network, so that the activation of a given structure of 
this aversive stimulus-responsive neuronal network produces 
an adaptive defensive behaviour. We decided to reach a single 
limbic system nucleus situated in one side of the median line to 
preserve relevant connections involved in the defence neural 
network as previously demonstrated (Falconi-Sobrinho et al., 
2017b; Ullah et al., 2017).

In conclusion, the pharmacological approaches used in the 
present work exploring excitatory mechanisms demonstrate a 
relevant role played by AH neurons in the elaboration of panic 
attack-like defensive behaviour and unconditioned fear-
induced antinociception. In addition, our results suggest that 
the panicogenic effects provoked by intra-AH microinjections 
of the NO donor SIN-1 depend on hypothalamic NMDA recep-
tor activation.
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