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Abstract
Acute γ-aminobutyric acid (GABA) disinhibition in the posterior hypothalamus (PH) elicits
defensive reactions that are considered anxiety- and panic attack-like behaviour, and these
defensive reactions are followed by antinociception. Evidence indicates that the PH connects
with the medial prefrontal cortex, particularly the anterior cingulate cortex (ACC), which
seems to regulate these unconditioned fear-induced defensive responses. However, few studies
have shown the participation of cortical regions in the control of behavioural and antinoci-
ceptive responses organised by diencephalic structures. It has been suggested that the
glutamatergic system can mediate this cortical influence, as excitatory imbalance is believed
to play a role in both defensive mechanisms. Thus, the aim of the present study was to
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investigate the involvement of ACC glutamatergic connections via blockade of local N-methyl-
D-aspartate (NMDA) receptors to elaborate panic-like defensive behaviours and unconditioned
fear-induced antinociception organised by PH neurons. Wistar rats were treated with micro-
injections of 0.9% NaCl or LY235959 (a selective NMDA receptor antagonist) in the ACC at
different concentrations (2, 4 and 8 nmol/0.2 μL), followed by GABAA receptor blockade in the
PH. Defensive reactions were analysed for 20 min, and the nociceptive threshold was then
measured at 10-min intervals for 60 min. Pretreatment of the ACC with LY235959 reduced both
panic-like defensive behaviour and fear-induced antinociception evoked by PH GABAergic
disinhibition. Our findings suggest that ACC NMDA receptor-signalled glutamatergic inputs play
a relevant role in the organisation of anxiety- and panic attack-like behaviours and in fear-
induced antinociception.
& 2017 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Fear-related emotional reactions are mediated by complex
neural circuitry in part comprising the medial prefrontal
cortex (mPFC), e.g., prelimbic (de Freitas et al., 2014),
infralimbic (Lemos et al., 2010) and anterior cingulate
cortex (ACC) (Falconi-Sobrinho et al., 2017) and diencepha-
lic regions, such the hypothalamus (Biagioni et al., 2012;
Shekhar et al., 1990). In addition, there is some evidence
showing that these regions of the limbic cortex are con-
nected with the diencephalon (Azuma and Chiba, 1996;
Falconi-Sobrinho et al., 2017; Reppucci and Petrovich, 2016)
and can modulate anxiety- and fear-induced hypothalamic
defensive reactions (de Freitas et al., 2013, 2014; Falconi-
Sobrinho et al., 2017).

The hypothalamus has been considered a putative neural
substrate for studying the mechanisms that induce panic
attacks (Shekhar, 1994). Studies have proposed that there is
a distinct circuit in the medial hypothalamic zone (MHZ),
which in part consists of neural hypothalamic networks, that
participates of the elaboration of fear-related defensive
responses elicited in rodents submitted to threatening
situations (Canteras, 2002). Rodents exposed to their nat-
ural predator showed an increase in the expression of Fos
protein in certain nuclei of the hypothalamus that composes
part of the MHZ, such as the anterior nucleus of the
hypothalamus (AHN), the dorsomedial subdivision of the
ventromedial nucleus of the hypothalamus (VMHdm) and the
dorsal pre-mammillary nucleus (dPM) (Canteras et al.,
1997). In addition, there is evidence that the posterior
hypothalamic (PH) nucleus connects with these hypothala-
mic nuclei (Abrahamson and Moore, 2001), and shows also
an increase in expression of Fos protein in rodents that are
confronted by their predator (Canteras et al., 1997). This
justifies the importance of further research on the specific
role of the PH in defensive behaviour related to panic
attacks. Furthermore, studies have shown that this hypotha-
lamic nucleus when chemically stimulated also induces
defensive behavioural responses. For example, GABAergic
disinhibition by microinjections of bicuculline (a GABAA
receptor antagonist) in the PH of laboratory rats elicits
defensive reactions that are considered anxiety- and panic
attack-like behaviour (Falconi-Sobrinho et a., 2017; Shekhar
et al., 1990). Additionally, these defensive reactions elabo-
rated in the hypothalamus are followed by antinociception
(Biagioni et al., 2012). The antinociceptive response that
follows defensive behaviours may be elicited by neurons
that connect the hypothalamus with other nuclei of the
endogenous pain modulation system (Biagioni et al., 2013).
Descending pathways derived from the hypothalamus
recruit midbrain (e.g., periaqueductal grey matter; PAG)
and/or medulla oblongata (e.g., raphe nuclei) structures
(Aimone et a., 1988; Falconi-Sobrinho et a., 2017) before
reaching the dorsal horn of the spinal cord (DHSC) (Basbaum
and Fields 1984; da Silva et a., 2013). In addition, the
hypothalamus is connected to different regions of the
cerebral cortex that are also involved in the control of
emotion-related pain (Buchanan et a., 1994; Falconi-
Sobrinho et a., 2017). In fact, previous evidence demon-
strated descending projections to the PH from the limbic
forebrain, specifically from the ACC (Abrahamson and
Moore, 2001). Corroborating these neuroanatomical find-
ings, through morphological studies, Falconi-Sobrinho et al.
(2017) showed retrograde-labelled neuronal bodies in the
Cg1 region of the ACC after microinjection of a bidirectional
neurotracer in the PH. Furthermore, positive fibres and
terminal boutons containing glutamatergic synaptic vesicles
were also identified surrounding PH neuronal perikarya after
depositing an anterograde neurotracer into the Cg1, provid-
ing evidence that this region of the ACC sends glutamatergic
projections to the PH.

Frontal cortical areas can influence the transmission of
nociceptive information from the DHSC through activation or
inhibition of the descending modulatory pain system (Zhang et
a., 2005) via the brainstem (Ohara et a., 2005). On the other
hand, less well established is the idea that cortical modulation
of nociceptive processes can also occur through a diencephalic
relay before reaching the DHSC. Recent studies have shown
that the mPFC can modulate hypothalamus-mediated anxi-
ety/fear-induced antinociception (de Freitas et al., 2014;
Falconi-Sobrinho et al., 2017). Inactivation of efferent exci-
tatory pathways from the Cg1 region of the ACC to the PH via
intracortical administration of lidocaine attenuated defensive
mechanisms, including an anxiety/fear-induced antinocicep-
tion organised in the PH. In the same study, the blockade of
glutamatergic terminals in the PH from Cg1 long projection
neurons reduced both running and jump defensive behaviours
and antinociception, suggesting that glutamate release in the
PH is required for the organisation of hypothalamic defensive
reactions (Falconi-Sobrinho et al., 2017). A similar effect on
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the hypothalamic defensive behaviours and the antinocicep-
tion that follows these anxiety/fear emotions was also seen
after blockade of ionotropic glutamatergic receptors in the
prelimbic cortex (de Freitas et al., 2014). These findings
demonstrated that the mPFC regions, including the Cg1
division of the ACC, can modulate the expression of hypotha-
lamus-related fearful defensive behaviours, such as panic
attack-like defensive reactions and antinociception, through
reducing the cortico-hypothalamic glutamatergic pathway
activity.

Glutamate activates two families of receptors, metabo-
tropic and ionotropic receptors (Hollmann and Heinemann,
1994; Kemp and McKernan, 2002). Among ionotropic recep-
tors, NMDA (Kemp and McKernan, 2002) receptors have been
proposed to play a key role in fear-related defensive
behaviours and nociceptive processes. Several studies
demonstrated the involvement of these receptors in ACC
on the expression of conditioned fear (Descalzi et al., 2012),
and pain perception (Zugaib et al., 2014). However, few
studies have shown the participation of glutamatergic
neurotransmission in the limbic forebrain in descending
modulation of defensive behaviour and unconditioned
fear-induced antinociception (de Freitas et al., 2014;
Falconi-Sobrinho et al., 2017).

To show the role of the ACC in defensive behaviours and
unconditioned fear-induced antinociception organised by PH
neurons, we investigated whether inputs to NMDA glutama-
tergic receptors of ACC neurons modulate both of these
hypothalamic defensive mechanisms. The hypothesis of the
present work is that pretreatment of the Cg1 region of the
ACC with the selective NMDA receptor antagonist LY235959
at different concentrations may impair the hypothalamic
defensive responses and fear-related hypoalgesia.
2. Experimental procedures

2.1. Animals

Male Wistar rats weighing 240–260 g (N = 64; n = 8 per group) from
the animal facility of Ribeirão Preto Medical School of the University
of São Paulo (FMRP-USP) were studied. They were housed 4 to a
cage and were habituated in the experimental room for at least
48 h prior to the experiments with free access to water and food.
The enclosure was maintained under a light/dark cycle of 12/12 h
(lights on from 7 am to 7 pm) and at a constant room temperature
of 24 1C 7 1 1C. All efforts were made to minimise animal suffering.
The experiments were performed in accordance with the recom-
mendations of the Commission of Ethics in Animal Experimentation
of the FMRP-USP (process 084/2014), which is consistent with the
ethical principles of 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 29/9/2014.
2.2. Drugs

Bicuculline methiodide (Tocris) at 40 ng/0.2 μL or saline (0.9% NaCl)
was microinjected into the PH following microinjection of 2, 4 and
8 nmol/0.2 μL LY235959 (Tocris) or saline (0.9% NaCl) intra-ACC to the
Cg1 region. The drugs were dissolved in physiological saline (de Freitas
et al., 2014).
2.3. Stereotaxic surgery

Animals were anaesthetised with 92 mg/kg ketamine (Ketamine
Agener, União Química Farmacêutica Nacional, São Paulo, Brazil)
and 9.2 mg/kg xylazine (Calmium, União Química Farmacêutica
Nacional, São Paulo, Brazil) and fixed in a stereotaxic frame (David
Kopf, USA). A stainless steel guide cannulae (outer diameter
0.6 mm, inner diameter 0.4 mm) was implanted in the ACC or
diencephalon, targeting 0.6 or 1 mm above the Cg1 region or PH,
respectively. The coordinates were based on Paxinos and Watson's
(2007) rat brain stereotaxic atlas, and the bregma was used as a
reference. The following coordinates were used for the ACC and PH:
anteroposterior: 1.80 mm and -3.84 mm; mediolateral: -0.6 mm
and -0.5 mm; and dorsoventral: -1.2 mm and -7.0 mm, respectively.
The guide cannulae were fixed to the skull using acrylic resin and
1 stainless steel screw. At the end of the surgery, each guide
cannula was sealed with a stainless steel wire to protect it from
obstruction. After the stereotaxic surgery, each rodent was treated
with an intramuscular injection of penicillin G-Benzatine (120000UI;
0.1 mL) and a 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 rats were allowed
to recover for 5 days before behavioural tests.

2.4. Experimental procedure

2.4.1. Microinjection of NMDA-selective antagonist into the
ACC
Five days after surgery, each animal was subjected to tail-flick tests
to determine the baseline nociceptive threshold. Thereafter, inde-
pendent groups of Wistar rats were randomly assigned to receive a
pretreatment microinjection of vehicle (0.9% NaCl/0.2 μL) or 2,
4 and 8 nmol/0.2 μL LY235959 into the Cg1 region of the ACC. Ten
minutes later, vehicle (0.9% NaCl/0.2 μL) or bicuculline (40 ng/200
nL) was microinjected into the PH. Microinjections were performed
using a dental needle (0.3 mm OD) with a length 0.6 or 1 mm longer
than the guide-cannula to target either the Cg1 region or the PH,
respectively. The drugs were injected through a polyethylene tube
(PE-10) in a volume of 0.2 μL for 15 s using a 5-mL syringe (Hamilton,
Reno, Nevada, USA) connected to an infusion pump (Stoelting, Kiel,
Wisconsin, USA). To prevent reflux, the dental needle was left in
place for 30 s after the end of each injection.

Previous evidence of the central nervous system has demonstrated
that the diffusion of microinjected chemical substances into the
tissue surrounding the site of injection is directly related to the
volume administered (Myers, 1966; Routtenberg, 1972). It has been
reported that 0.5 μL causes an average spread of 1.04 mm, consistent
with Myers (1966). In this sense, to chemically activate a specific
nucleus of the brain of a rat, a droplet on the order of 0.5 μL is
approximately the largest volume that can be used if action of the
drug is to be localised to that area (Myers, 1966). Thus, we assumed
that a volume equivalent to 0.2 μL (the volume used in the present
study) would reach a safe spherical area to justify the effect of the
drug on the target structure.

After the intra-diencephalic administration of vehicle or bicucul-
line, the behavioural responses displayed by the rats in the circular
arena were quantitatively analysed every minute for 20 min.
Following the behavioural tests, the nociceptive thresholds were
measured at 10-min intervals for 60 min.

2.4.2. Behavioural tests
Behavioural defensive reactions were defined by the frequency
(number) and duration of alertness (defensive attention), which
were characterised by the interruption of ongoing behaviour, when
rodents display an attentive posture with small head movements,
rearing and scanning the environment by smelling the surrounding
air. Freezing (defensive immobility) was considered when the
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animal showed immobility for at least 6 s followed by an autonomic
reaction, such as defecation, exophthalmia and/or micturition
(Biagioni et al., 2013).

Escape behaviour was expressed as the frequency and duration
of running events and the frequency of jumps. Additionally, the
frequency of crossings (characterised as 4 paws within a given
division of the floor of the circular arena) was considered as a
quantitative measure of escape behaviour (dos Anjos-Garcia et al.,
2017). According to those and other authors (Blanchard, et al.,
2001; Shekhar, 1994; Schenberg et al., 2001), escape and freezing
behaviour are typically considered panic-like behaviours unlike
alertness, which is considered anxiety-like responses (Coimbra et
al., 2017; Uribe-Mariño et al., 2012) with frequency (number).

Defensive reactions were recorded for 20 min using a video
camera (Handycam, Sony Corporation, Osaki, Shinagawa-ku, Tokyo,
Japan). The behavioural tests were performed in a circular arena
with transparent acrylic walls that measured 60 cm high� 50 cm in
diameter. The floor of the circular arena was divided into twelve
equal sections.

2.4.3. Nociceptive testing
The nociception thresholds of the experimental animals were
compared using the tail-flick test. Each animal was placed in a
restraining apparatus (tail access rodent restrainer, Stoelting Co,
Wood Dale, Il, USA) with acrylic walls, and its tail was placed on a
heating sensor (tail-flick Analgesia Instrument; Insight, 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 1C), and then current was
applied to increase the temperature of the coil at a rate of 9 1C/s
(Biagioni et al., 2013). Small adjustments in the current intensity
were made, if necessary, at the beginning of the experiment
(baseline records) to obtain three consecutive TFLs 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 control TFLs were made at
5-min intervals. In the experiment, TFLs were measured at 10-min
intervals for 60 min immediately after the end of the defensive
behaviours.

2.5. Histology

Upon completion of the experiments, the animals were anaesthe-
tised with 92 mg/kg ketamine (Ketaminas) and 9.2 mg/kg xylazine
(Dopasers) and perfused through the left cardiac ventricle using an
infusion pump (Master Flexs L/S TM, Vernon Hills, IL, USA). The
thoracic descending aorta was clamped, the pericardial heart wrap
was released to allow perfusion through left ventricle, and blood
was washed out with Tyrode buffer (40 mL at 4 1C). 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 and maintained in 4%
paraformaldehyde for at least 4 h and was then immersed in a 10%
sucrose solution for 48 h. Tissue pieces were immersed in 2-methyl-
butane (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). Slices were then mounted on glass slides that
were coated with chrome alum gelatin 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 were localised
according to the Paxinos and Watson's (2007) stereotaxic atlas. Data
from rats with the guide cannulae tips that were located outside
the Cg1 region of the ACC and/or the PH were not included in the
statistical analysis.
2.6. Statistical analysis

Two-way analysis of variance (two-way ANOVA) followed by New-
man-Keuls’ multiple comparison test were used to analyse the data
of the behavioural studies using Cg1 (LY235959 or saline) and PH
(bicuculline or saline) treatment as main factors. Dose-effect
curves for LY235959 were generated by nonlinear regression analysis
to compare the findings related to Cg1 pretreatment with different
doses of LY235959 followed by PH treatment with bicuculline
microinjections.

Data from experiments to determine nociceptive thresholds,
which were measured after the end of the defensive behaviour,
were submitted to a three-way repeated measures analysis of
variance (three-way RM-ANOVA) using time as a within-subject
factor and Cg1 (LY235959 or saline) and PH (bicuculline or saline)
treatment as between-subject factors. In this case, Tukey's multiple
comparison tests were performed when appropriate.

The nociceptive threshold recorded in t0 and the sum of all
frequencies of defensive behaviours (alertness, running, jumps and
crossings) were used to perform linear regression aiming to study
the correlation between defensive behaviours and antinociception.

The software used for statistical analyses was ezANOVA for three-
way RM-ANOVA and GraphPad Prism version 7.0 for the other compar-
isons. The graphs were plotted in GraphPad Prism version 7.0.
Behavioural data are expressed as the mean + standard error of the
mean (S.E.M.), and tail-flick latencies are expressed as the mean7S.E.
M. for n = 8 rats. Po0.05 was considered statistically significant.
3. Results

3.1. Microinjection of NMDA-selective antagonists
into the ACC

3.1.1. Defensive behaviour
The blockade of GABAA receptors in the PH via intradience-
phalic microinjection of bicuculline elicited alertness and
escape behaviours (Figure 1A–F). There was no freezing
behaviour. The injection of vehicle into the Cg1 did not
affect any behavioural responses induced by PH-bicuculline
treatment. On the other hand, the blockade of NMDA
receptors with microinjection of LY235959 into the Cg1
caused one phase decay responses in all behaviours analysed
(Figure 1A-F’).

According to two-way ANOVA, there was a statistically
significant effect of Cg1 treatment (F3.56 = 3.65; Po0.05),
PH treatment (F1.56 = 21.66; Po0.001) and the interaction
between them (F3.56 = 5.20; Po0.01) regarding the fre-
quency of alertness. There was also a significant effect of Cg1
treatment (F3.56 = 5.68; Po0.01), PH treatment (F1.56 =
20.12; Po0.001) and the interaction between them (F3.56 =
5.93; Po0.01) in the duration of alertness. Pretreatment
with vehicle injection into the ACC followed by microinjec-
tion of bicuculline into the PH significantly increased (New-
man-Keuls’ post hoc test; Po0.001) alertness compared to
the ACC vehicle + PH vehicle-treated control group. Pre-
treatment of the ACC with LY235959 at the doses of 2, 4 and
8 nmol reduced the frequency (Po0.05, Po0.001 and
Po0.01, respectively) and duration (Po0.001 for all doses)
of alertness (Figure 1A and B).

A similar effect was observed in panic-like defensive
reactions. According to two-way ANOVA, there were signifi-
cant effects of Cg1 treatment (F3.56 = 10.29; Po0.001), PH
treatment (F1.56 = 38.64; Po0.001) and the interaction



Figure 1 Effect of the pretreatment of the Cg1 region of the ACC with LY235959 (2, 4 and 8 nmol/0.2 mL) or vehicle on the
behavioural defensive reactions elicited by microinjection of bicuculline (40 ng/0.2 mL) into the posterior hypothalamus (PH) on the
frequency and duration of alertness (A and B), the frequency and duration of running (C and D), the frequency of jumps (E), and the
frequency of crossings (F). The columns represent the mean7S.E.M.; n = 8. ***, Po0.001 compared to the Veh (Cg1) + Veh (PH)-
treated group; +, Po0.05, + +, Po0.01 and + + +, Po0.001 compared to the Veh (Cg1) + Bic (PH)-treated group (two-way ANOVA
followed by Newman-Keul's post hoc tests). Top of each graphic: Changes in behavioural reactions in response to a different dose of
LY235959 (2, 4 and 8 nmol/0.2 mL) or vehicle injected in the Cg1 (insets in A, B, C, D, E and F). Dose-effect curves were generated by
nonlinear regression analysis.
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between them (F3.56 = 10.29; Po0.001) regarding the
frequency of escape expressed by running. There was also a
significant effect of Cg1 treatment (F3.56 = 7.22; Po0.001),
PH treatment (F1.56 = 18.59; Po0.001) and the interaction
between them (F3.56 = 7.22; Po0.001) regarding the duration
of running. There were also significant effects of Cg1 and PH
treatments and the interaction between them in the fre-
quency of jumps (F3.56 = 6.49; Po0.001 for Cg1 treatment;
F1.56 = 10.03; Po0.01 for PH treatment and F3.56 = 6.49;
Po0.001 for interaction between treatments) and the fre-
quency of crossings (F3.56 = 8.68; Po0.001 for Cg1 treat-
ment; F1.56 = 72.73; Po0.001 for PH treatment and F3.56 =
7.94; Po0.001 for interaction between treatments). The ACC
vehicle + PH bicuculline-treated group exhibited increased
frequency (Newman-Keul's post hoc test; Po0.001) and
duration (Po0.001) of running (Figure 1C and D) and
increased frequency of jumping (Po0.001; Figure 1E) and
crossings (Po0.001; Figure 1F) compared to the vehicle-
treated control group. Blockade of ACC NMDA receptors via
Figure 2 A: Effect of pretreatment of the Cg1 region of the AC
behavioural defensive reactions elicited by microinjection of bicucu
8. *, Po0.05 compared with the Veh (Cg1) + Veh (PH)-treated grou
group; #, Po0.05 compared with the LY4 nmol (Cg1) + Bic (PH)-tre
tests). BL: Baseline nociceptive threshold. B: Linear regression cur
antinociception after microinjection of LY235959 (2, 4 and 8 nmol
bicuculline (40 ng/0.2 mL) or vehicle into the PH.
local microinjection of LY235959 at all doses (2, 4 and 8 nmol)
attenuated the pro-aversive effect of intra-PH bicuculline
treatment (Figure 1C-F). Compared with ACC vehicle + PH
bicuculline treatment, all doses of LY235959 administered
into the ACC significantly reduced the frequency (Po0.001)
and duration (Po0.001) of running (Figure 1C and D) and the
frequency (Po0.001) of jumping behaviour (Figure 1E).
Furthermore, a reduced frequency of crossings after pre-
treatment of the ACC with LY235959 at different doses (2,
4 and 8 nmol; Po0.001 in all cases) was also observed, as
shown in Figure 1F. In all cases, any dose of LY235959 per se
had no effect compared with ACC vehicle + PH vehicle
treatment (P40.05).
3.1.2. Unconditioned fear-induced antinociception
According to three-way RM-ANOVA, there were significant
effects of Cg1 treatment (F3.56 = 11.50; Po0.001), PH
treatment (F1.56 = 238.0; Po0.001), and time (F7.392 =
C with LY235959 (2, 4 and 8 nmol/0.2 mL) or vehicle on the
lline (40 ng/0.2 mL) into the PH on nociceptive thresholds, n =
p; +, Po0.05 compared with the Veh (Cg1) + Bic (PH)-treated
ated group (three-way RM-ANOVA followed by Tukey's post hoc
ve showing the correlation between defensive behaviours and
/0.2 mL) or vehicle into the Cg1 followed by microinjection of
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61.9; Po0.001) and a significant interaction between Cg1
treatment, PH treatment and time (F21.392 = 2.98;
Po0.001). The blockade of GABAA receptors in the PH
increased fear-induced antinociception compared with the
effects of ACC vehicle + PH vehicle treatment when
nociceptive responses were assessed 0–30 min after escape
behaviour (Po0.05). Compared to ACC vehicle + PH
bicuculline treatment, the blockade of NMDA receptors in
the ACC though administration of LY235959 at different
Figure 3 Schematic representation of coronal sections of the R. n
LY235959 or vehicle microinjection into the Cg1 region of the
microinjection into the posterior hypothalamus (B). Photomicrograp
of the brain at bregma 2.28 mm and -4.36 mm showing representat
the anterior area of the cingulum gyrus (A) and in the posterior
staining: haematoxylin and eosin.
doses reduced the antinociceptive responses recorded
immediately after escape behaviour, lasting 30 min after
the escape reactions (Po0.05), except regarding the dose
of 4 nmol, which caused no significant difference in the
nociceptive threshold recorded 10 min after the escape
behavioural reactions (P40.05). Furthermore, microinjec-
tion of LY235959 at the dose of 8 nmol into the ACC followed
by bicuculline microinjection in the PH was different from
ACC LY235959 at 4 nmol + PH bicuculline treatment
orvegicus brain showing the sites of central administrations of
anterior cingulate cortex (A) and of bicuculline or vehicle
hs of cortical (top) and diencephalic (bottom) coronal sections
ive sites (black arrows) of the central microinjection of drugs in
hypothalamus (B), respectively. Scale bar: 20 μm. Histological
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(Po0.05). Any dose of LY235959 per se had a significant
effect on fear-induced antinociception compared with ACC
vehicle + PH vehicle treatment (P40.05), as shown in
Figure 2A.

The induction of defensive reactions by GABAA receptor
blockade in the PH was followed by significant fear-induced
antinociception compared to the control group, and the
blockade of NMDA receptors in the ACC though administra-
tion of LY235959 at different doses reduced antinociceptive
responses, as described above. In addition, a significant
positive correlation was observed between defensive beha-
viours and unconditioned fear-induced antinociception
(F1,6 = 64.65; r2 = 0.9151; Po0.05), as shown in Figure 2B.

3.1.3. Histology
Histologically confirmed sites of LY235959 or vehicle micro-
injection into the Cg1 region of the ACC and bicuculline or
vehicle administration into the PH are shown in schematic
drawings of coronal sections of the R. norvegicus brain in
Figure 3. The number of points illustrated in the figure is
less than the total number of rats because of overlapping
microinjection sites.

4. Discussion

Defensive reactions were evoked by GABAA receptor block-
ade in the PH via local microinjection of bicuculline. Our
results are in agreement with previous studies demonstrat-
ing that hypothalamic GABAergic disinhibition in rodents
elicits defensive attention and escape reactions (Shekhar
and DiMicco, 1987; Shekhar et al., 1990). It has been
suggested that GABAergic neurotransmission mediates tonic
inhibitory control of hypothalamic neurons (Milani and
Graeff, 1987), including those of the PH that are related
to the elaboration of defensive responses (Biagioni et al.,
2012). Studies have shown that chemical stimulation with
excitatory amino acids or GABAergic receptors inhibitors
administered in dorsal midbrain structures such as the PAG
and deep layers of the superior colliculus also induces
defensive reactions (da Silva et al., 2015; Ullah et al.,
2015). However, compared with hypothalamic defensive
behaviour, the escape reactions organised by dorsal mid-
brain typically appear to be more intense and non-oriented,
characterised by horizontal jumps interspersed with vigor-
ous running (Ullah et al., 2015). In the present study, we
observed that the escape reactions elicited by GABAA
receptor blockade in the PH were expressed by running
and, particularly, by vertical jumps, which were directed to
the exit of the circular arena, suggesting oriented escape.
This supports the hypothesis that hypothalamic neurons
elaborate more oriented escape behavioural responses,
whereas explosive/non-oriented escape is organised by
dorsal midbrain structures (Ullah et al., 2015).

The PH receives afferent inputs from the ventromedial
hypothalamus (Abrahamson and Moore, 2001), a diencepha-
lic nucleus that is involved in the more oriented escape
reactions (Ullah et al., 2015). Although the PH contains a
small number of GABAergic neurons compared with other
more medial hypothalamic nuclei (Abrahamson and Moore,
2001), the former hypothalamic subnucleus seems to
express similar characteristic defensive behaviour (oriented
escape) as those elicited by medial hypothalamic nuclei
when GABAergic neurotransmission is locally inhibited (de
Freitas et al., 2014). Nevertheless, among the behavioural
repertoire considered to be panicolytic (Schenberg et al.,
2001), freezing responses observed after GABAA receptor
blockade in the MH (de Freitas et al., 2014) did not occur
after GABAergic receptor blockade in the PH, as performed
in the present study. It has been suggested that the MH,
when chemically stimulated at higher doses of NMDA,
recruits mesencephalic neurons that mediate freezing and
more explosive defensive behaviours such as non-oriented
escape (Ullah et al., 2015, 2017). Interestingly, these
authors demonstrated that pretreatment of the dorsal
periaqueductal grey matter (dPAG) with the non-selective
blocker of synaptic contacts cobalt chloride (CoCl2) abol-
ished the freezing responses elicited by chemical stimula-
tion of the VMHdm. However, these animals still showed
oriented escape. On the other hand, when blockade of the
VMHdm with CoCl2 was followed by chemical stimulation of
the dPAG, no effect was observed on the freezing behaviour
organised by the dPAG. These data demonstrate that more
intense panic-like behaviours such as freezing organised in
more medial hypothalamic nuclei depend on recruitment of
neurons from the dPAG. Although PH neurons are also
connected to the PAG (Falconi-Sobrinho et al., 2017), the
disinhibition of PH neurons seems to trigger more intense
panic-like running and jumping without freezing, and there-
fore, increased crossings compared to de Freitas et al.
(2014) findings.

In addition, the PH receives direct or indirect inputs from
other structures related to the control of emotions, includ-
ing the amygdala, the perirhinal cortex, the lateral septum
and the cingulate gyrus (Abrahamson and Moore, 2001).
Although the connective supply of ACC neurons to the PH
appears to be moderate (Falconi-Sobrinho et al., 2017), our
findings showed that this region of the mPFC exerts a
considerable influence on the expression of hypothalamic
defensive responses.

We showed that pretreatment of the Cg1 region of the
ACC, with the NMDA receptor antagonist LY235959,
decreased both alertness and escape defensive behavioural
responses. The reduction of jumping and running reactions
demonstrated a clear panicolytic effect of Cg1 pretreat-
ment with LY235959. Our findings corroborate a previous
report showing that mPFC-NMDA receptor blockade attenu-
ates panic attack-like behavioural responses elicited by
acute hypothalamic GABAergic disinhibition (de Freitas
et al., 2014), suggesting a modulatory cortico-hypothalamic
influence via the glutamatergic system in fear-related
reactions. An imbalance in excitatory-inhibitory neurotrans-
mission has been suggested in the pathogenesis of panic
disorder in humans and in panic-attack responses displayed
by laboratory animals, in which elevated levels of glutamate
in the ACC were found (Cortese and Phan, 2005; Ruland
et al., 2015). The ACC is abundantly innervated by gluta-
matergic pyramidal cells and has been linked to anxiety
disorders such as panic. Glutamatergic pyramidal cells from
prefrontal cortex neurons send outputs to several limbic
regions, such as the hippocampus and the amygdala (Myers
et al., 2011). Additionally, a recently published morpholo-
gical study by our group revealed, through deposits of the
biotinylated dextran amine (BDA) anterograde neurotracer
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in the Cg1, BDA-labelled neurons in this same structure in
addition to axonal fibres and glutamatergic vesicle-immu-
noreactive terminal boutons surrounding PH neuronal peri-
karya (Falconi-Sobrinho et al., 2017). Thus, we can argue
that the decrease in the activity of excitatory amino acid-
signalled inputs to ACC neurons via blockade of Cg1-NMDA
glutamatergic receptors attenuates the activity of Cg1-PH
connections, resulting in decreased panic attack-like defen-
sive reactions organised by PH neurons. Interestingly, we
recently demonstrated (Falconi-Sobrinho et al., 2017) the
presence of glutamatergic synaptic vesicle-labelled fibres
and terminal buttons in the medial thalamic nucleus from
ACC neurons. In addition, other studies have shown efferent
pathways from the medial thalamus to more dorsal nuclei of
the hypothalamus. Lesions of the medial thalamic nucleus
caused degeneration of fibres reaching the PH (Johnson,
1961). There are also studies suggesting that the influence
of the PFC, including the ACC, on the behavioural reactions
organised in the hypothalamus can be indirectly mediated
by the medial thalamic nucleus. Singel and Chabora (1971)
suggested that the increase in flight/jump reactions
hypothalamically elicited by stimulation of the ACC can
occur by recruitment of thalamic neurons, which connect
with the hypothalamus. Thus, it is also possible that the
decrease in the activity of ACC glutamatergic neurons, as
observed in our study, regulates emotional hypothalamic
behaviours by influencing the activity of thalamic neurons.
These cortico-thalamus-hypothalamic indirect routes seem
to involve pathways through both the rostral and dorsal
portions of the medial thalamic nucleus (Falconi-Sobrinho
et al., 2017; Singel et al., 1973).

In the present study, anti-aversive effects of intra-ACC
microinjections of LY235959 were also observed on anxiety-
related reactions. Alertness is a type of anticipatory beha-
vioural response commonly evoked in potential threat
situations (Blanchard and Blanchard, 1988; Coimbra et al.,
2017). This behaviour is distinct from panic attack-like
reactions, which are characterised by escape behaviour
when the threat is imminent (Mobbs et al., 2007; Almada
and Coimbra, 2015). When the distal threat is detected,
there is an increase in the activity of rostral ACC (rACC)
neurons, or more precisely, Brodmann areas 24 and 32,
which possibly reflects a more complex organisation of
avoidance strategies. Morphologically, these areas of the
ACC are connected to the amygdaloid complex, the PAG
(Mobbs et al., 2007) and the PH (Falconi-Sobrinho et al.,
2017), which are limbic structures known to be involved in
anxiety and fear (Davis, 1992; Graeff et al., 1993; Shekhar
et al., 1990). Our results point to a possible modulatory
cortical role of this type of anticipatory emotional response
once the blockade of NMDA receptors in the Cg1 attenuated
alertness events, elicited by GABAA receptor blockade in the
PH.

Previous research investigating the effects of mPFC
lesions or decreased activity on anxiety-related behaviour
has provided paradoxical results regarding different cortical
sub-regions. For example, lesions of the rat mPFC, including
the cingulum gyrus (ACC), prelimbic, and infralimbic cor-
texes, with ibotenic acid attenuate anxiety-like responses in
the elevated plus-maze (EPM) test, as rats increased their
percentage of open arm entries and spent more time in the
open arms (Shah and Treit, 2003). A similar effect was
observed in the open field test, after blockade of fibres of
passage in the Cg1 region of the ACC via local microinjection
of lidocaine, which reduced the frequency of alertness
(Falconi-Sobrinho et al., 2017). In addition, blockade of
NMDA receptors in the prelimbic cortex also decreased
alertness reactions (de Freitas et al., 2014). On the other
hand, the electrolytic lesions of both prelimbic and infra-
limbic cortexes were associated with enhanced anxiety,
given that rats spent less time in the centre of the circular
enclosure during the open field test and less time in the
open arms during the elevated plus maze test (Jinks and
McGregor, 1997). Thus, the literature remains inconclusive
regarding the true role of the limbic cortex in anxiety.
Nevertheless, the decrease in ACC activity, particularly in
the Cg1 region, appears to attenuate anxiety-like behaviour.

According to the results discussed above, intra-Cg1 infu-
sions of LY235959 promoted panicolytic- and anxiolytic-like
effects, considering that this NMDA receptor antagonist
reduced both alertness and escape behaviours, respectively,
elicited by microinjections of bicuculline into the PH.
Although NMDA receptor blockade in Cg1 with LY235959
seemed to induce U-shape dose-dependent response, regard-
ing hypothalamic defensive behaviours, especially those
related to anxiety, these findings did not reveal significant
differences among doses. This may be because the lower dose
used achieves a plateau, and therefore, increasing doses do
not change the rate of inhibition. However, the non-signifi-
cant tendency of the U-shape curve could be due to a non-
linear function in the top-down control of emotive behaviour,
as it has been shown for monoaminergic modulation of output
from other PFC regions in regulating executive function. In
fact, monoaminergic descending control of mPFC regions over
ascending modulatory systems have also been suggested to
control executive function, for example, top-down mPFC-
dorsal raphe nucleus (DRN) regulation of stress-induced
responses (for review, see Robbins and Arnsten, 2009). It
has been suggested that both prelimbic and infralimbic
cortexes when detecting a stressor can modulate the stress-
induced responses organised by limbic system-related struc-
tures through a reticular nuclei interface, such as the DRN,
inhibiting 5-hydroxytryptamine-related DRN activity (Amat
et al., 2005; Yamashita et al., 2017).

Additionally, we demonstrated that antinociceptive
responses follow defensive reactions induced by GABAergic
blockade in the PH. The inhibition of GABAergic neuro-
transmission in the PH activates descending inhibitory pain
pathways, which mediates fear-induced antinociceptive
responses, similarly to those displayed by threatened
rodents in dangerous situations (Coimbra et al., 2017).
Activation of these descending pathways elicits antinoci-
ception at the level of the DHSC by inhibiting the ascending
transmission of nociceptive information (Butler and Finn,
2009). Works published by our group suggest that the
descending pain inhibitory pathway that is recruited by
hypothalamic neurons can be mediated by regions of the
limbic cortex (de Freitas et al., 2013, 2014), including the
cingulate gyrus (Falconi-Sobrinho et al., 2017). Fear-
induced antinociception is a pain suppression response
considered as a crucial component of the instinctive defen-
sive behaviour (Bolles and Fanselow, 1980).

In the present study, our results clearly showed that
decreasing the activity of Cg1 glutamatergic neurons by
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local NMDA receptor blockade reduced unconditioned fear-
induced antinociception elicited by PH neurons. An imbal-
ance of glutamatergic neurotransmission is suspected to
play a role in fear-related antinociception (Butler and Finn,
2009; Falconi-Sobrinho et al., 2017; Zugaib et al., 2014).
In rodents, activation of glutamatergic neurotransmission in
the ACC promoted affective-motivational pronociception in
a model of peripheral noxious stimulus-induced vocalisation
(Zugaib et al., 2014). On the other hand, the decrease in
excitatory efferent activity on ACC neurons diminishes
anxiety/fear-induced antinociception organised by dience-
phalon (Falconi-Sobrinho et al., 2017), possibly due to the
decrease in emotional reactions elaborated by PH neuronal
networks as demonstrated here. In fact, although there are
studies showing dissociation between defensive behaviour
and innate fear-induced antinociception (Biagioni et al.,
2016; da Silva et al., 2015), according to our findings, PH
activation-induced panic-like behavioural responses and
unconditioned fear-induced antinociception neuronal sub-
strates seem to overlap.

We can argue that if Cg1 pretreatment with LY235959
attenuates fear-induced defensive behaviours, it is expected
that these rodents do not display an increased antinociceptive
response. In this sense, it is possible that the pronociceptive
effect of NMDA receptor inactivation in Cg1 can be assigned
to a reduction of defensive behaviour intensity and not to the
LY235959 pretreatment effect per se, as LY235959 micro-
injected into the Cg1 was not able to alter the baseline
nociceptive threshold in control rats.

In conclusion, the present findings suggest that NMDA-
signalling glutamatergic neuronal inputs to the ACC play a
critical modulatory role in both anxiety/panic attack-like
behaviours and unconditioned fear-induced antinociception
organised by PH neuronal networks.
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