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Abstract 
Microinjections of N-methyl- D -aspartic acid (NMDA) in the midbrain tectum structures produce 
panic attack-like defensive behaviours, followed by an antinociceptive response. It has been 
suggested that fear-related defensive responses organised by brainstem neurons can be modu- 
lated by 5-hydroxytryptamine (5-HT). However, there is a shortage of studies showing the role 
of dorsal raphe nucleus (DRN) 5-HT 2A receptors in the modulation of panic-like behaviour and 
fear-induced antinociception organised by the superior colliculus (SC). The purpose of this study 
was to investigate the participation of DRN 5-HT 2A receptors in the modulation of panic attack- 
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like behaviour and antinociception evoked by intra-SC injections of NMDA. In experiment I, the 
animals received microinjections of physiological saline or NMDA (6, 9 and 12 nmol) in the deep 
layers of the SC (dlSC). In experiment II, the most effective dose of NMDA (12 nmol) or vehicle 
was preceded by microinjections of vehicle or the 5-HT 2A receptor selective antagonist R-96544 
at different concentrations (0.5, 5 and 10 nM) in the DRN. Both proaversive and antinociceptive 
effects elicited by intra-dlSC injections of NMDA were attenuated by DRN pretreatment with 
R-96544. In addition, a morphological analysis showed that 5-HT 2A receptors are present in 
GABAergic interneurons in the DRN. Taken together, these findings suggest that DRN 5-HT 2A re- 
ceptors are critical for the modulation of both panic attack-like defensive behaviour organised 
by SC neurons and unconditioned fear-induced antinociception. A possible interaction between 
serotonergic inputs, GABAergic interneurons and serotonergic outputs from the DRN was also 
considered. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 
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. Introduction 

anic disorder is considered a subtype of the anxiety dis- 
rder spectrum, and it is characterised by unexpected and 
ecurrent episodes of intense fear accompanied by physi- 
logical alterations, such as tachycardia, hyperventilation 
nd increased blood pressure ( DSM-V-American Psychiatric 
ssociation, 2013; Craske and Stein, 2016; Roy-Byrne et al., 
006 ). To better understand the emotional alterations that 
haracterise the behavioural profile of individuals suffer- 
ng from panic disorder, animal models of fear have been 
sed ( Blanchard et al., 2001, 1988; Coimbra et al., 2017a,
; Paschoalin-Maurin et al., 2018 ). Studies have shown that
oth electrical and chemical stimulation of midbrain tectum 

tructures, such as the periaqueductal grey matter (PAG) 
 Coimbra et al., 2006; Eichenberger et al., 2002; Graeff et
l., 1986 ), the superior colliculus (SC) ( Coimbra et al., 2006;
a Silva et al., 2015; Eichenberger et al., 2002 ), and the in-
erior colliculus (IC) ( Castilho et al., 1999 ; da Silva Soares
t al., 2019 ), induce freezing and escape reactions that are
onsidered panic attack-like behaviours ( Blanchard et al., 
988; Calvo et al., 2019a; Coimbra et al., 2017a,b; Coimbra
t al., 2006; dos Anjos-Garcia et al., 2017; Falconi-Sobrinho 
t al., 2017a,b ). 
Both the SC and the IC are part of the midbrain tec-

um, and although closely related, these structures have 
mportant morphological and functional differences ( Mise, 
996 ). The corpora quadrigemina integrate sensorial and 
motional functions ( Castellan-Baldan et al., 2006; Coim- 
ra et al., 2006; Osaki et al., 2003 ). The SC is a dorsal
idbrain structure where visual, predatory, aversive and 
ntinociceptive information are integrated to initiate innate 
ear-related responses ( Coimbra et al., 2006; Coimbra and 
randão, 1993; Comoli et al., 2012, 2003 ). The IC acts pri-
arily as an auditory nucleus involved in integrating and 
outing not only sensory perceptions but also defensive be- 
aviours ( Calvo et al., 2019b; Castellan-Baldan et al., 2006 ).
he SC is an integrative sensorimotor structure that receives 
nputs from multiple sensory modalities and integrates them 

o control innate behaviours ( Drager and David Hubel, 1975; 
ingg et al., 2017 ). These characteristics suggest that the
eep strata of the SC seem to play an important role in
redatory hunting and innate defensive behaviours, such 
s escape ( De Franceschi et al., 2016; Eichenberger et al.,
002; Furigo et al., 2010 ). 
In addition, neurons situated in the deep layers of the
C (dlSC) have been suggested to be involved in adap-
ive defensive mechanisms related to pain control, such as 
ear-induced antinociception ( Coimbra et al., 1992; Coim- 
ra and Brandão, 1997 ; da Silva et al., 2015 ). Interest-
ngly, the unconditioned fear-induced adaptive hypoalgesic 
esponse can be observed in animals exposed to aversive 
onditions, such as those related to confrontation against a
atural predator ( Coimbra et al., 2017a ), and similar uncon-
itioned fear-induced antinociception can be elicited after 
he activation of both the SC ( Coimbra et al., 1992 ) and
he IC ( Castilho et al., 1999 ). Recently, da Silva Soares Jr.
2019) showed that intra-IC microinjections of NMDA in rats
roduce freezing and escape reactions, followed by uncon- 
itioned fear-induced antinociception that decreased after 
-hydroxytryptamine (5-HT) 2A receptor blockade in the dor- 
al raphe nucleus (DRN). 
Among the neurotransmitters that are involved in the pro-

essing of emotional responses, serotonin (or 5-HT) appears 
o play an important role in the regulation of defensive
esponses related to anxiety and fear ( Deakin and Graeff,
991; Graeff, 2003; Graeff et al., 1996 ). Serotonin is promi-
ently found in the DRN, a mesencephalic structure that has
een associated with the genesis and regulation of anxiety-
nd panic-like behaviours ( Biagioni et al., 2013; Spiacci et
l., 2012; Yamashita et al., 2017 ) and the mechanisms of
ain control ( Freitas et al., 2009; Kishi et al., 2006 ). DRN
ends serotonergic projections to the dlSC ( Graham, 1977;
anušonis et al., 1999; Villar et al., 1988; Waterhouse et al.,
986 ) and the IC, which seem to control the fear-related de-
ensive responses organised by dorsal midbrain neurons ( da
ilva Soares et al., 2019 ). 
Clinical and preclinical studies have demonstrated an 

mportant role for 5-HT 2A receptors in the pathogenesis 
f panic disorder ( De Oliveira Sergio et al., 2011; Inada
t al., 2003; Pobbe and Zangrossi, 2005 ). For instance, the
lockade of DRN 5-HT 2A receptors with R-96544, a potent
elective 5-HT 2A receptor antagonist ( Ogawa et al., 2002 ),
aused a reduction in either panic-like behaviours or fear-
nduced antinociception elicited by the chemical stimula- 
ion of the IC ( da Silva Soares et al., 2019 ). In addition, the
ncreasing nociceptive threshold that accompanies these 
nconditioned fear-related reactions was also depressed by 
-HT 2A receptor blockade in the DRN. This finding indicates
hat DRN 5-HT 2A receptors are involved in the processing 
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of panic-like reactions and fear-induced antinociception or-
ganised by IC neurons. However, it is not clear whether
DRN 5-HT 2A receptors modulate the defensive behaviour and
fear-induced antinociception organised by the dlSC. Thus,
the aim of the present study was to investigate the role
of 5-HT 2A receptors in panic-like defensive reactions and
fear-induced antinociception elicited by intra-dlSC microin-
jections of NMDA and to conduct the immunohistochemical
characterisation of GABA and 5-HT 2A receptor distribution
in DRN. 

2. Experimental procedures 

2.1. Animals 

Male Wistar rats ( Rattus norvegicus Rodentia, Muridae), 8–10 weeks
old, weighing 250–300 g ( N = 72, n = 6 per group) from the animal
facility of Ribeirão Preto Medical School of the University of São
Paulo (FMRP-USP) were used. The rats were housed at 4–5 animals
per cage with free access to water and food and maintained un-
der a light/dark cycle of 12/12 h (lights on from 7 am to 7 pm) and
at a constant room temperature of 24 °C ± 1 °C. The experiments
were performed in accordance with the recommendations of the
Commission of Ethics in Animal Experimentation of the FMRP-USP
(process 017/2016), which is in agreement with the ethical princi-
ples in animal research adopted by the Brazilian College of Animal
Experimentation (COBEA) and the National Council for Animal Ex-
perimentation Control (CONCEA). 

2.2. Stereotaxic surgery 

The animals underwent deep anaesthesia with ketamine at
92 mg/kg (Ketamine Agener, União Química Farmacêutica Na-
cional , São Paulo, Brazil) and xylazine at 9.2 mg/kg (Calmium,
União Química Farmacêutica Nacional , São Paulo, Brazil), and their
heads were fixed in a stereotaxic frame (David Kopf, Tujunga, CA,
USA). Stainless steel guide cannulae (outer diameter 0.6 mm, in-
ner diameter 0.4 mm) were implanted ipsilaterally in the DRN and
dlSC according to the following coordinates: DRN, anteroposterior
(AP): −7.80 mm; mediolateral (ML): ± 0.2 mm; dorsoventral (DV):
−5.4 mm and dlSC, AP: −6.96 mm; ML: −1.6 mm; DV: −3.6 mm, rel-
ative to bregma. The guide cannulae were fixed to the skull us-
ing acrylic resin and 1 stainless steel screw to protect the guide
cannula lumen from obstruction. At the end of the surgery, each
animal received an intramuscular injection of penicillin G benza-
thine (120,000 IU; 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). 

2.3. Drugs 

The N-methyl-D-aspartic acid receptor agonist (NMDA;
Sigma/Aldrich, St. Louis, USA ) at 6, 9 ( da Silva Soares et al.,
2019; Ullah et al., 2015 ) and 12 nmol ( da Silva Soares et al.,
2019 ) was dissolved in physiological saline (0.9% NaCl). The
selective 5-HT 2A receptor antagonist (2R,4R) −5-[2-[2-[2-(3-
methoxyphenyl)ethyl]phenoxy]ethyl] −1-methyl-3-pyrrolidinol 
hydrochloride (R-96544; Tocris Bioscience, Avonmouth, Bristol, UK)
at concentrations of 0.5, 5 and 10 nM ( da Silva Soares et al., 2019 )
was dissolved in 10% dimethyl sulfoxide and saline (0.9% NaCl). 

Aiming to avoid drug spreading toward the dorsolateral peri-
aqueductal grey matter and to the inferior colliculus, NMDA was
microinjected in the intermediate and deep strata of the superior
colliculus at Bregma varying from −6.72 mm to −7.20 mm, avoiding
reaching the superior colliculus at the level of the transition be-
tween cranial and caudal mesencephalon (from Bregma −7.56 mm
to −7.80 mm). In addition, microinjections of R-96544 were per-
fomed in the dorsal and ventral subnuclei of the dorsal raphe nu-
cleus (see Fig. 1 C), avoiding the proximity of ventrolateral columns
of the periaqueductal grey matter, the deep mesencephalon, and
the aqueductus Sylvii. Finally, previous evidence demonstrated that
the diffusion of chemical substances microinjected in the central
nervous system into the tissue surrounding the site of injection is
directly related to the volume administered ( Myers, 1966; Rout-
tenberg, 1972 ), and it has been suggested that 0.5 μL causes an
average spread of 1.04 mm, consistent with Myers (1966) . In this
sense, to chemically activate the dorsal midbrain and to blockade
DRN 5-HT 2A receptors of a rat, a droplet in the order of 0.5 μL
is approximately the largest volume that can be used if an action
of the drug is to be localised to that midbrain areas, according to
Myers (1966) . Thus, we assumed that volumes equivalent to 0.2 μL
(volume used in the present study) reach a safe spherical area to
justify the effect of the drug on the target structure (deep strata
of the superior colliculus and dorsal raphe nucleus). 

2.4. Psychopharmacological and morphological 
procedures 

A timeline of each procedure was provided in Fig. 1 . 

2.4.1. Experiment 1: effect of the chemical stimulation of the 
dlSC with the NMDA receptor agonist on defensive behaviour 
and fear-induced antinociception 
Five days after stereotaxic surgery, each animal was submitted
to three measures of control tail-flick latencies to determine the
baseline nociceptive threshold. Thereafter, independent groups of
rats were randomly assigned to receive microinjections of 6, 9 and
12 nmol/0.2 μL NMDA or vehicle (0.9% NaCl/0.2 μL) into the dlSC.
Microinjections were performed using a dental needle (0.3 mm OD)
that was 1 mm longer than the guide cannulae, aiming at the dlSC.
A polyethylene tube (PE-10) attached to a 5 μL syringe (Hamilton,
Reno, Nevada, USA) connected to an infusion pump (Stoelting, Kiel,
Wisconsin, USA) was used to inject the drug (a volume of 0.2 μL
over 15 s). To prevent reflux, the dental needle was left in place for
30 s after the end of each injection. After the intra-dlSC microin-
jection of NMDA, the behavioural responses were quantitatively
analysed for 10 min. To perform the behavioural test, a circular
arena (50 cm x 60 cm) with transparent acrylic was used, situated
in an illuminated experimental environment (617 lx at the circular
arena floor level). Following the behavioural tests, the nociceptive
thresholds were measured at 10-min intervals for 70 min. 

2.4.2. Experiment 2: effects of the 5-HT 2A receptor antagonist
R-96544 on the defensive behaviour and fear-induced 
antinociception elicited by the chemical stimulation of the dlSC 

After a postoperative period of five days, the baseline nociceptive
threshold of each animal was determined using the tail-flick test.
On the day of the experiment, each animal was pretreated with mi-
croinjections of 0.5, 5 and 10 nM R-96544 or vehicle into the DRN.
Ten minutes later, NMDA at 12 nmol/0.2 μL was microinjected into
the dlSC. The microinjection procedure was similar to that used in
the previous experiment. After the administration of NMDA into the
dlSC, the defensive responses displayed by the rats in the circular
arena were quantitatively analysed for 10 min, and immediately af-
ter the behavioural tests, the tail-flick withdrawal latencies were
measured at 10-min intervals for 70 min. 

2.4.3. Behavioural analysis 
Behavioural responses were recorded for 10 min using a video cam-
era (Handycam, Sony Corporation, Osaki, Shinagawa-ku, Tokyo,
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Fig. 1 Timeline of each procedure performed in the present work. 
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apan). The behavioural tests were performed in a circular arena
ith transparent acrylic walls. The floor of the circular arena was
ivided into twelve equal sections used to count crossings. Be-
avioural defensive reactions were quantified by measuring the 
umber and duration of freezing behaviour, which is characterised 
y defensive immobility for at least 6 s, followed by a visible au-
onomic reaction, such as defecation, exophthalmia and/or mic- 
urition ( Falconi-Sobrinho and Coimbra, 2018 ). An escape response
as defined as running interspersed with jumping and quantified 
y measuring the number and duration of escape events ( Biagioni
t al., 2016, 2013 ). In addition, the number of crossings, charac-
erised as 4 paws within a given division of the floor of the circular
rena, was used as a quantitative measure of exploratory behaviour
 da Silva et al., 2015 ). The researcher who performed the experi-
ents was the same who analysed the behavioural data. 

.4.4. Nociceptive testing 
he nociception thresholds of the rats were compared using the
ail-flick test. Each animal was placed in a restraining apparatus
Insight, Ribeirão Preto, Brazil) with acrylic walls, and its tail was
laced on a heating coil (tail-flick Analgesia Instrument; FMRP-USP 
recision Workshop, Ribeirão Preto, Brazil). The amount of heat ap-
lied to the tail was increased until the animal removed its tail from
he apparatus. The coil (Ni/Cr alloy; 26.04 cm in length × 0.02 cm
n diameter) was initially maintained at room temperature (approx- 
mately 20 °C), and then current was applied to increase the tem-
erature of the coil at a rate of 9 °C/s ( Falconi-Sobrinho et al.,
017a,b ). If necessary, small adjustments were made to the inten-
ity of the current at the beginning of the experiment to obtain
hree consecutive tail-flick latencies (TFL) between 2.5 and 3.5 s.
f the animal did not remove its tail from the heater within 6 s,
hen the apparatus was turned off to prevent damage to the skin.
hree baseline measurements of control TFL were taken at 5-min
ntervals. TFL was also measured every 10 min for 70 min (t0, t10,
20, t30, t40, t50, t60, and t70) immediately after the end of the
efensive behaviour assay. 

.4.5. Experiment 3: morphological localisation of 5-HT 2A 
eceptors and GABAergic neurons in the DRN 

he immunofluorescence technique was performed as described 
lsewhere ( Almada et al., 2015 ). Briefly, slices of mice encephalon
ere incubated in 0.1 M sodium phosphate buffer (LabSynth, Di-
dema, São Paulo, Brazil; pH 7.2) overnight. The next day, anti-
en retrieval with 10 M sodium citrate (pH 6.0) was performed for

0 min in a water bath at 40 °C. The sections were washed three d  
imes with 0.1 M sodium phosphate buffer for 5 min each and 0.1 M
lycine (Sigma-Aldrich) for 30 min. The sections were incubated
ith image-IT (Life Technologies, Carlsbad, CA, USA) for 1 h and si-
ultaneously incubated with the following primary antibodies: rab- 
it anti-5-HT 2A receptor IgG (1:200 dilution, Abcam Plc, Cambridge,
K), and mouse anti-GABA IgG (1:200 dilution, Sigma-Aldrich). Neu-
al tissue sections were washed three times for 5 min each, simulta-
eously incubated with secondary antibodies (Alexa Fluor 488 goat
nti-rabbit IgG 1:500 and Alexa Fluor 568 goat anti-mouse IgG, Invit-
ogen, Carlsbad, CA, USA) for 120 min in the dark, and washed again
hree more times. Finally, the slides were coverslipped with Prolong
ith DAPI (Life Technologies), and histological sections were anal-
sed by motorised microscopy (AxioImager Z1 with APOTOME, Zeiss,
berkochen, Germany). 

.5. Histology 

pon completion of the experiments, each animal was anaes-
hetised with ketamine at 92 mg/kg (Ketamina ®) and xylazine at
.2 mg/kg (Dopaser ®) and perfused through the left cardiac ven-
ricle using an infusion pump (Master Flex® L/S TM, Vernon Hills,
L, USA). The animal was then perfused with paraformaldehyde in
.1 M sodium phosphate buffer (pH 7.3) for 15 min. The encephalon
as quickly removed and maintained in 4% paraformaldehyde for
t least 4 h and was then immersed in a 10% and 20% sucrose so-
ution for 12 h in each solution. Tissue pieces were immersed in
-methylbutane (Sigma-Aldrich), frozen on dry ice (30 min), embed-
ed in Tissue-Tek, and cut on a cryostat (CM 1950, Leica, Mannheim,
ermany). The slices were then mounted on glass slides coated
ith chrome alum gelatine to prevent detachment and stained in a
obotic autostainer (CV 5030 Leica Autostainer) with haematoxylin-
osin. The sections were viewed under a motorised photomicro-
cope (AxioImager Z1, Zeiss), and the positions of the tips of
he guide cannulae were localised according to stereotaxic atlas
 Paxinos and Watson, 2007 ). The data from rats with guide can-
ulae tips located outside of their target regions (SC and/or DRN)
ere not included in the statistical analysis. 

.6. Statistical analysis 

ll statistical analyses were performed using GraphPad Prism 

GraphPad Software Inc., California, USA). The data from indepen-
ent groups were subjected to the Shapiro–Wilk test of normality
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Fig. 2 A: Diagrammatic representation of transverse sections of the rat midbrain showing histologically confirmed sites of microin- 
jections of the following drugs: (A) NMDA at ( �) 6 nmol/0.2 μL, ( � ) 9 nmol/0.2 μL, ( ●) 12 nmol/0.2 μL or vehicle ( ◦) into the deep 
layers of the superior colliculus (dlSC). (B) vehicle into the dorsal raphe nucleus (DRN) + NMDA at ( ●) 12 nmol/0.2 μL in the dlSC, 
R-96544 at ( ♦ ) 0.5 nM/0.2 μL, ( �) 5 nM/0.2 μL, or ( � ) 10 nM/0.2 μL in the DRN + NMDA at 12 nmol/0.2 μL in the dlSC, ( ◦) vehicle in 
the DRN + vehicle in the dlSC, R-96544 at ( ♦) 0.5 nM/0.2 μL, ( �) 10 nM/0.2 μL, and ( �) 10 nmol/0.2 μL in the DRN + vehicle in the 
dlSC. (C) Histologically confirmed sites of the microinjection of drugs in the DRN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and analysed by a parametric test since the data fit within Gaus-
sian distributions and the variances between groups were homoge-
neous for more than 50% of the data. One-way analysis of variance
(one-way ANOVA), followed by Tukey’s post hoc tests was used to
analyse the behavioural studies in experiment 1. Two-way analysis
of variance (two-way ANOVA), followed by Tukey’s post hoc tests
was used to analyse the behavioural studies in experiment 2. Two-
way repeated measures analysis of variance (two-way RM-ANOVA),
followed by Tukey’s multiple comparison test was used to analyse
the tail-flick latencies in both experiments. In all cases, the data
are expressed as the means ± S .E.M. In all cases, p < 0.05 was
considered statistically significant. 

3. Results 

3.1. Experiment 1: microinjections of NMDA into 

the dlSC elicited defensive behaviour and 

fear-induced antinociception 

Histologically confirmed sites of NMDA (6, 9 and 12 nmol)
or vehicle microinjections into the dlSC are shown as
schematic drawings of transverse sections in Fig. 2 A. 

3.1.1. Defensive behaviour 
According to one-way ANOVA, followed by Tukey’s post
hoc test, there was a significant effect of treatment on
the frequency [ F (3,20 ) = 15.98; p < 0.001] and duration
[ F (3,20 ) = 4.808; p < 0.05] of freezing. Intra-dlSC treatment
with NMDA at 6, 9 and 12 nmol elicited a dose-dependent re-
sponse in the frequency ( p < 0.01, p < 0.001 and p < 0.01,
respectively) and duration (Tukey’s post hoc test; p < 0.05)
of freezing behaviour ( Fig. 3 A and B). 

Regarding escape behaviour, which was characterised
by running interspersed with jumps reactions, there
was a significant effect of treatment on the frequency
[ F (3,20 ) = 3.895; p < 0.05] but not the duration
[ F (1568, 7841) = 3.778; p > 0.05], according to one-way ANOVA.
Only the highest dose (12 nmol) of NMDA microinjected into
the dlSC showed a significantly different effect from that in
the vehicle-control group on the frequency ( p < 0.05) of es-
cape behaviour, according to Tukey’s post hoc test ( Fig. 3 C
and D). In addition, according to one-way ANOVA, there
was no significant effect of treatment on the frequency
[ F (3,20) = 2.203; p > 0.05] of crossings (Tukey’s post hoc test;
p < 0.05) ( Fig. 3 E). 

3.1.2. Fear-induced antinociception 

The activation of dlSC neurons with NMDA at all doses
evoked unconditioned fear-induced antinociception in ro-
dents. According to two-way RM-ANOVA, there were sta-
tistically significant effects of treatment [ F (3,20) = 3.767;
p < 0.05], time [ F (8160) = 42.42; p < 0.001], and a treat-
ment versus time interaction [ F (24,160) = 3.938; p < 0.001].
The group of rats that received intra-dlSC microinjections
of NMDA at the highest dose (12 nmol) showed antinocicep-
tion at zero to 20 min after the demonstration of panic-like
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Fig. 3 Effect of central microinjections of NMDA (6, 9 and 12 nmol/0.2 μL) or vehicle (NaCl 0.9%; 0.2 μL) into the superior colliculus 
(SC) on the frequency (number of behavioural events; A, C and E) and duration (B and D) of freezing (A and B), escape (C and D) and 
crossings (E); n = 6 per group. The columns represent the means, and the bars represent the standard error of the mean; ∗p < 0.05 
compared with the vehicle (veh)-treated control group (according to one-way ANOVA followed by Tukey’s post hoc test). (F) Effect 
of the central microinjection of NMDA (6, 9 and 12 nmol/0.2 μL) or vehicle (NaCl 0.9%; 0.2 μL) into the SC on tail-flick latencies. 
Antinociception caused by defensive behaviour was recorded using the tail-flick test; n = 6 per group. Data are presented as the 
means ± standard error of the mean; ∗p < 0.05 compared with the vehicle (veh)-treated control group, according to two-way 
RM-ANOVA, followed by Tukey’s multiple comparison tests. 
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defensive behaviours, while the rodents receiving NMDA at
the intermediate dose (9 nmol) and the lowest dose (6 nmol)
showed an increase in tail withdrawal latency at zero to
10 min and immediately after escape (time zero), respec-
tively, when compared to the vehicle-control group (Tukey’s
post hoc tests; p < 0.05 in all cases) ( Fig. 3 F). 

3.2. Experiment 2: blockade of the 5-HT 2A 
receptor in the DRN promoted a decrease in the 

defensive behaviour and fear-induced 

antinociception organised by dlSC neurons 

Histologically confirmed sites of R-96544 (0.5, 5 and 10 nM)
or vehicle microinjections into the DRN and NMDA (12 nmol)
or vehicle microinjections into intra-dlSC are shown as
schematic drawings of midbrain transverse sections in
Fig. 2 B and C. 

3.2.1. Defensive behaviour 
According to two-way ANOVA, there was a statistically sig-
nificant effect of the DRN [ F (3.40) = 35.71; p < 0.001] and
dlSC [ F (1.40) = 78.35; p < 0.001] treatments and of the in-
teraction between these factors [ F (3.40) = 35.71; p < 0.001]
regarding the incidence (number) of freezing. Similar to
the first set of experiments, according to two-way ANOVA,
the dlSC treatment with NMDA at 12 nmol evoked freez-
ing, which was statistically expressed by the increased fre-
quency ( p < 0.001) and duration ( p < 0.001) of freezing
behaviour compared with the control group. Pretreatment
of the DRN with R-96544 at different concentrations (0.5,
5 and 10 nM) decreased both the number (Tukey’s post hoc
test; p < 0.001 in all cases) and duration (Tukey’s post hoc
test; p < 0.001 in all cases) of freezing behaviours evoked
by NMDA microinjections into the dlSC. Intra-DRN treatment
with R-96544 at different concentrations, followed by the
administration of physiological saline into the dlSC had no
effect on the frequency and duration (Tukey’s post hoc test;
p > 0.05 in both cases) of freezing compared with the con-
trol group, as shown in Fig. 4 A and B. 

Regarding escape behaviour, according to two-way
ANOVA, there was a statistically significant effect of the
DRN [ F (3.40) = 3.946; p < 0.05] and dlSC [ F (1.40 ) = 22.04;
p < 0.001] treatments and of the interaction between these
factors [ F (3.40 ) = 3.946; p < 0.05]. Compared with the vehi-
cle + vehicle-treated control group, intra-dlSC microinjec-
tions of NMDA elicited a greater number and longer duration
of escape (Tukey’s post hoc test; p < 0.001 in both cases).
Pretreatment of the DRN with R-96544 at higher concen-
trations (5 and 10 nM) significantly decreased the frequency
(Tukey’s post hoc test; p < 0.01 in both cases) and duration
(Tukey’s post hoc test; p < 0.05 in both cases) of escape be-
haviour, while the lower concentration of R-96544 was able
to decrease only the duration of escape (Tukey’s post hoc
test; p < 0.05), as shown in Fig. 4 C and D. 

Compared with the control group, the pretreatment of
the DRN with R-96544 at 0.5, 5 and 10 nM per se showed
no intrinsic effect on either freezing or escape behaviours
(Tukey’s post hoc test; p > 0.05 in all cases) ( Fig. 4 A and D).

Regarding the motor behaviour of crossing displayed by
rodents during the exploratory behaviour, according to two-
way ANOVA, there was a statistically significant effect of
dlSC [ F (1.40) = 6.791; p < 0.05] but not DRN [ F (3.40 ) = 1.482;
p > 0.05] treatments, and there was no effect of the in-
teraction between these factors [ F (3.40) = 2.814; p > 0.05].
The group of rats that received intra-dlSC microinjections
of NMDA, followed by the administration of vehicle in the
DRN did not exhibited more crossing (Tukey’s post hoc test;
p > 0.05) than did the control group during the exploratory
behaviour. Compared with vehicle + NMDA treatment, pre-
treatment of the DRN with R-96544 at different concentra-
tions (0.5, 5 and 10 nM) was not able to decrease the fre-
quency of exploratory behaviour-related crossings (Tukey’s
post hoc test; p > 0.05 in all cases) ( Fig. 4 E). 

3.2.2. Fear-induced antinociception 

Similar to the first experiment, the panic-like defensive be-
haviour elicited by treatment of the dlSC with NMDA was fol-
lowed by an antinociceptive response. In addition, pretreat-
ment of the DRN with R-96544 significantly decreased the
unconditioned fear-related adaptive hypoalgesic response.
According to two-way RM-ANOVA, there were statistically
significant effects of treatment [ F (7,40) = 28.3, p < 0.001],
time [ F (8320 ) = 35.1, p < 0.001] and interaction between
treatment versus time [ F (56,320 ) = 14.9, p < 0.001]. Com-
pared with the control group, the activation of neurons
localised in the dlSC by local microinjections of NMDA
preceded by vehicle administered into the DRN increased
the tail-flick latencies during the first 40 min after the
panic-like defensive behaviour (Tukey’s multiple compari-
son test; p < 0.001). Compared with the vehicle + NMDA-
treated group and the R-96544 at 0.5 nM + NMDA-treated
group (Tukey’s post hoc test; p < 0.001 in both cases), intra-
DRN pretreatment with R-96544 at 5 and 10 nM decreased
unconditioned fear-induced antinociception, as shown in
Fig. 4 F. 

The rodents receiving intra-DRN microinjections of R-
96544, followed by vehicle administration in the dlSC, dis-
played no evidence of an intrinsic effect of the intra-
mesencephalic treatment on tail-flick latencies (Tukey’s
post hoc test; p > 0.05), as shown in Fig. 5 F. 

3.3. Experiment 3: 5-HT 2A receptors are located 

on presynaptic GABAergic neurons in the DRN 

We found 5-HT 2A receptor labelling localised on the
perikaryon of GABAergic cells in both the DRD (dorsal sub-
region) and WRD (lateral wing sub-region) divisions of the
DRN, suggesting that 5-HT 2A receptors are postsynaptically
located on GABAergic neurons in the DRN, potentially act-
ing in the modulation of GABAergic neural firing ( Fig. 5 ).
Interestingly, GABA labelling was identified in both cellular
bodies and in neuronal fibres as puncta surrounding GABAer-
gic perikarya in both the DRD ( Fig. 5 B) and WRD divisions
( Fig. 5 F), with a predominant distribution of fibres situated
in the dorsal raphe lateral wing region. The specificity of the
antibodies used in the present work has been demonstrated
elsewhere ( Wei et al., 2010; Zhang et al., 2016 ). 

4. Discussion 

The present findings demonstrate that the chemical stim-
ulation of dlSC neurons with NMDA elicited freezing and
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Fig. 4 Effect of the central microinjection of R-96544 (0.5, 5 and 10 nM/0.2 μL) or vehicle (10% DMSO) into the dorsal raphe 
nucleus (DRN) on the frequency (number of behavioural events; A, C and E) and duration (B and D) of freezing (A and B), escape 
(C and D) and crossings (E) evoked by a microinjection of NMDA at 12 nmol/0.2 μL or vehicle (NaCl 0.9%;0.2 μL) into the superior 
colliculus (SC); n = 6 per group. The columns represent the means, and the bars represent the standard error of the mean; ∗p < 0.05 
compared with the vehicle (veh)-veh-treated control group; # p < 0.05 compared with the veh-NMDA-treated group (according to 
two-way ANOVA followed by Tukey’s post hoc test). (F) Effect of the central microinjections of R-96544 (0.5, 5 and 10 nM/0.2 μL) 
or vehicle (10% DMSO) into the DRN followed by a microinjection of NMDA at 12 nmol/0.2 μL or vehicle (NaCl 0.9%; 0.2 μL) into the 
SC on unconditioned fear-induced antinociception. Antinociception caused by defensive behaviour was recorded using the tail-flick 
test; n = 6 per group. The data are presented as the means ± standard error of the mean; ∗p < 0.05 compared with the vehicle 
(veh)/veh-treated control group; # p < 0.05 compared with the veh/NMDA-treated group; + p < 0.05 compared with the R-96544 at 
0.5 nM/0.2 μL (0.5 nM)/NMDA-treated group, according to two-way RM-ANOVA, followed by Tukey’s multiple comparison test. 
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Fig. 5 Photomicrographs of transverse sections of the dorsal (DRD) and lateral wings (WRD) of the dorsal raphe nucleus (DRN), 
showing immunohistochemically labelled gamma-aminobutyric acid (GABA)- and 5-hydroxytryptamine (5-HT) 2A receptor-containing 
fibres and perikarya. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

escape defensive reactions, followed by an increase in the
nociceptive threshold. We demonstrated that the block-
ade of 5-HT 2A receptors in the DRN significantly reduced
both defensive reactions and unconditioned fear-induced
antinociception evoked by microinjections of NMDA into the
dlSC. Our results confirm and provide new evidence regard-
ing the serotonergic modulation of instinctive fear-related
defensive behavioural and antinociceptive responses organ-
ised by midbrain tectum neurons. 

Several laboratory animal-based studies have shown that
intense fear is capable of inducing an adaptive antinoci-
ceptive response ( Coimbra et al., 2017a, b, 2006; Coim-
bra and Brandão, 1993; Falconi-Sobrinho et al., 2017;
Fanselow, 1986 ). Here, we observed that increasing doses
of NMDA microinjected into the dlSC promoted an intense
defensive behavioural reaction that was accompanied by
an expressive antinociceptive response. Rats treated with
NMDA at the highest dose (12 nmol) in the dlSC exhib-
ited freezing and vigorous escape behaviour that was fol-
lowed by an increase in the nociceptive threshold up to
20 min after the end of the panic attack-like behaviours.
Interestingly, our findings demonstrated that the defensive
behavioural patterns exhibited by rodents that received
intra-SC microinjections of NMDA at higher doses were simi-
lar to the fearful behavioural reactions triggered by animals
that received the same doses of NMDA in the IC ( da Silva
Soares et al., 2019 ). However, the animals that received
NMDA in the IC showed a longer duration of antinociception,
recorded at 40 min after the end of the defensive escape
behaviour. 

Furthermore, the increased activity of SC excitatory neu-
rons by local chemical stimulation with NMDA promotes
proaversive effects similar to those exhibited by rodents
subjected to electrical stimulation in mesencephalic struc-
tures ( Castilho and Brandão, 2001; Coimbra et al., 2006,
1992; Nashold et al., 1969 ). For instance, Coimbra and
Brandão (1997) demonstrated that electrical stimulation in
both the dlSC and PAG provoked vigorous defensive reac-
tions expressed by freezing, running, and increased noci-
ceptive thresholds. Both panic-like behaviour and uncondi-
tioned fear-induced antinociception consist of evolutionar-
ily preserved defensive responses triggered to promote the
survival of animals when they are exposed to dangerous sit-
uations ( Blanchard et al., 2013; Coimbra et al., 2017a, b;
Lojowska et al., 2015 ). Almada et al. (2015) showed that
rodents confronted with snakes display panic-like defensive
reactions. Interestingly, a recent study by Coimbra et al.
(2017a) demonstrated that rats confronted with venomous
snakes showed an increase in the nociceptive threshold af-
ter they displayed defensive behaviours. At least some of
the defensive hypoalgesia displayed by rats in threatening
situations such as those ( Coimbra et al., 2017a ), seem to
be at least partially organised by dorsal midbrain struc-
tures ( Coimbra et al., 2006, 1992; Coimbra and Brandão,
1997 ) and the pain endogenous modulatory system neural
network, such as the gigantocellularis/paragigantocellularis
pars alpha reticular nuclei, the nucleus raphe magnus ( de
Oliveira et al., 2017 ) and the DRN ( da Silva Soares et al.,
2019 ), which is associated with the dlSC and dlPAG ( Coimbra
et al., 2006 ). 

Interestingly, intra-DRN microinjections of the 5-HT 2A re-
ceptor selective antagonist R-96544 also attenuated the
panic-like defensive behaviour organised by the dlSC.
The 5-HT 2A receptor is a Gq-coupled heteroreceptor that
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Fig. 6 Schematic diagram suggesting the modulatory role of GABAergic interneurons activity via 5-hydroxytryptamine (5-HT) 2A 
receptors, showing an interaction between the GABAergic inhibitory neurons (red) and dorsal raphe nucleus (DRN) efferent connex- 
ions (blue) within the deep layers of the superior colliculus (dlSC) and the central nucleus (CIC) and external cortex (ECIC) of the 
inferior colliculus. The schematic parasagittal section of the rat brain is a modified drawing from Paxinos and Watson’s rat brain in 
stereotaxic coordinates atlas (2007). 
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egulates the synthesis and/or release of mediators other 
han its own ligands ( Barnes and Sharp, 1999 ). The morpho-
ogical approaches performed in the present study demon- 
trated an overlapping of GABAergic neurons and 5-HT 2A re- 
eptors in both the DRD and WRD, suggesting that DRN 5-
T 2A receptors are postsynaptically localised on GABAergic 
euronal perikarya, although GABA-labelling was found on 
oth neurites and neuronal bodies in the DRN. In addition,
here is evidence that the DRN sends 5-HT projections to
he other regions of the midbrain tectum, such as the SC
 Edwards et al., 1990; Vertes, 1991; Villar et al., 1988 ).
onsidering that the blockade of 5-HT 2A receptors by local 
njections of R-96544 decreases the activity of GABAergic 
nterneurons that would inhibit serotonergic projections to 
he midbrain tectum, we can argue that the increased ac- 
ivity of DRN-SC serotoninergic ascending pathways, possi- 
ly those from the DRN lateral wings ( Villar et al., 1988 ), by
ocal GABAergic disinhibition, attenuated the freezing and 
scape behaviours organised by the SC ( Fig. 6 ). 
Antiaversive effects in other regions of the mesen- 

ephalon, such as the dPAG, promoted by local 5-HT re-
ease due to the increased activity of 5-HT pathways from
he DRN, has also been reported elsewhere ( Pobbe and Zan-
rossi, 2005 ). These authors showed that the blockade of
he 5-HT 1A receptor in the DRN by local injections of the
-HT 1A receptor antagonist WAY-100635 impairs the escape 
eactions triggered by rats in the elevated T-maze test. In 
ddition, the panicolytic-like effect promoted by intra-DRN 

reatment with WAY-100635 was abolished by pretreatment 
f the dPAG with ketanserin, a 5-HT 2A/2C receptor preferen- 
ial antagonist. Notably, 5-HT 1A is an autoreceptor responsi- 
le for the inhibitory effects of adenylate cyclase intracellu- 
ar neurochemical mechanisms. This increase in serotoner- 
ic activity has been suggested to promote panicolytic-like 
ffects ( Graeff, 2003 ). 
Taken together, these data reinforce the hypothesis that 

he increased activity of DRN-collicular 5-HT ascending 
athways attenuates panic-like reactions in laboratory rats. 
oreover, the activity of serotonergic neurons from the DRN
eems to be recruited by either the activation of 5-HT 2A re-
eptors or the inhibition of 5-HT 1A receptors in the DRN.
e also demonstrated that the antinociceptive response fol- 

owing defensive reactions provoked by intra-dlSC injections 
f NMDA was also impaired by 5-HT 2A receptor blockade in
he DRN. Considering that the increase in the nociceptive
hreshold is related to the stressor context (i.e., uncondi-
ioned fear), we can argue that if the treatment of the DRN
ith R-96544 diminishes dlSC-mediated panic-like defensive 
ehaviours, then it is expected that these animals do not
xhibit a robust antinociceptive response. However, recent 
vidence for the dissociation between mechanisms involv- 
ng defensive behaviour and fear-induced antinociception 
as previously been reported ( da Silva et al., 2015 ). These
uthors suggested that the activation of the CB 1 receptor
y injections of cannabidiol (CBD) into the substantia nigra
ars reticulata attenuates panic-like behaviours but does 
ot alter the unconditioned fear-induced antinociception 
rovoked by the GABAergic disinhibition of dlSC neurons. 
n addition, studies have suggested that the panicolytic- 
ike effects promoted by CBD microinjected into the dor-
al mesencephalon, such as the PAG, depend on the ac-
ivation of local 5-HT 1A ( De Paula Soares et al., 2010 ),
 receptor that when blocked in the medial hypothala-
us attenuates a fear-induced antinociceptive response 
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( Biagioni et al., 2016 b). Interestingly, Coimbra and Brandão
(1997) demonstrated that the blockade of 5-HT 2A/2c recep-
tors by intra-mesencephalic microinjections of ketanserin
impaired the unconditioned fear-induced antinociception
provoked by electrical stimulation of the midbrain tectum
without causing any significant changes in freezing and es-
cape thresholds. 

Clinical studies suggest the 5HT 2A receptor as an impor-
tant target for the better understanding of the neurophar-
macological bases of panic syndrome and its treatment. In-
ada and co-workers (2003) investigated the association of
panic syndrome with HT 1A , HT 2A and HT 2C DNA markers in
biologically unrelated patients with panic disorder. Polymor-
phisms of the HT 1A , HT 2A and HT 2C genes were determined
using polymerase chain reaction and analysis of restriction
fragment-length polymorphisms. These authors showed a
positive association between panic syndrome and the HT 2A 
gene, suggesting that the HT 2A receptor plays a relevant role
in the pathogenesis of panic syndrome. The present work
has a considerable translational value when reinforces the
idea that the 5-HT 2A receptor consists in a putative phar-
macological target for the treatment of panic disorder. Fur-
ther investigations can deeper investigate the role played
by the connexions between the DRN and other structures of
the brain aversion system elucidating the relevance of DRN
5-HT 2A receptors in the modulation of panic attacks in hu-
mans. 

In conclusion, our findings demonstrate that the block-
ade of DRN 5-HT 2A receptors decreased both panic attack-
like defensive behaviour and unconditioned fear-induced
antinociception organised by the dlSC, possibly by activat-
ing ascending pathways from the DRN to the dlSC. 

CRediT authorship contribution statement 

Raimundo da Silva Soares Jr.: Investigation, Formal
analysis, Writing - original draft, Validation. Luiz Luciano
Falconi-Sobrinho: Investigation, Formal analysis, Writing -
original draft, Validation. Rafael Carvalho Almada: Writ-
ing - review & editing, Validation. Norberto Cysne Coim-
bra: Conceptualization, Investigation, Funding acquisition,
Project administration, Supervision, Writing - original draft,
Validation. 

Acknowledgements 

R da Silva-Soares Jr. was supported by CAPES (M. Sc . fellow-
ship process PROEX0053040). R.C. Almada was a postdoc-
toral researcher supported by FAPESP (grant 2012/03798–
0) and CAPES (grant PNPD-20131680-33002029012P3). N.C.
Coimbra was awarded a research fellowship (level 1A) from
the CNPq (grants 301905/2010–0 and 301341/2015–0). The
authors are grateful to D.H. Elias-Filho for providing ex-
pert technical assistance. D.H. Elias-Filho received a tech-
nician scholarship from FAPESP (TT-2, process 02/01497–1)
and was the recipient of scholarships sponsored by the CNPq
(processes 501858/2005–9, 500896/2008–9, 505461/2010–2,
and 372838/2018–9) and the FAEPA (grants 345/2009 and
185/2010). 
Role of funding source 

This study was supported by the Conselho Nacional de
Pesquisa e Desenvolvimento Tecnológico (CNPq) (grants
483763/2010–1, 474853/2013–6, and 427397/2018–9), Fun-
dação de Apoio ao Ensino, Pesquisa e Assistência do HC-
FMRP-USP (FAEPA) (grants 1291/1997, 355/2000, 68/2001,
and 15/2003) and the Fundação de Amparo à Pesquisa
do Estado de São Paulo (FAPESP) (grants 1995/3604–4,
1995/8418–4, 2007/01174–1, and 2012/03798–0). 

Declaration of Competing of interest 

The authors declare that they have no conflicts of interest
with respect to the research presented herein. 

References 

Almada, R.C. , Roncon, C.M. , Elias-Filho, D.H. , Coimbra, N.C. , 2015.
Endocannabinoid signaling mechanisms in the substantia nigra
pars reticulata modulate GABAergic nigrotectal pathways in
mice threatened by urutu-cruzeiro venomous pit viper. Neuro-
science 303, 503–514 . 

Diagnostic and Statistical Manual of Mental Disorders (fifth ed),
American Psychiatric Association, Arlington, VA (2013). 

Barnes, N.M. , Sharp, T. , 1999. A review of central 5-HT receptors
and their function. Neuropharmacology 38, 1083–1152 . 

Biagioni, A. , de Oliveira, R.C. , de Oliveira, R. , da Silva, J.A. , dos
Anjos-Garcia, T. , Roncon, C.M. , Corrado, A.P. , Zangrossi Jr., H. ,
Coimbra, N.C. , 2016. 5-Hydroxytryptamine 1A receptors in
the dorsomedial hypothalamus connected to dorsal raphe nu-
cleus inputs modulate defensive behaviours and mediate innate
fear-induced antinociception. Eur. Neuropsychopharmacol. 26,
532–545 . 

Biagioni, A.F. , de Freitas, R.L. , da Silva, J.A. , de Oliveira, R.C. , de
Oliveira, R. , Alves, V.M. , Coimbra, N. , 2013. Serotonergic neu-
ral links from the dorsal raphe nucleus modulate defensive be-
haviours organised by the dorsomedial hypothalamus and the
elaboration of fear-induced antinociception via locus coeruleus
pathways. Neuropharmacology 67, 379–394 . 

Blanchard, C. , Griebel, G. , Blanchard, R. , 2001. Mouse defensive
behaviours: pharmacological and behavioural assays for anxiety
and panic. Neurosci. Biobehav. Rev. 25, 205–218 . 

Blanchard, D.C. , Blanchard, R.J. , Blanchard, D.C. , Blanchard, R. ,
1988. Ethoexperimental approaches to the biology of emotion.
Annu. Rev. Psychol. 39, 43–68 . 

Blanchard, D.C. , Summers, C.H. , Blanchard, R.J. , 2013. The role of
behavior in translational models for psychopathology: function-
ality and dysfunctional behaviors. Neurosci. Biobehav. Rev. 37,
1567–1577 . 

Calvo, F. , Almada, R.C. , dos Anjos-Garcia, T. , Falconi-So-
brinho, L.L. , Paschoalin-Maurin, T. , Bazaglia-de-Sousa, G. ,
Medeiros, P. , da Silva, J.A. , Lobão-Soares, B. , Coimbra, N.C. ,
2019a. Lobão-Soares, B., Coimbra, N.C., 2019a. Panicolytic-like
effect of μ1 -opioid receptor blockade in the inferior colliculus
of prey threatened by Crotalus durissus terrificus pit vipers. J.
Psychopharmacol 33, 577–588 . 

Calvo, F. , Lobão-Soares, B. , de Freitas, R.L. , Paschoalin-Maurin, T. ,
dos Anjos-Garcia, T. , Medeiros, P. , da Silva, J.A. , Lovick, T.A. ,
Coimbra, N.C. , 2019b. The endogenous opioid system modulates
defensive behavior evoked by Crotalus durissus terrificus : pan-
icolytic-like effect of intracollicular non-selective opioid recep-
tors blockade. J. Psychopharmacol 33, 51–61 . 

Castellan-Baldan, L. , da Costa Kawasaki, M. , Ribeiro, S.J. ,
Calvo, F. , Corrêa, V.M.A. , Coimbra, N.C. , 2006. Topographic and

http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0001
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0002
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0003
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0004
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0005
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0006
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0007
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0007
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0007
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0007
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0008h
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009


DRN 5-HT 2A receptor modulates panic-like behaviours and antinociceptive responses 869 

 

C  

C

C  

 

C

C  

 

C  

 

 

 

C  

 

C  

C  

 

C  

 

C
d  

 

 

d  

 

d  

 

d  

 

d  

 

 

D  

d  

D  

E  

E  

 

 

 

 

 

F  

 

F  

 

 

 

F  

 

 

 

F  

 

F  

 

 

F  

 

 

G  
functional neuroanatomical study of GABAergic disinhibitory 
striatum-nigral inputs and inhibitory nigrocollicular pathways: 
neural hodology recruiting the substantia nigra, pars reticulata, 
for the modulation of the neural activity in the inferior collicu-
lus involved with panic-like emotions. J. Chem. Neuroanat. 32, 
1–27 . 

astilho, V.M. , Avanzi, V. , Brandão, M.L. , 1999. Antinociception
elicited by aversive stimulation of the inferior colliculus. Phar- 
macol. Biochem. Behav. 62, 425–431 . 

astilho, V.M. , Brandão, M.L. , 2001. Conditioned antinociception 
and freezing using electrical stimulation of the dorsal periaque- 
ductal gray or inferior colliculus as unconditioned stimulus are 
differentially regulated by 5-HT 2A receptors in rats. Psychophar- 
macology 155, 154–162 . 

oimbra, N.C. , Brandão, M.L. , 1997. Effects of 5-HT 2 receptors
blockade on fear-induced analgesia elicited by electrical stim- 
ulation of the deep layers of the superior colliculus and dorsal
periaqueductal gray. Behav. Brain Res. 87, 97–103 . 

oimbra, N.C. , Brandão, M.L. , 1993. GABAergic nigro-collicular 
pathways modulate the defensive behaviour elicited by mid- 
brain tectum stimulation. Behav. Brain Res. 59, 131–139 . 

oimbra, N.C. , Calvo, F. , Almada, R.C. , de Freitas, R.L. ,
Paschoalin-Maurin, T. , dos Anjos-Garcia, T. , Elias-Filho, D.H. , 
Ubiali, W.A. , Lobão-Soares, B. , Tracey, I. , 2017a. Opioid neu-
rotransmission modulates defensive behavior and fear-induced 
antinociception in dangerous environments. Neuroscience 354, 
178–195 . 

oimbra, N.C. , de Oliveira, R. , Freitas, R.L. , Ribeiro, S.J. ,
Borelli, K.G. , Pacagnella, R.C. , Moreira, J.E. , da Silva, L.A. ,
Melo, L.L. , Lunardi, L.O. , Brandão, M.L. , 2006. Neuroanatom-
ical approaches of the tectum-reticular pathways and immuno- 
histochemical evidence for serotonin-positive perikarya on neu- 
ronal substrates of the superior colliculus and periaqueductal 
gray matter involved in the elaboration of the defensive behav-
ior and fear-induced analgesia. Exp. Neurol. 197, 93–112 . 

oimbra, N.C. , Paschoalin-Maurin, T. , Bassi, G.S. , Kanashiro, A. ,
Biagioni, A.F. , Felippotti, T.T. , Elias-Filho, D.H. , Mendes–
Gomes, J. , Cysne-Coimbra, J.P. , Almada, R.C. , Lobão–
Soares, B. , 2017b. Critical neuropsychobiological analysis of 
panic attack- and anticipatory anxiety-like behaviors in ro- 
dents confronted with snakes in polygonal arenas and complex 
labyrinths: a comparison to the elevated plus- and T-maze be-
havioral tests. J. Bras. Psiquiatr. 39, 72–83 . 

oimbra, N.C. , Tomaz, C. , Brandão, M.L. , 1992. Evidence for the in-
volvement of serotonin in the antinociception induced by elec- 
trical or chemical stimulation of the mesencephalic tectum. Be- 
hav. Brain Res. 50, 77–83 . 

omoli, E. , Coizet, V. , Boyes, J. , Bolam, J.P. , Canteras, N.S. ,
Quirk, R.H. , Overton, P.G. , Redgrave, P. , 2003. A direct projec-
tion from superior colliculus to substantia nigra for detecting 
salient visual events. Nat. Neurosci. 6, 974–980 . 

omoli, E. , Das Neves Favaro, P. , Vautrelle, N. , Leriche, M. , Over-
ton, P.G. , Redgrave, P. , 2012. Segregated anatomical input to
sub-regions of the rodent superior colliculus associated with ap- 
proach and defense. Front. Neuroanat. 6, 1–19 . 

raske, M.G. , Stein, M.B. , 2016. Anxiety. Lancet 388, 3048–3059 . 
a Silva, J.A. , Biagioni, A.F. , Almada, R.C. , de Souza Crippa, J.A. ,
Hallak, J.E.C. , Zuardi, A.W. , Coimbra, N.C. , 2015. Dissociation
between the panicolytic effect of cannabidiol microinjected 
into the substantia nigra, pars reticulata, and fear-induced 
antinociception elicited by bicuculline administration in deep 
layers of the superior colliculus: the role of CB1-cannabinoid re-
ceptor in the ventral mesencephalon. Eur. J. Pharmacol. 758, 
153–163 . 

a Silva Soares Jr., R. , Falconi-Sobrinho, L.L. , dos Anjos-Garcia, T. ,
Coimbra, N.C. , 2019. 5-Hydroxytryptamine 2A receptors of the 
dorsal raphe nucleus modulate panic-like behaviours and medi- 
ate fear-induced antinociception elicited by neuronal activation 
in the central nucleus of the inferior colliculus. Behav. Brain Res.
357–358, 71–81 . 

e Franceschi, G. , Vivattanasarn, T. , Saleem, A.B. , Solomon, S.G. ,
2016. Vision Guides Selection of Freeze or Flight Defense Strate-
gies in Mice. Curr. Biol. 26, 2150–2154 . 

e Oliveira, R. , de Oliveira, R.C. , Falconi-Sobrinho, L.L. , da Silva
Soares Jr., R. , Coimbra, N.C. , 2017. 5-Hydroxytryptamine 2A/2C 
receptors of nucleus raphe magnus and gigantocellu- 
laris/paragigantocellularis pars α reticular nuclei modulate 
the unconditioned fear-induced antinociception evoked by 
electrical stimulation of deep layers of the superior colliculus.
Behav. Brain Res. 316, 294–304 . 

e Oliveira Sérgio, T. , de Bortoli, V.C. , Zangrossi Jr., H. , 2011.
Serotonin-2A receptor regulation of panic-like behavior in the
rat dorsal periaqueductal gray matter: the role of GABA. Psy-
chopharmacology 218, 725–732 . 

eakin, J.F.W. , Graeff, F.G. , 1991. 5-HT and mechanisms of de-
fence. J. Psychopharmacol. 5, 305–315 . 

os Anjos-Garcia, T. , Ullah, F. , Falconi-Sobrinho, L.L. , Coim-
bra, N.C. , 2017. CB1cannabinoid receptor-mediated anan- 
damide signalling reduces the defensive behaviour evoked 
through GABA A receptor blockade in the dorsomedial division 
of the ventromedial hypothalamus. Neuropharmacology 113, 
156–166 . 

rager, U.C. , Hubel, David H. , 1975. Physiology of visual cells in
mouse superior colliculus and correlation with somatosensory 
and auditory input. Nature 253, 203–204 . 

dwards, S.B. , Ginburgh, C.L. , Henkel, C.K. , Stein, B.E. , 1990.
Sources of Subcortical GABAergic Projections to the Superior 
Colliculus in the Cat. J. Comp. Neurol. 302, 143–158 . 

ichenberger, G.C.D. , Ribeiro, S.J. , Osaki, M.Y. , Maruoka, R.Y. ,
Resende, G.C.C. , Castellan-Baldan, L. , Corrêa, S.A.L. , da
Silva, L.A. , Coimbra, N.C. , 2002. Neuroanatomical and psy-
chopharmacological evidence for interaction between opioid 
and GABAergic neural pathways in the modulation of fear and
defense elicited by electrical and chemical stimulation of the
deep layers of the superior colliculus and dorsal periaqueductal
gray matter. Neuropharmacology 42, 48–59 . 

alconi-Sobrinho, L.L. , Coimbra, N.C. , 2018. The nitric oxide donor
SIN-1-produced panic-like behaviour and fear-induced antinoci- 
ception are modulated by NMDA receptors in the anterior hy-
pothalamus. J. Psychopharmacol. 32, 711–722 . 

alconi-Sobrinho, L.L. , dos Anjos-Garcia, T. , de Oliveira, R. , Coim-
bra, N.C. , 2017a. Decrease in NMDA receptor-signaling activity
in the anterior cingulate cortex diminishes defensive behaviour
and unconditioned fear-induced antinociception elicited by 
GABAergic tonic inhibition impairment in the posterior hypotha-
lamus. Eur. Neuropsychopharmacol. 27, 1120–1131 . 

alconi-Sobrinho, L.L. , dos Anjos-Garcia, T. , Elias-Filho, D.H. ,
Coimbra, N.C. , 2017b. Decrease in NMDA receptor-signaling
activity in the anterior cingulate cortex diminishes defen-
sive behaviour and unconditioned fear-induced antinociception 
elicited by GABAergic tonic inhibition impairment in the poste-
rior hypothalamus. Neuropsychopharmacol. 27 (Pt A), 367–385 . 

anselow, M.S. , 1986. Conditioned fear-induced opiate analgesia: a
competing motivational state theory of stress analgesia. Ann. N.
Y. Acad. Sci. 467, 40–54 . 

reitas, R.L. , dos Reis Ferreira, C.M. , Urbina, M.A.C. , Mariño, A.U. ,
Carvalho, A.D. , Butera, G. , de Oliveira, A.M. , Coimbra, N.C. ,
2009. 5-HT 1A/1B , 5-HT 6 , and 5-HT 7 serotonergic receptors re-
cruitment in tonic-clonic seizure-induced antinociception: role 
of dorsal raphe nucleus. Exp. Neurol. 217, 16–24 . 

urigo, I.C. , de Oliveira, W.F. , de Oliveira, A.R. , Comoli, E. ,
Baldo, M.V.C. , Mota-Ortiz, S.R. , Canteras, N.S. , 2010. The role
of the superior colliculus in predatory hunting. Neuroscience
165, 1–15 . 

raeff, F.G. , 2003. Biological basis of posttraumatic stress disorder.
Rev. Bras. Psiquiatr. 25, 1–4 . 

http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0009
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0010
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0011
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0012
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0013
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0014
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0015
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0016
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0017
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0018
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0019
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0020
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0021
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0022
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0023
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0024
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0025
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0026
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0027
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0028
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0029
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0030
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0031
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032w
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032w
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032w
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032w
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0032w
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0034
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0035
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0036


870 R. da Silva Soares Jr., L.L. Falconi-Sobrinho and R.C. Almada et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graeff, F.G. , Brandão, M.L. , Audi, E.A. , Schütz, M.T.B. , 1986. Mod-
ulation of the brain aversive system by GABAergic and seroton-
ergic mechanisms. Behav. Brain Res. 22, 173–180 . 

Graeff, F.G. , Guimarães, F.S. , de Andrade, T.G. , Deakin, J.F. , 1996.
Role of 5-HT in stress, anxiety, and depression. Pharmacol.
Biochem. Behav. 54, 129–141 . 

Graham, J. , 1977. An autoradiographic study of the efferent con-
nections of the superior colliculus in the cat. J. Comp. Neurol.
173, 629–654 . 

Inada, Y. , Yoneda, H. , Koh, J. , Sakai, J. , Himei, A. , Kinoshita, Y. ,
Akabame, K. , Hiraoka, Y. , Sakai, T. , 2003. Positive association
between panic disorder and polymorphism of the serotonin 2A
receptor gene. Psychiatry Res 118, 25–31 . 

Janušonis, S. , Fite, K.V. , Foote, W. , 1999. Topographic organization
of serotonergic dorsal raphe neurons projecting to the superior
colliculus in the Mongolian gerbil ( Meriones unguiculatus ). J.
Comp. Neurol 413, 342–355 . 

Kishi, R. , Bongiovanni, R. , de Nadai, T.R. , Freitas, R.L. , de
Oliveira, R. , dos Reis Ferreira, C.M. , Coimbra, N.C. , 2006. Dorsal
raphe nucleus and locus coeruleus neural networks and the elab-
oration of the sweet-substance-induced antinociception. Neu-
rosci. Lett. 395, 12–17 . 

Lojowska, M. , Gladwin, T.E. , Hermans, E.J. , Roelofs, K. , 2015.
Freezing promotes perception of coarse visual features. J. Exp.
Psychol. Gen. 144, 1080–1088 . 

Mize, R.R. , 1996. Neurochemical microcircuitry underlying visual
and oculomotor function in the cat superior colliculus. Prog.
Brain Res. 112, 35–55 . 

Myers, R.D. , 1966. Injection of solutions into cerebral tissue: rela-
tion between volume and diffusion. Physiol. Behav. 1, 171–179 . 

Nashold, B.S. , Wilson, W.P. , Slaughter, D.G. , 1969. Sensations
evoked by stimulation in the midbrain of man. J. Neurosurg.
30, 14–24 . 

Ogawa, T. , Sugidachi, A. , Tanaka, N. , Fujimoto, K. , Asai, F. , 2002.
Pharmacological profiles of R-96544, the active form of a novel
5-HT 2A receptor antagonist R-102444. Eur. J. Pharmacol. 457,
107–114 . 

Osaki, M.Y. , Castellan-Baldan, L. , Calvo, F. , Carvalho, A.D. , Felip-
potti, T.T. , de Oliveira, R. , Ubiali, W.A. , Paschoalin-Maurin, T. ,
Elias-Filho, D.H. , Motta, V. , Da Silva, L.A. , Coimbra, N.C. ,
2003. Neuroanatomical and neuropharmacological study of opi-
oid pathways in the mesencephalic tectum: effect of μ1 - and
κ-opioid receptor blockade on escape behavior induced by
electrical stimulation of the inferior colliculus. Brain Res 992,
179–192 . 

Paschoalin-Maurin, T. , dos Anjos-Garcia, T. , Falconi-Sobrinho, L.L. ,
de Freitas, R.L. , Coimbra, J.P.C. , Laure, C.J. , Coimbra, N.C. ,
2018. The rodent-versus-wild snake paradigm as a model for
studying anxiety- and panic-like behaviors: face, construct and
predictive validities. Neuroscience 369, 336–349 . 

Paxinos, G. , Watson, C. , 2007. The Rat Brain in Stereotaxic Coordi-
nates. Academic Press, Inc. Academic Press, San Diego . 
Pobbe, R.L. , Zangrossi Jr., H. , 2005. 5-HT 1A and 5-HT 2A receptors
in the rat dorsal periaqueductal gray mediate the antipanic-like
effect induced by the stimulation of serotonergic neurons in the
dorsal raphe nucleus. Psychopharmacology 183, 314–321 . 

Routtenberg, A. , 1972. Intracranial chemical injection and behav-
ior: a critical review. Behav. Biol. 7, 601–641 . 

Roy-Byrne, P.P. , Craske, M.G. , Stein, M. , 2006. Panic disorder.
Lancet 368, 1023–1032 . 

De Paula Soares, V. , Campos, A.C. , de Bortoli, V.C. , Zan-
grossi Jr., H. , Guimarães, F.S. , Zuardi, A.W. , 2010. Intra-dorsal
periaqueductal gray administration of cannabidiol blocks panic–
like response by activating 5-HT 1A receptors. Behav. Brain Res.
213, 225–229 . 

Spiacci, A. , Coimbra, N.C. , Zangrossi Jr., H. , 2012. Differential in-
volvement of dorsal raphe subnuclei in the regulation of anxi-
ety- and panic-related defensive behaviors. Neuroscience 227,
350–360 . 

Ullah, F. , Dos Anjos-Garcia, T. , dos Santos, I.R. , Biagioni, A.F. , Coim-
bra, N.C. , 2015. Relevance of dorsomedial hypothalamus, dorso-
medial division of the ventromedial hypothalamus and the dor-
sal periaqueductal gray matter in the organization of freezing or
oriented and non-oriented escape emotional behaviors. Behav.
Brain Res. 293, 143–152 . 

Vertes, R.P. , 1991. A PHA-L analysis of ascending projections of the
dorsal raphe nucleus in the rat. J. Comp. Neurol. 313, 643–668 . 

Villar, M.J. , Vitale, M.L. , Hökfelt, T. , Verhofstad, A.A. , 1988. Dorsal
raphe serotoninergic branching neurons projecting both to the
lateral geniculate body and superior colliculus: a combined ret-
rograde tracing–immunohistochemical study in the rat. J. Comp.
Neurol. 277, 126–140 . 

Waterhouse, B.D. , Mihailoff, G.A. , Baack, J.C. , Woodward, D.J. ,
1986. Topographical distribution of dorsal and median raphe
neurons projecting to motor, sensorimotor, and visual cortical
areas in the rat. J. Comp. Neurol. 249, 460–476 . 

Wei, X.Y. , Liu, J.P. , Zhao, C.H. , Ju, G. , Wong-Riley, M.T. , Liu, Y.Y. ,
2010. Expressions of 5-HT/5-HT 2A receptors and phospho-pro-
tein kinase C theta in the pre-Botzinger complex in normal and
chronic intermittent hypoxic rats. Neuroscience 168, 61–73 . 

Yamashita, P.S.M. , Spiacci, A. , Hassel, J.E. , Lowry, C.A. , Zan-
grossi Jr., H. , 2017. Disinhibition of the rat prelimbic cortex
promotes serotonergic activation of the dorsal raphe nucleus
and panicolytic-like behavioral effects. J. Psychopharmacol. 31,
704–714 . 

Zhang, T. , Huang, L. , Zhang, L. , Tan, M. , Pu, M. , Pickard, G.E. ,
So, K.F. , Ren, C. , 2016. ON and OFF retinal ganglion cells dif-
ferentially regulate serotonergic and GABAergic activity in the
dorsal raphe nucleus. Sci. Rep. 6 . 

Zingg, B. , Chou, X.lin , Zhang, Z.gang , Mesik, L. , Liang, F. ,
Tao, H.W. , Zhang, L.I. , 2017. AAV-mediated anterograde transsy-
naptic tagging: mapping corticocollicular input-defined neural
pathways for defense behaviors. Neuron 93, 33–47 . 

http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0037
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0038
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0039
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0040
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0041
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0042
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0043
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0044
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0046
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0047
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0049
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0050
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0052
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0054
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0055
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0055
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0055
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0055
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0056
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0057
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0057
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0059
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0059
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0059
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0059
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0059
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0061
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0062
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063
http://refhub.elsevier.com/S0924-977X(19)30255-X/sbref0063

	Dorsal raphe nucleus 5-Hydroxytryptamine 2A receptors are critical for the organisation of panic attack-like defensive behaviour and unconditioned fear-induced antinociception elicited by the chemical stimulation of superior colliculus neurons
	\numberline {1}Introduction
	\numberline {2}Experimental procedures
	\numberline {2.1}Animals
	\numberline {2.2}Stereotaxic surgery
	\numberline {2.3}Drugs
	\numberline {2.4}Psychopharmacological and morphological procedures
	\numberline {2.4.1}Experiment 1: effect of the chemical stimulation of the dlSC with the NMDA receptor agonist on defensive behaviour and fear-induced antinociception
	\numberline {2.4.2}Experiment 2: effects of the 5-HT<12:inf >2A</12:inf>\@empty  receptor antagonist R-96544 on the defensive behaviour and fear-induced antinociception elicited by the chemical stimulation of the dlSC
	\numberline {2.4.3}Behavioural analysis
	\numberline {2.4.4}Nociceptive testing
	\numberline {2.4.5}Experiment 3: morphological localisation of 5-HT<12:inf >2A</12:inf>\@empty  receptors and GABAergic neurons in the DRN

	\numberline {2.5}Histology
	\numberline {2.6}Statistical analysis

	\numberline {3}Results
	\numberline {3.1}Experiment 1: microinjections of NMDA into the dlSC elicited defensive behaviour and fear-induced antinociception
	\numberline {3.1.1}Defensive behaviour
	\numberline {3.1.2}Fear-induced antinociception

	\numberline {3.2}Experiment 2: blockade of the 5-HT<12:inf >2A</12:inf>\@empty  receptor in the DRN promoted a decrease in the defensive behaviour and fear-induced antinociception organised by dlSC neurons
	\numberline {3.2.1}Defensive behaviour
	\numberline {3.2.2}Fear-induced antinociception

	\numberline {3.3}Experiment 3: 5-HT<12:inf >2A</12:inf>\@empty  receptors are located on presynaptic GABAergic neurons in the DRN

	\numberline {4}Discussion
	CRediT authorship contribution statement
	Acknowledgements
	Role of funding source
	Declaration of Competing of interest
	References


