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A B S T R A C T

It has been established that chemical stimulation of the inferior colliculus (IC) of laboratory animals evokes fear-
related defensive responses, which are considered panic attack-like behaviours. In addition, there is evidence
that defensive reactions provoked by chemical stimulation of midbrain tectum neurons may induce an anti-
nociceptive response. Morphologically, the IC receives projections from other mesencephalic structures, such as
the dorsal raphe nucleus (DRN), a region rich in serotonergic neurons that play a critical role in the control of
defensive behaviours. Moreover, this monoaminergic brainstem reticular nucleus is suggested to comprise the
endogenous pain modulatory system. The aim of the present study was to investigate the role of DRN 5-hy-
droxytryptamine 2A (5-HT2A) receptors in Wistar rats by local microinjection of R-96544 (a selective antagonist
of the 5-HT2A receptor) at doses of 5, 10 or 15 nM on defensive reactions and fear-induced antinociception
evoked by chemical stimulation of the central nucleus of the IC with NMDA (6, 9 or 12 nmol). Behavioural
responses were analysed for 10 min, and then the nociceptive threshold was measured at 10 min intervals for
70 min. The dose of 12 nmol of NMDA was the most effective in causing panic attack-like defensive behaviours
and much higher hypoalgesia. In addition, both effects were attenuated by pretreatment of the DRN with R-
96544. These findings suggest the critical participation of DRN 5-HT2A receptors in the modulation of panic
attack-like defensive behaviour and unconditioned fear-induced antinociception organised by neurons in the
central nucleus of the IC.

1. Introduction

Ethoexperimental approaches to the defensive reactions displayed
by laboratory animals allow us to better understand the behavioural
alterations that occur in individuals experiencing a panic attack-like
response [1–5]. It has been established that some midbrain tectum
structures, such as the periaqueductal grey matter (PAG) [6,7], the deep
layers of the superior colliculus (dlSC) [6,8–10], and the inferior col-
liculus (IC) [1,11–14], when electrically or chemically stimulated,
trigger defensive responses, which are considered panic attack-like
behaviours [9,13]. Electrical stimulation of the IC of laboratory animals
caused alertness, freezing end escape behaviours, followed by 5-

hydroxytryptamine (5-HT)-mediated antinociception [11].
The N-methyl-D-aspartate (NMDA) receptor is an ionotropic ex-

citatory amino acid receptor that requires binding of glutamate or as-
partate neurotransmitters for its activation, and its dysfunction is re-
lated to some psychiatric diseases [15]. Intra-mesencephalic
administration of NMDA elicits defensive escape reactions in laboratory
animals [1,7]. There is evidence that chemical stimulation of the cen-
tral nucleus of the IC of Wistar rats with NMDA evokes defensive be-
havioural responses, expressed by running and jumping [1]. After the
end of the defensive escape behaviour, the tail-flick test revealed an
increase in the nociceptive threshold of the animals, a phenomenon
known as instinctive fear-induced antinociception that is consistently
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reported in the literature [11,16–18].
The dorsal raphe nucleus (DRN) is another mesencephalic structure

involved in the unfolding of the antinociceptive process [19–21]; it
sends serotonergic projections to the IC [22] and is known to be in-
volved in the modulation of defensive behaviours [23]. Serotonin is
widely found in the central nervous system [24,25], and the DRN is
considered the midbrain structure with the higher concentration of this
neurotransmitter. The 5-hydroxytryptamine-2 (5-HT2) subfamily of
serotonin receptors has been extensively mapped [26]. A quantitative
radioautographic study has shown a significant density of 5-HT2 re-
ceptors in some midbrain structures, such as the DRN [27]. This evi-
dence was confirmed using in situ hybridisation for 5-HT2 receptor
mRNA [28]. 5-HT2 receptors are also densely localised on neurons of
the brainstem reticular formation [29], in which there are structures
related to the endogenous pain modulatory system, such as the nucleus
raphe magnus, the DRN, and the gigantocellular/paragigantocellular
reticular nuclei [18,35]. More specifically, there is evidence showing a
significant concentration of 5-HT2A receptors distributed in the DRN
[30,31]. Interestingly, it seems that, unlike the 5-HT1A autoreceptor,
the 5-HT2A receptor is found on GABAergic interneurons instead of
serotonin-labelled perikarya of the DRN [32]. However, ascending
serotonergic projections from the DRN reach rostral limbic structures,
such as the septal area [33,34] lateral hypothalamic nucleus [36] and
dorsomedial hypothalamus [23]. Medial hypothalamus neurons are
connected to dorsal midbrain structures [37] that send connections
back to raphe nucleus neurons [6], a neural network that can be re-
cruited during the enactment of defensive responses organised by
midbrain tectum neurons.

Interestingly, fear-related defensive behaviours organised by IC
neurons, as described above, was attenuated by local microinjections of
methysergide, a non-specific 5-HT receptor antagonist, and ketanserin,
which acts with higher specificity at 5-HT2A/2C receptors [11]. This
neural network plays a critical role in the modulation of fear-induced
antinociception [18,23,35]. In addition to the involvement of DRN
neurons in the modulation of pain, DRN serotonergic ascending path-
ways to midbrain tectum have been proposed to regulate panic-related
behaviours [38,39]. For example, increases in 5-HT release in the dorsal
periaqueductal grey matter (dPAG), accomplished via blockade of 5-
HT1A receptors by microinjection of WAY-100635 into the DRN, can
inhibit escape behaviours of rodents submitted to the elevated T-maze
test. In this same study, pretreatment of the dPAG with ketanserin was
able to impair the panicolytic effects caused by microinjection of WAY-
100635 into the DRN [40]. In fact, it seems that 5-HT1A/2A receptors
localised in mesencephalic structures mediate panic attack-like beha-
vioural responses. Interestingly, Biagioni et al. (2013) [23] showed that
escape behaviours organised by neurons of the medial hypothalamus
(MH), a diencephalic region also involved in the mediation of panic
attack-like defensive reactions [41], can be attenuated by reduction of
the activity of 5-HT excitatory ascending pathways from the DRN via
microinjections of the selective serotonergic neurotoxin 5,7-dihydrox-
ytryptamine (5,7-DHT) into the DRN.

Based on the evidence presented above, the hypothesis of the pre-
sent work is that the 5-HT2A receptor of DRN neurons is involved in the
organisation of also in the unconditioned fear-induced antinociception
enacted in the caudal aspect of the dorsal midbrain. Accordingly, pre-
treatment of the DRN with the selective 5-HT2A receptor antagonist R-
96544 [42] should impair both freezing and escape behavioural re-
sponses elicited by chemical stimulation of the IC. The aim of the
present work was to study the role played by DRN serotonergic neurons
in defensive behaviours and unconditional fear-induced antinociception
organised by the central nucleus of the IC. The role played by 5-HT2A

receptors of the DRN neurons in defence and pain was also investigated.

2. Materials and methods

2.1. Ethical approval

All experiments were performed in compliance with the re-
commendations of the Committee for Ethics in Animal Experimentation
of the Ribeirão Preto Medical School of the University of São Paulo
(CEUA-FMRP-USP; process 017/2016), which agrees with the ethical
principles in animal research adopted by the National Council for
Animal Experimentation Control (CONCEA) and were approved by the
CEUA-FMRP-USP on 02/02/2016.

2.2. Animals

Male Wistar rats (Rattus norvegicus, Rodentia, Muridae), weighing
250–300 g (n = 6 per group) from the animal facility of the FMRP-USP
were used. These animals were housed in groups of four in plexiglass
cages (41 × 34 cm) and given free access to food and water throughout
the experiment. They were habituated to the experimental room for
48 h prior to the experiment on a 12 h light/12 h dark cycle (lights on
at 7 am) at 24 ± 1 °C.

2.3. Drugs

An N-methyl-D-aspartic acid receptor agonist (NMDA; Sigma/
Aldrich, St. Louis, USA) was microinjected into the IC at different doses
(6, 9 and 12 nmol); saline (0.9% NaCl) served as a control. The selective
5-HT2A 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) was microinjected into the
DRN at doses of 5, 10 and 15 nM; the vehicle (10% dimethyl sulfoxide
and 0.9% NaCl) was used as a control.

2.4. Stereotaxic surgery

Animals were anaesthetised with ketamine at 92 mg/kg (Ketamine
Agener, União Química Farmacêutica Nacional, São Paulo, Brazil) and
xylazine at 9.2 mg/kg (Calmium, União Química Farmacêutica
Nacional, São Paulo, Brazil) and placed in a stereotaxic frame (David
Kopf, Tujunga, CA, USA). Stainless steel guide cannulae (outer diameter
0.6 mm, inner diameter 0.4 mm) were implanted in the DRN and the
central nucleus of the IC, targeting a point 1 mm above each of these
mesencephalic nuclei. The following coordinates were used for the DRN
and IC: anteroposterior: −8.04 mm and −8.88 mm; mediolateral:
−0.2 mm and −1.5 mm; and dorsoventral: −5.2 mm and −3.6 mm.
The coordinates were based on Paxinos and Watson’s Rat Brain in
Stereotaxic Coordinates [43], with the bregma serving as a reference for
each plane. Each guide cannula was fixed to the skull using acrylic resin
and 1 stainless steel screw to protect it from obstruction. At the end of
the surgery, each animal received an intramuscular injection of peni-
cillin G benzathine (120000 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).

2.5. Experimental procedure

2.5.1. Behavioural tests
Defensive behavioural responses were recorded for 10 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. The floor of the circular arena was
divided into twelve equal sections used to count crossings.

Freezing (defensive immobility) reactions were defined by im-
mobility for at least 6 s followed by a visible autonomic reaction, such
as defecation, exophthalmia and/or micturition. Both the frequency
(number of behavioural events) and the duration of this behaviour were
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analysed over a span of 10 min [23,44]. Escape behaviour was recorded
as the frequency (number of responses) and duration of running and as
the frequency (number) of horizontal jumps. Additionally, the number
of crossings, characterised as 4 paws within a given division of the floor
of the circular arena, was used as a quantitative measure of escape
behaviour [45,46].

2.5.2. Microinjection of an N-methyl-D-aspartic acid receptor agonist in the
IC

Five days after surgery, each animal was subjected to the tail-flick
test to determine the baseline nociceptive threshold. Thereafter, in-
dependent groups of Wistar 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) in the IC. Microinjections were performed using a dental
needle (0.3 mm OD) 1 mm longer than the guide cannulae, aiming at
the central nucleus of the IC. A polyethylene tube (PE-10) linked 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-IC
microinjection of NMDA, the behavioural reactions exhibited by the
rodents in a circular arena (50 cm width × 60 cm high) with trans-
parent acrylic walls situated in an experimental room illuminated with
a 40 W fluorescent lamp (350 Lux at the arena floor level) were quan-
titatively analysed for 10 min. The rats were allowed a 10 min period of
habituation in the arena at the beginning of each experimental session.
Following the behavioural tests, the nociceptive thresholds were mea-
sured at 10 min intervals for 70 min. Both the wall and the floor of the
circular enclosure were cleaned with 5% alcoholic solution after each
session.

2.5.3. Microinjection of the selective 5-HT2A receptor antagonist R-96544
into the DRN

After a postoperative period of five days, the baseline nociceptive
threshold of each animal was determined using the tail-flick test.
Thereafter, independent groups of Wistar rats were randomly assigned
to receive a pretreatment microinjection of 5, 10 or 15 nM R-96544 or
vehicle (0.9% NaCl/0.2 μL) into the DRN. Ten minutes later, NMDA at
12 nmol/0.2 μL was microinjected into the IC. The microinjection
procedure was similar to the one used in the previous experiment. After
the administration of NMDA into the IC, the defensive responses dis-
played by the rats in the circular arena were quantitatively analysed for
10 min, and immediately after the behavioural tests, the tail-flick
withdrawal latencies were measured at 10 min intervals for 70 min.

2.5.4. Nociceptive testing
The rats had their nociception thresholds compared using the tail-

flick test. Each animal was placed in a restraining apparatus (Insight,
Ribeirão Preto, Brazil) with acrylic walls, and its tail was placed on a
heating coil (tail-flick Analgesia Instrument; Insight, Ribeirão Preto,
Brazil). The amount of heat applied to the tail was increased until the
animal removed its tail from the apparatus. The coil (Ni/Cr alloy;
26.04 cm in length × 0.02 cm in diameter) began at room temperature
(approximately 20 °C), and then an electrical current was applied to
increase the temperature of the coil at a rate of 9 °C/s [46]. If necessary,
small adjustments were made to the intensity of the electrical current at
the beginning of the experiment to obtain three consecutive tail-flick
latencies (TFL) 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 TFL were
taken at 5 min intervals. TFL were also measured every 10 min for
70 min (t0, t10, t20, t30, t40, t50, t60, and t70) immediately after the
end of the defensive behaviour assay.

2.5.5. Histology
Upon completion of the experiments, each animal was anaesthetised

with ketamine at 92 mg/kg (Ketamina®) and xylazine at 9.2 mg/kg
(Dopaser®) and perfused through the left cardiac ventricle using an
infusion pump (Master Flex® L/S TM, Vernon Hills, IL, USA). The
thoracic descending aorta was clamped, the pericardium was removed
to allow perfusion through left ventricle, and the blood was washed out
with Tyrode’s solution (40 mL at 4 °C). The animal was then perfused
with 200 mL ice-cold 4% (w/v) paraformaldehyde in 0.1 M sodium
phosphate buffer (pH 7.3) for 15 min at a pressure of 50 mmHg. The
encephalon was quickly removed and maintained in 4% paraf-
ormaldehyde for at least 4 h and was then immersed in a 10% sucrose
solution for 48 h. Tissue pieces were immersed in 2-methylbutane
(Sigma-Aldrich, St. Louis, USA), frozen on dry ice (30 min), embedded
in Tissue-Tek, and cut on a cryostat (CM 1950, Leica, Mannheim,
Germany). Slices were then mounted on glass slides that were coated
with chrome alum gelatin to prevent detachment and stained in a ro-
botic 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 Paxinos and
Watson's Rat Brain in Stereotaxic Coordinates atlas [43]. Data from rats
with guide cannulae tips located outside their target regions (IC and/or
DRN) were not included in the statistical analysis.

2.5.6. Statistical analysis
The software used in the present work for statistical analyses was

GraphPad Prism version 7.0. The data are expressed as the
mean ± S.E.M. One-way analysis of variance (one-way ANOVA) fol-
lowed by a Newman-Keuls post hoc test was used to analyse the data
from the behavioural studies. Two-way repeated-measures analysis of
variance (two-way RM-ANOVA) followed by Bonferroni’s multiple
comparison test was used to analyse the tail-flick latencies. In all cases,
p < 0.05 was considered statistically significant.

3. Results

3.1. Effect of increasing doses of intra-IC NMDA on defensive behaviour
and unconditioned (instinctive) fear-induced antinociception

Histologically confirmed sites of NMDA microinjection into the in-
ferior colliculus are shown in schematic drawings of coronal sections in
Fig. 1.

3.1.1. Defensive behaviour
According to one-way ANOVA followed by a Newman-Keuls post hoc

test, there was a significant effect of treatment on the frequency
[F(3,20) = 10.95, p < 0.001] and duration [F(3,20) = 11.97,
p < 0.001] of freezing. Treatment with NMDA at 6, 9 and 12 nmol
evoked a dose-dependent response in the frequency (p < 0.05,
p < 0.01 and p < 0.001 respectively) of freezing. In addition, there
was a significant difference between the results of intracollicular
treatment with 12 nmol and 6 nmol NMDA (Newman-Keuls post hoc
test; p < 0.05). Only the intracollicular treatment with NMDA at
12 nmol was able to increase the duration of freezing (Newman-Keuls
post hoc test; p < 0.001) compared with the physiological saline-
treated group, and the effect of the highest dose of NMDA was sig-
nificantly different from those of the lower doses (Newman-Keuls post
hoc test; p < 0.01 in all cases, Fig. 2A and B).

Regarding escape behaviour expressed by running and jumping,
there was a significant effect of treatment on the frequency
[F(3,20) = 16.44, p < 0.001] and duration [F(3,20) = 12.64,
p < 0.001] of running and on the frequency [F(3,20) = 3.95,
p < 0.05] of jumping according to one-way ANOVA. Treatment of the
central nucleus of the IC with NMDA at 12 nmol increased the fre-
quency (Newman-Keuls post hoc test; p < 0.001) and duration
(p < 0.001) of running compared with the control group, and the es-
cape behaviour elicited by NMDA at that highest dose was also
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significantly different from that displayed by groups treated with
NMDA at lower doses (6 and 9 nmol), in terms of both the frequency
(p < 0.001) and the duration (p < 0.001, Fig. 2C and D) of running.
With regard to the escape behaviour expressed by jumping, only the
intracollicular treatment with NMDA at 12 nmol evoked this aversive
stimulus-induced panic-like behaviour (Newman-Keuls post hoc test;
p < 0.05) and that effect was significantly different from the effect
caused by NMDA at a dose of 6 nmol (p < 0.05, Fig. 2E). In addition,
there was a significant effect of treatment on the frequency
[F(3,20) = 3.90, p < 0.05] of crossing, a quantitative measure of es-
cape behaviour. In this case, only the intracollicular treatment with
NMDA at 12 nmol significantly increased (p < 0.05) the frequency of
crossing, and NMDA at the highest dose was also significantly different
from NMDA at the lowest dose of 6 nmol (p < 0.05, Fig. 2F), ac-
cording to one-way ANOVA followed by a Newman-Keuls post hoc test.

3.1.2. Unconditioned fear-induced antinociception
The activation of the central nucleus of the IC with NMDA at any

dose used in the present work caused unconditioned fear-induced an-
tinociception in rodents. According to two-way RM-ANOVA, there were
statistically significant effects of treatment [F(3,20) = 8.66,
p < 0.001], time [F(8,160) = 82.36, p < 0.001], and the interaction of
treatment and time [F(24,160) = 9.44, p < 0.001]. The panic-like es-
cape behaviour was followed by significant increases in tail-flick la-
tencies from 0 to 30 min after the intracollicular treatment with NMDA
at all doses used when compared with the control group (Bonferroni’s
multiple comparison test; p < 0.05 in all cases). At 40 min, only the
tail-flick latencies of rats treated with intracollicular microinjections of
NMDA at 9 nmol were significantly different compared to the latencies
shown by the control group (Bonferroni’s multiple comparison test;
p < 0.05). The unconditioned fear-induced antinociception displayed
by animals treated with intracollicular microinjections of NMDA at the
highest dose of 12 nmol was significantly different from that of groups
treated with NMDA at 6 nmol from 0 to 20 min (Bonferroni’s multiple
comparison test; p < 0.05), as shown in Fig. 3.

3.2. Effect of DRN pretreatment with R-96544 on defensive behaviour and
unconditioned fear-induced antinociception evoked by intracollicular
microinjections of NMDA at the highest dose

Histologically confirmed sites of R-96544 microinjection into the
DRN and NMDA microinjection into the inferior colliculus are shown in
schematic drawings of midbrain coronal sections in Fig. 4.

3.2.1. Defensive behaviour
Similar to the first set of experiments, according to one-way

ANOVA, IC treatment with NMDA at 12 nmol (vehicle-NMDA-treated
group) significantly increased the frequency [F(5,30) = 8.49,
p < 0.001] and duration [F(5,30) = 8.93, p < 0.001] of freezing
compared with the vehicle-vehicle-treated control group. Pretreatment
of the DRN with R-96544 at different doses (5, 10 and 15 nM) de-
creased the frequency (Newman-Keuls post hoc test; p < 0.001 in all
cases) and duration (Newman-Keuls post hoc test; p < 0.001 in all
cases) of freezing. DRN pretreatment with R-96544 per se (R-96544-
15nM-vehicle-treated group) had no effect (Newman-Keuls post hoc test;
p > 0.05) on the frequency or duration of freezing compared with the
vehicle-vehicle-treated group, as shown in Fig. 5A and B.

Regarding escape behaviour expressed by running and jumping,
according to one-way ANOVA, there was a significant effect of treat-
ment on the frequency [F(3,30) = 9.33, p < 0.001] and duration
[F(3,30) = 15.05, p < 0.001] of running and on the frequency
[F(3,30) = 6.75, p < 0.05] of jumping. The vehicle-NMDA-treated
group displayed increased frequency and duration of running
(Newman-Keuls post hoc test; p < 0.001 in both cases) and frequency
of jumping (Newman-Keuls post hoc test; p < 0.001) compared with
the vehicle-vehicle-treated control group. Pretreatment of the DRN with
R-96544 at different doses (5, 10 and 15 nM) significantly decreased
the frequency (Newman-Keuls post hoc test; p < 0.001 in all cases) and
duration (Newman-Keuls post hoc test; p < 0.001 in all cases) of run-
ning (Fig. 5C and D). DRN pretreatment with R-96544 at all doses (5, 10
and 15 nM) significantly decreased (Newman-Keuls post hoc test;
p < 0.05) escape behaviour expressed by jumping (Fig. 5E). In regard
to crossing, there was also a significant effect of treatment
[F(5,30) = 6.30, p < 0.001]. The vehicle-NMDA-treated group had an
increased frequency of crossing (Newman-Keuls post hoc test;
p < 0.01), and pretreatment of the DRN with R-96544 at different
doses (5, 10 and 15 nM) decreased that escape-related motor response
(Newman-Keuls post hoc test; p < 0.01 in all cases), as shown in
Fig. 5F. With regard to all behaviours describe above, R-96544 at 15 nM
per se caused no intrinsic effect (Newman-Keuls post hoc test; p > 0.05)
compared with vehicle-vehicle treatment (Fig. 5).

3.2.2. Unconditioned fear-induced antinociception
Similar to the first experiment, the defensive behaviour elicited by

treatment of the central nucleus of the IC with NMDA was followed by
unconditioned fear-induced antinociception, and pretreatment of the
DRN with R-96544 significantly decreased this instinctive fear-induced

Fig. 1. Schematic transverse sections of the rat midbrain showing histologically confirmed microinjection sites of NMDA or vehicle into the inferior colliculus (IC), which are depicted on
illustrations from Paxinos and Watson’s stereotaxic atlas [43]. The image presented on the right is a photomicrograph of a mesencephalic transverse section showing a representative site
of drug microinjection into the IC. Scale bar: 500 μm. Staining: haematoxylin and eosin.

R. da Silva Soares et al. Behavioural Brain Research xxx (xxxx) xxx–xxx

4



hypoalgesic response. According to two-way RM-ANOVA, there were
statistically significant effects of treatment [F(5,30) = 37.78,
p < 0.001], time [F(8,240) = 91.71, p < 0.001] and the interaction of
treatment and time [F(40,240) = 24.74, p < 0.001]. The activation of
neurons in the central nucleus of the IC (vehicle-NMDA-treated group)
increased the tail-flick latencies during the first 30 min of the test
period (Bonferroni’s multiple comparison test; p < 0.05), compared
with the vehicle-vehicle-treated control group. R-96544 at 10 nM/
NMDA and R-96544 at 15 nM/NMDA treatment decreased the un-
conditioned fear-induced antinociception for the first 30 min of the test,
compared with the vehicle/NMDA-treated group (Bonferroni’s post hoc

test; p < 0.05). The unconditioned fear-induced antinociception dis-
played by the R-96544 at 10 nM/NMDA- and R-96544 at 15 nM/
NMDA-treated groups was also significantly different from that dis-
played by the R-96544 at 5 nM/NMDA-treated group from 0 to 30 min
after escape behaviour elicited by chemical stimulation of the IC. R-
96544 per se (R-96544 at 15 nM/vehicle-treated group) had no intrinsic
effect on tail-flick latencies (Bonferroni’s post hoc test; p > 0.05)
compared with the vehicle-vehicle control treatment, as shown in
Fig. 6.

Fig. 2. Effect of central microinjections of NMDA (6, 9 and 12 nmol) or vehicle (NaCl 0.9%; 0.2 μL) into the inferior colliculus (IC) on the frequency (A, C, E and F) and duration (B and D)
of freezing (A and B), running (C and D), jumps (E) and crossings (F); n = 6 per group. The columns represent the mean, and the bars the standard error of the mean. *p < 0.05,
**p < 0.01 and ***p < 0.001 compared with the vehicle (veh)-treated control group. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the NMDA at 6 nmol-treated
group. ++p < 0.01 and +++p < 0.001 compared with the NMDA at 9 nmol-treated group (according to one-way ANOVA followed by Newman-Keuls post hoc test).
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Fig. 3. Effect of the central microinjection of NMDA (6, 9 and 12 nmol) or vehicle (NaCl 0.9%; 0.2 μL) into the inferior colliculus (IC) on unconditioned fear-induced antinociception.
Antinociception caused by defensive behaviour was recorded using the tail-flick test; n = 6 per group. Data are presented as the mean ± standard error of the mean. *p < 0.05
compared with the vehicle (veh)-treated control group. +p < 0.05 compared with the NMDA at 6 nmol-treated group (according to two-way RM-ANOVA followed by Bonferroni’s
multiple comparison tests).

Fig. 4. Schematic transverse sections of the rat encephalon showing histologically confirmed microinjection sites for pretreatment of the dorsal raphe nucleus (DRN) with R-96544 (5, 10
and 15 nM) or vehicle followed by administration of NMDA at 12 nmol or vehicle into the inferior colliculus (IC), which are depicted on illustrations from Paxinos and Watson’s
stereotaxic atlas [43]. The image on the right is a photomicrograph of a mesencephalic transverse section showing a representative site of drug microinjection into the IC or DRN. Scale
bar: 500 μm. Staining: haematoxylin and eosin.
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4. Discussion

The present study showed that the blockade of 5-HT2A receptors in
the DRN reduced defensive reactions and unconditioned fear-induced
antinociception evoked by chemical stimulation of the central nucleus
of the IC with NMDA. Initially, we showed that the facilitation of ex-
citatory amino acid neurotransmission via activation of NMDA iono-
tropic receptors elicited freezing and defensive escape behaviours.
These defensive responses are considered panic attack-like responses
[47–50]. In fact, freezing behaviour elicited by dorsal midbrain electric
stimulation was shown to be highly responsive to chronic treatment
with the classic panicolytic drug fluoxetine [51]. Here, increasing doses

of NMDA administered in the central nucleus of the IC provoked a
progressive defensive behavioural pattern, characterised by alertness
(data not shown), freezing, and running interspersed with jumps. Sti-
mulation of the IC with the highest dose of NMDA caused non-oriented/
explosive escape behaviour, characterised by vigorous running, colli-
sion with the walls of the circular arena and horizontal jumps during
fast running episodes. Interestingly, at the end of the explosive escape
behaviours, the animals exhibited long-lasting freezing reactions.
Freezing is also considered a panic-like response [50,52]. Our findings
corroborate previous studies that showed that chemical stimulation of
midbrain tectum neurons with NMDA [7], including the neurons of the
IC [1,53] evokes freezing followed by vigorous escape behaviour and

Fig. 5. Effect of the central microinjection of R-96544 (5, 10 and 15 nM) or vehicle (10% DMSO) into the dorsal raphe nucleus (DRN) on the frequency (A, C, E and F) and duration (B and
D) of freezing (A and B), running (C and D), jumps (E) and crossings (F) evoked by the microinjection of NMDA at 12 nmol or vehicle (NaCl 0.9%; 0.2 μL) into the inferior colliculus (IC);
n = 6 per group. The columns represent the mean, and the bars represent the standard error of the mean. **p < 0.01 and ***p < 0.001 compared with the vehicle (veh)-veh-treated
control group. ++p < 0.01 and +++p < 0.001 compared with the veh-NMDA-treated group (according to one-way ANOVA followed by Newman-Keuls post hoc test).
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subsequent activation of limbic structures [54]. Freezing after the ex-
plosive escape behaviours was also observed in some studies using
other experimental approaches such as electrical stimulation of the
mesencephalic tectum [55–57]. For example, Ruiz-Martinez et al.
(2007) [56] observed that freezing also occurred after termination of
this stimulation (post-stimulation freezing; PSF). In fact, the defensive
behaviours evoked by microinjections of NMDA in the IC seem to be
similar to those triggered in animals subjected to electrical stimulation
of midbrain tectum structures, with the advantage of specifically acti-
vating neuronal perikarya.

In addition, the present results clearly show that the panic attack-
like defensive behaviours organised by neurons of the central nucleus of
the IC were followed by unconditioned fear-induced antinociception.
That instinctive fear-induced antinociception is considered an im-
portant defensive response that accompanies affective reactions. There
is evidence that this unconditioned fear related-antinociceptive re-
sponse occurs due to the recruitment of neurons localised in limbic and
paralimbic structures that are connected to the endogenous pain
modulatory system [6,46,58,59] and is similar to the antinociceptive
responses displayed by rodents that are exposed to a dangerous situa-
tion [4,60]. In addition, our data corroborate previous studies that
demonstrated that explosive defensive escape behaviours enacted by
mesencephalic tectum structures, such as the dlSC/dPAG [16] and the
IC [11,17], are followed by a non-opioid antinociceptive response.
There is evidence that at least part of the unconditioned fear-induced
antinociception elicited by midbrain tectum activation occurs through
recruitment of the serotonergic mechanisms of the endogenous pain
modulatory system [61] by midbrain tectum outputs [6]. These path-
ways, which originate from the mesencephalic tectum neurons before
reaching the dorsal horn of the spinal cord (DHSC), recruit medulla
oblongata structures, such the nucleus raphe magnus and the gigan-
tocellular/paragigantocellular reticular pars alpha nuclei [18]. The
present work provides the first evidence for the involvement of DRN 5-
HT2A serotonergic receptors in the mechanism of unconditioned/in-
stinctive fear-induced antinociception elicited by NMDA-induced acti-
vation of the central nucleus of the IC.

In fact, neurophysiological studies have shown that the activation of
glutamatergic neurotransmission can promote 5-HT release [62]. Con-
sidering that electrical stimulation of dorsal midbrain neurons and

fibres of passage can promote a facilitation of serotonergic activity in
the endogenous pain modulatory system [18], we can hypothesise that
increases in nociceptive threshold elicited by intracollicular micro-
injection of NMDA are due to a possible release of 5-HT in mono-
aminergic brainstem reticular nuclei whose descending inputs can
control the activity of neurons in the dorsal horn of the spinal cord
spinal that project to the thalamus [63].

Interestingly, when animals received microinjections of the selec-
tive 5-HT2A receptor antagonist R-96544 in the DRN at the doses used
in the present work, the incidence of freezing and escape behaviours
evoked by intra-IC administration of NMDA significantly decreased,
suggesting that the IC is highly sensitive to the panicolytic effect of DRN
pretreatment with R-96544. One possible neurochemical mechanism to
explain that panicolytic effect is that the blockade of 5-HT2A receptors
located on GABAergic interneurons can disinhibit ascending ser-
otonergic outputs from the DRN to the dorsal midbrain, decreasing the
aversive effect of NMDA-induced activation of IC neurons. Ascending
serotonergic pathways from the DRN, a midbrain structure rich in
serotonin-labelled perikarya [33], have already been demonstrated
elsewhere [34]. In addition, systemic administration of the 5-TH2 re-
ceptor agonist DOI increased the number of Fos-immunopositive cells
within the DRN. Interesting, those DRN 5-HT2 receptor-labelled neu-
rons are co-localised with glutamic acid decarboxylase-immunolabelled
cells [32]. In the same work, it is suggested that the increase in DRN Fos
expression induced by DOI is mediated by 5-HT2A receptors since this
effect was blocked by the 5-HT2A receptor antagonist MDL100907,
whereas the blockade of 5-HT2B/2C receptors with the antagonist
SB206553 did not cause a similar effect.

Taken together, our data reinforce the idea that DRN-IC ser-
otonergic projections can be modulated by 5-HT2A receptors located on
DRN GABAergic interneurons. In addition, increases in the activity of
serotonergic efferent pathways from the DRN to the central nucleus of
the IC cause attenuation of freezing and defensive escape behaviours.
Our findings corroborate studies showing that increasing the release of
5-HT from DRN terminals by pharmacological means diminishes panic
attack-related jumping reactions [64,65]. In agreement with that evi-
dence, Pobbe and Zangrossi [40] showed that the release of serotonin in
dPAG, induced by microinjection of the 5-HT1A receptor agonist WAY-
100635 into the DRN, impaired the escape response displayed by

Fig. 6. Effect of the central microinjections of R-96544 (5, 10 and 15 nM) or vehicle (10% DMSO) into the dorsal raphe nucleus (DRN) followed by microinjection of NMDA at 12 nmol or
vehicle (NaCl 0.9%; 0.2 μL) into the inferior colliculus (IC) 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 mean ± 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 5 nM (R-5)/NMDA-treated group (according to two-way RM-ANOVA followed by Bonferroni’s
multiple comparison test).
modulate
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rodents in elevated T-maze test. That panicolytic effect of DRN pre-
treatment with WAY-100635 was abolished by pretreatment with the
preferential 5-HT2A/2C receptor antagonist ketanserin in the dPAG.
These results indicate that DRN 5-HT1A receptors are under tonic in-
hibitory influence by endogenous 5-HT. In addition, 5-HT2A receptors
in the dPAG seem to mediate the effect of 5-HT on escape behaviour.

Regarding the antinociceptive response that followed the defensive
behaviours elicited by chemical stimulation of the IC with NMDA, intra-
DRN microinjections of R-96544 at higher doses were able to reduce
that fear-induced antinociception. The 5-HT system has already been
proposed to mediate unconditioned fear induced-antinociception eli-
cited by electrical and chemical stimulation of the dlSC/dPAG [17] and
IC [11]. Studies have shown that the unconditioned fear-induced an-
tinociception elicited by the stimulation of midbrain tectum neurons
can be reversed by intra-mesencephalic (dlSC and dPAG) microinjec-
tion of ketanserin [17] and by pretreatment of the nucleus raphe
magnus and gigantocellularis/paragigantocellularis pars alpha reticular
nuclei with ritanserin [18]. However, the pharmacological evidence
that 5-HT2A receptors modulate this fear-related antinociceptive re-
sponse is still incomplete, since ketanserin and ritanserin also act on
other receptor subtypes such as 5-HT2C [26,66]. Our study supports the
hypothesis that the unconditioned fear-induced antinociception elicited
by chemical stimulation of the central nucleus of the IC response de-
pends on the involvement of DRN 5-HT2A receptors, since microinjec-
tion of the selective and potent 5-HT2A receptor antagonist R-96544
into the DRN impairs the unconditioned fear-induced antinociception
elicited by chemical stimulation of the IC.

Interestingly, although all the NMDA doses used were able to induce
fear-induced antinociception, the lower doses (6 and 9 nmol) increased
only the frequency of freezing without inducing running or jumping. In
fact, freezing is a relevant ethological component of the defensive be-
haviour continuum [51,67,68], and significant fear-induced anti-
nociception follows not only escape [6] but also freezing, as previously
demonstrated [16,17]. Defensive immobility is a common response
displayed by prey during confrontation with their natural predators
[4,5,52,69–71]. Interestingly, chronic peripheral treatment with the
serotonin uptake inhibitor fluoxetine decreases freezing behaviour eli-
cited by electrical stimulation of the dorsal midbrain [52], suggesting
that unconditioned freezing behaviour is a panic attack-related beha-
vioural response.

With regard to the possible limitations of the present work, we can
consider the fact that only one division each of the dorsal raphe nucleus
(the central part) and the inferior colliculus (the central nucleus) was
chosen for each central neuropharmacological treatment. The result
could be better supported by a neurotracing assay followed by im-
munohistochemistry for the 5-HT2A receptor. However, although the
central nucleus of the inferior colliculus is mainly related to auditory
ascending pathways, it has already been demonstrated that both elec-
trical [12,72] and chemical [3,14] stimulation of that nucleus elicits
defensive behaviour and non-opioid fear-induced antinociception
[11,73]. Finally, in addition to evidence demonstrating direct con-
nexions between the dorsal raphe nucleus neurons and limbic struc-
tures, such as the medial hypothalamus [21] and dorsal midbrain [23],
a previous radioautographic study demonstrated that DRN 5-HT2 re-
ceptors were labelled with the 5-HT2 agonists [3H]ketanserin and [3H]
mesulergine [27].

In conclusion, our findings demonstrated that the blockade of DRN
5-HT2A receptors decreased both panic attack-like defensive behaviour
and fear-induced antinociception elicited by chemical stimulation of
the IC neurons with NMDA. However, although the selective blockade
of 5-HT2A receptors with DRN microinjections of R-96544 caused an
impairment of freezing and escape responses at all doses of the drug,
only the higher doses of R-96544 microinjected into the DRN were able
to diminish unconditioned fear-induced antinociception. This suggests
that DRN 5-HT2A receptors are critically involved in the modulation of
panic-like responses organised by IC neurons and mediate fear-induced

antinociceptive responses triggered by a neural substrate in the dorsal
midbrain.
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