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Abstract
Rationale Gamma-aminobutyric acid (GABA)ergic neurons
of the substantia nigra pars reticulata (SNpr) are connected
to the deep layers of the superior colliculus (dlSC). The
dlSC, in turn, connect with the SNpr through opioid projec-
tions. Nociceptin/orphanin FQ peptide (N/OFQ) is a natural
ligand of a Gi protein-coupled nociceptin receptor (ORL1;
NOP) that is also found in the SNpr. Our hypothesis is that
tectonigral opioid pathways and intranigral orphanin-
mediated mechanisms modulate GABAergic nigrotectal
connections.

Objectives Therefore, the aim of this work was to study the
role of opioid and NOP receptors in the SNpr during the mod-
ulation of defence reactions organised by the dlSC.
Methods The SNpr was pretreated with either opioid or NOP
receptor agonists and antagonists, followed by dlSC treatment
with bicuculline.
Results Blockade of GABAA receptors in the dlSC elicited
fear-related defensive behaviour. Pretreatment of the SNpr with
naloxone benzoylhydrazone (NalBzoH), a μ-, δ-, and κ1-opi-
oid receptor antagonist as well as a NOP receptor antagonist,
decreased the aversive effect of bicuculline treatment on the
dlSC. Either μ-opioid receptor activation or blockade by
SNprmicroinjection of endomorphin-1 (EM-1) and CTOP pro-
moted pro-aversive and anti-aversive actions, respectively, that
modulated the defensive responses elicited by bicuculline in-
jection into the dlSC. Pretreatment of the SNpr with the selec-
tive NOP receptor antagonist JTC801 decreased the aversive
effect of bicuculline, and microinjections of the selective NOP
receptor agonist NNC 63-0532 promoted the opposite effect.
Conclusions These results demonstrate that opioid pathways
and orphanin-mediated mechanisms have a critical role in
modulating the activity of nigrotectal GABAergic pathways
during the organisation of defensive behaviours.
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EM-1 Endomorphin-1
GABA Gamma-aminobutyric acid
GPCR G protein-coupled nociceptin receptor
NalBzoH Naloxone benzoylhydrazone
N/OFQ Nociceptin/orphanin FQ
ORL1/NOP Nociceptin receptor
PAG Periaqueductal grey matter
SNpr Substantia nigra pars reticulata

Introduction

The substantia nigra pars reticulata (SNpr) is a ventral mid-
brain structure rich in gamma-aminobutyric acid
(GABA)ergic neurons connected to the dorsal midbrain
(Gonzalez-Hernandez and Rodriguez 2000; Grofová et al.
1978; Jayaraman et al. 1977). The SNpr is a key structure in
the modulatory circuit that is responsible for the control of fear
and panic states, which has been demonstrated by its neuro-
chemical lesions that decrease defensive attention, defensive
immobility, and escape thresholds elicited by electrical stim-
ulation of the deep layers of the superior colliculus (dlSC) and
dorsal periaqueductal grey matter and facilitates the behav-
ioural responses displayed by Wistar rats submitted to the
blockade of GABAA receptors in the dorsal midbrain
(Coimbra et al. 1989; Coimbra and Brandão 1993;
Maisonnette et al. 1996; Ribeiro et al. 2005).

The blockade of synaptic contacts in the SNpr with cobalt
chloride also depresses the alertness, freezing, and explosive/
non-oriented escape behaviours elicited by microinjections of
bicuculline in the dlSC in the presence of a venomous snake
(Almada and Coimbra 2015). The panic attack-like defensive
responses displayed by preys confronted with rattlesnakes in a
dangerous environment (Coimbra et al. 2017b) also decreased
after peripheral administrations of the non-selective opioid
antagonist naloxone (Coimbra et al. 2017a).

Interestingly, intra-SNpr microinjections of the GABAA re-
ceptor agonist muscimol mimic the facilitatory effects on defen-
sive behaviour produced by neurochemical lesions of the SNpr,
while pretreatment of the reticulate division of the substantia
nigra with bicuculline causes an impairment in the expression
of innate fear-related behavioural responses elicited by electrical
and chemical stimulations of the midbrain tectum (Coimbra and
Brandão 1993). This evidence suggests a key role of
disinhibitory GABAergic inputs to GABAergic inhibitory out-
puts in the SNpr on the expression of fear-related emotions. In
fact,morphological and pharmacological data have demonstrated
that the SNpr sends critical nigrotectal tonic inhibitory
GABAergic projections that modulate aversion-related midbrain
neural processes (Ribeiro et al. 2005), and these inhibitory neural
connexions are under the disinhibitory control of cortico-
neostriato-nigral GABAergic inputs (Castellan-Baldan et al.
2006).

In addition, intratectal and tectonigral varicose opioid path-
ways have been proposed as important connective links for the
modulation of fear and panic attacks through their disinhibitory
effects on nigrotectal pathways (Castellan-Baldan et al. 2006;
Eichenberger et al. 2002; Osaki et al. 2003; Ribeiro et al.
2005). However, evidence regarding the effects of opioids on
panic-like behaviours is controversial. Multidisciplinary ap-
proaches have suggested that the interaction between endoge-
nous opioid peptides and GABAA receptor-mediated inhibitory
neural circuits may represent the neural basis of the anti-aversive
or antipanic effects of either peripheral or central administration
of opioid peptide receptor antagonists (Coimbra et al. 1996,
2000; Tongjaroenbungam et al. 2004, Tongjaroenbuangam
et al. 2006). Neuroanatomical findings suggest that the opioid
and GABAergic systems are closely linked, and consequently,
the activity of the same neuronmay be directly regulated by both
GABA and endogenous opioid peptides (Kalyuzhny et al. 2000;
Tongjaroenbungam et al. 2004, Tongjaroenbuangam et al. 2006).

Since the SNpr is rich in both opioid inputs (Da Silva et al.
2013) and nociceptin/orphanin FQ peptide (N/OFQ) receptors
(ORL1; NOP) (Neal et al. 1999), we cannot rule out the pos-
sible involvement of a nociceptin/orphanin FQ modulatory
influence on GABAergic nigrotectal outputs during the orga-
nisation of panic-like responses by midbrain tectum neurons.
Furthermore, nociceptin/orphanin FQ (N/OFQ) and the NOP
receptor (Bunzow et al. 1994; Fukuda et al. 1994; Mollereau
et al. 1994; Wang et al. 1994) constitute a peptide system
(Schlicker and Morari 2000; Vaccarino et al. 1999) expressed
in brain areas involved in emotional processing (Gavioli et al.
2004; Goeldner et al. 2009; Post et al. 2016; Witkin et al.
2014; Vitale et al. 2009). In fact, previous research has sug-
gested that NOP receptor agonists may be used for stress and
anxiety treatment or for opioid dependence treatment and opi-
oid drug withdrawal effect attenuation, whereas NOP receptor
antagonists may be useful as analgesics or for increasing
learning ability and memory (Bignan et al. 2006).

Although the involvement of dorsal and ventral mesencephal-
ic neurons in the modulation of innate fear and defensive re-
sponses is well characterised (Almada and Coimbra 2015;
Castellan-Baldan et al. 2006; Coimbra and Brandão 1993),
how the tectonigral opioid pathways and intranigral orphanin-
mediated mechanisms modulate GABAergic nigrotectal con-
nexions during the expression of defensive responses remains
poorly understood. The hypothesis of the present work is that the
μ-opioid receptor is mainly situated in the postsynaptic mem-
branes of GABAergic nigrotectal pathways and that the NOP
receptor is located on opioid pathways connected to GABAergic
nigrotectal projections. We expect that the blockade of the μ-
opioid receptor will facilitate the activity of GABAergic
nigrotectal pathways and decrease fear-related responses elicited
byGABA receptor blockade in the dorsal midbrain. On the other
hand, the activation of NOP receptors will increase the activity of
tectonigral opioid pathways that disinhibit the activity of dorsal
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midbrain structures. To test this hypothesis, we performed mi-
croinjections of either naloxone benzoylhydrazone (NalBzoH),
endomorphin-1 (EM-1), D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-
Thr-NH2(CTOP), (8-Naphthalen-1-ylmethyl-4-oxo-1-phenyl-
1,3,8-triaza-spiro[4. 5]dec-3-yl)-acetic acid methyl ester (NNC
63-0532), or N-(4-amino-2-methylquinolin-6-yl)-2-(4-
ethylphenoxymethyl)benzamide hydrochloride (JTC801) at dif-
ferent concentrations in the SNpr, followed by GABA receptor
blockade in the dorsal midbrain. We selected NalBzoH based on
its wide range of action, mainly due to its μ-opioid and NOP
receptor antagonist role, to initially investigate the effect of a less
selective drug on defensive responses and to further investigate
the effect of the pretreatment of the SNpr with more selective
drugs, such as EM-1/CTOP and NNC 63-0532/JTC801. The
action of NalBzoH as a δ-opioid receptor antagonist and as a
κ3-opioid receptor agonist has also been considered (Paul et al.
1990). However, we decided to investigate neither the effect of
microinjections of δ- nor that of κ-opioid receptor agonists and
antagonists in the SNpr on defensive behaviour elaborated by the
midbrain tectum due to a previous morphological approach that
demonstrated non-significant concentrations of κ-opioid (as well
as δ-opioid) receptors in the SNpr. In addition, the effect of intra-
SNpr microinjections of the κ-opioid receptor-selective antago-
nist norbinaltorphimine on defensive behaviour organised by the
dlSC has been recently demonstrated by our team (da Silva et al.
2013). However, the effects of selective agonists and antagonists
of either μ-opioid or NOP receptors on the defensive responses
elicited by dlSC GABAergic blockade were also investigated.

Material and methods

Animals

Male Wistar rats, weighing 250–300 g (n = 8 per group;
N = 240 rodents), from the animal facility of the School of
Medicine of Ribeirão Preto of the University of São Paulo
(FMRP-USP) were used. These animals were housed in four
per group in Plexiglas cages and were provided free access to
food and water throughout the experiment. They were kept in
the experimental room for 48 h prior to the experiment and
were maintained on a 12-h light/12-h dark cycle (lights on at 7
a.m.) at 23–25 °C. All experiments were performed in accor-
dance with the recommendations of the Brazilian Society for
Neuroscience and Behaviour (SBNeC). Different groups of
animals were used for each neuropharmacological approach.
The study was approved by the FMRP-USP Ethics in Animal
Research Committee (CETEA; process 112/2011).

Surgery

The animals were anaesthetised with 92 mg/kg ketamine and
9.2 mg/kg xylazine and submitted to a stereotaxic surgery as

previously described (da Silva et al. 2013) for unilateral im-
plantation of two stainless steel guide cannulae (0.6 mm out-
side diameter, 0.4 mm inside diameter) in the midbrain aimed
at the dlSC and SNpr, according the following coordinates
(with the bregma as the reference): dlSC (anterior/posterior,
−6.36 mm; medial/lateral, 1.2 mm; dorsal/ventral, 3.6 mm)
and SNpr (anterior/posterior, −6.36 mm; medial/lateral,
2.2 mm; dorsal/ventral, 6.3 mm).

Drugs

NalBzoH (Tocris Bioscience, Bristol, UK), a preferential μ-
opioid antagonist and NOP receptor antagonist that is also
considered a δ- and κ1-opioid receptor antagonist and a κ3-
opioid receptor agonist (Paul et al. 1990); EM-1 (Tocris
Bioscience), a selective μ-opioid receptor agonist (Zadina
et al. 1997); CTOP (Tocris Bioscience), a μ-receptor-
selective antagonist (Gulya et al. 1988); NNC 63-0532
(Tocris Bioscience), a potent NOP receptor-selective agonist
(Thomsen and Hohlweg 2000); and JTC801 (Tocris
Bioscience), a selective NOP receptor antagonist (Yamada
et al. 2002), were dissolved in physiological saline and
microinjected in a volume of 200 nL. NalBzoH, EM-1,
NNC 63-0532, and JTC801 were microinjected at 2, 20, and
200 nmol. CTOP was microinjected at 0.01, 0.1, and 1 nmol.
The GABAA receptor-selective antagonist (Simmonds 1980;
Hawkins et al. 1989) bicuculline methyl iodide (Sigma-
Aldrich, St. Louis, MO, USA), which was microinjected at
40 ng/200 nL (0.078 nmol), was dissolved in physiological
saline shortly before use. Physiological saline served as the
vehicle control. The doses were taken from the literature
(Sante et al. 2000; Nobre et al. 2000; Marti et al. 2003; Yu
et al. 2006; Coimbra et al. 2006). The volume of each micro-
injection was 200 nL.

Behavioural procedures

Five days after the surgery to implant the guide cannulae aimed
at the dlSC and SNpr, the rats were gently wrapped in a cloth
and held to receive the following treatments in the ventral and
dorsal midbrain: (a) SNpr-physiological saline + dlSC-
physiological saline, (b) SNpr-physiological saline + dlSC-
bicuculline (0.078 nmol), (c) SNpr-NalBzoH (2, 20, and
200 nmol) + dlSC-bicuculline, (d) SNpr-EM-1 (2, 20, and
200 nmol) + dlSC-bicuculline, (e) SNpr-CTOP (0.01, 0.1, and
1 nmol) + dlSC-bicuculline, (f) SNpr-NNC 63-0532 (2, 20, and
200 nmol) + dlSC-bicuculline, and (g) SNpr-JTC801 (2, 20,
and 200 nmol) + dlSC-bicuculline. The GABAergic blockade
of the dlSC was performed 5 min after each SNpr pretreatment.

Immediately after each treatment in the dorsal midbrain,
the rodents were placed in an arena (a circular enclosure,
60 cm in diameter and 50 cm in height) with the floor divided
into 12 sections. This arena was situated in an experimental
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compartment illuminated with a 40-W fluorescent lamp
(350 lx at the level of the arena floor). The rats were allowed
to habituate to the enclosure for 10 min at the beginning of
each session. The frequency of following responses were sub-
sequently recorded for subsequent ethological analysis: ex-
ploratory behaviour (expressed as the number of crossings,
defined as instances when four paws in a given section of
the open field crossed into an adjacent section); the number
of rearings (upright posture); behavioural defensive reactions,
expressed as the number of defensive attention behaviours
(alertness, a response operationally defined as the interruption
of an ongoing behaviour, which is characterised by an atten-
tive posture with small head movements, and smelling of the
surrounding air); the number of defensive immobility behav-
iours (freezing, operationally defined as immobility followed
by two or more of the following autonomic reactions: defeca-
tion, urination, piloerection, or exophthalmos); and the num-
ber of escape behaviours (running without orientation) and
jumps (elevations of the four paws from the floor of the open
field). All these behavioural responses were recorded by a
video camera (Sony Handycam HDR-CX350, Konan,
Minato-ku, Tokyo, Japan) and registered for 15 min immedi-
ately after the microinjection of bicuculline into the dlSC.
Each animal received a maximum of two treatments (saline,
NalBzoH, EM-1, CTOP, NNC 63-0532, or JTC801 into the
SNpr and bicuculline or vehicle into the dlSC). All experi-
ments were performed from 7 a.m. to 2 p.m. hours. The re-
searcher was blind to the neuropharmacological treatment.

Histology

Upon completion of the experiments, the animals were
anaesthetised with 92 mg/kg ketamine and 10 mg/kg
xylazine (Dopaser) and perfused through the left cardiac
ventricle, and the midbrain slices were obtained as previ-
ously described (da Silva et al. 2015). The positions of the
guide cannula tips were identified using a motorised
photomicroscope (AxioImager Z1, Zeiss, Oberkochen,
Germany) according to the stereotaxic atlas by Paxinos
and Watson (2007). Data from the rats with guide cannula
tips located outside the dlSC and SNpr were not included in
the statistical analysis.

Statistical analysis

The data are expressed as the mean ± standard error of the
mean (SEM). The behavioural data were analysed by a one-
way analysis of variance (ANOVA) to evaluate the effects of
the treatments in the SNpr and dlSC. Significant effects in the
ANOVA were followed by Tukey’s post hoc test. Values of
p < 0.05 were considered statistically significant.

Results

Effect of naloxone benzoylhydrazone in the SNpr
on innate fear-related behaviour elicited by dlSC
activation

According to the one-way ANOVA, there was a significant
effect (F5,42 = 71.86; p < 0.001) of the treatments on the
number of defensive alertness. The dlSC GABAA receptor
blockade significantly increased (Tukey’s post hoc test;
p < 0.001) the defensive alertness behaviour. Pretreatment
of the SNpr with NalBzoH at all three doses caused a sig-
nificant decrease in the number (p < 0.05) of defensive
alertness. Pretreatment of the SNpr with NalBzoH at the
two lower doses differed significantly (p < 0.001) from
the lowest dose (2 nmol) with respect to the number of
defensive alertness. There was also a significant difference
(p < 0.001) between the lowest dose and the intermediate
dose, suggesting that the treatment followed a dose-
response curve (Fig. 1a).

According to the one-way ANOVA, there was a significant
effect of the treatments on the number of defensive immobility
(F5,42 = 27.95; p < 0.001). The GABAA receptor blockade in
the dlSC caused a significant increase in the number (Tukey’s
post hoc test; p < 0.001) of defensive immobility (Fig. 1b).
NalBzoH in the SNpr at all three doses decreased dlSC-
bicuculline-induced defensive immobility (p < 0.05).

According to the one-way ANOVA, there was also a
significant effect of the treatments on the number of es-
cape behaviours expressed by running (F5,42 = 20.89;
p < 0.001) and jumping (F5,42 = 11.26; p < 0.001) elicited
by the GABAergic blockade in the dlSC (Tukey’s post
hoc test; p < 0.001, in both cases), as shown in Fig. 1c,
d. Pretreatment of the SNpr with NalBzoH at the highest
dose (200 nmol) caused a clear panicolytic-like effect, as
demonstrated by the significant reductions in the in-
creased number (p < 0.01) of forward running elicited
by the GABAA receptor blockade in the dlSC (Fig. 1c).

With respect to the crossing response, one-way ANOVA
showed significant differences between treatments
(F5,42 = 38.60; p < 0.001). The number of crossing responses
displayed by rats treated with bicuculline in the dlSC in-
creased significantly (Tukey’s post hoc test; p < 0.001), an
effect that was significantly attenuated by SNpr pretreatment
with NalBzoH at 20 and 200 nmol doses followed by the
blockade of GABAA receptors in the dlSC (p < 0.001). The
pretreatment of the SNpr with NalBzoH at higher doses was
statistically different (p < 0.001) in comparison to the lowest
dose of NalBzoH (2 nmol) (Fig. 1e).

Although there was a significant effect of treatments
(F5,42 = 7.375; p < 0.001) on rearing behaviour, according to
ANOVA, this effect was due to a significant difference be-
tween the pretreatment of the SNpr with NalBzoH at 20 nmol
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in comparison to the effect of the lowest dose (Tukey’s post
hoc test; p < 0.001), as shown in Fig. 2f.

Effect of EM-1 administration in the SNpr on defensive
behavioural responses elicited by dlSC activation

There were significant effects of treatments on the number
(one-way ANOVA; F5,42 = 17.21; p < 0.001) of defensive
alertness that significantly increased after the antagonism of
GABAA receptors in the dlSC (Tukey’s post hoc test;
p < 0.05), as shown in Fig. 2a. Pretreatment of the SNpr with
the higher doses of EM-1 (20 and 200 nmol) was followed by
a significant increase in the number (Tukey’s post hoc test;
p < 0.05 and p < 0.01, respectively) of defensive alertness.
These effects were significantly different in comparison with
SNpr-EM-1 at the lower dose (2 nmol) (p < 0.05 and p < 0.01,
respectively), as shown in Fig. 2a.

With regard to defensive immobility, there were significant
differences between treatments in relation to the number (one-
way ANOVA; F5,41 = 12.14; p < 0.001) of that panic-like

response. The GABAA receptor blockade in the dlSC caused
a significant increase (Tukey’s post hoc test; p < 0.05) in the
number of defensive immobility. Pretreatment of the SNpr
with EM-1 at the highest dose (200 nmol) caused a significant
increase in the number (p < 0.05) of defensive immobility
caused by the administration of bicuculline in the dorsal mes-
encephalon. That effect was statistically different in compari-
son to SNpr-EM-1 treatment at the lower doses (2 and
20 nmol) (Tukey’s post hoc test; p < 0.001, in both cases).
These data are shown in Fig. 2b.

With regard to escape behaviour, according to the one-way
ANOVA, there was also a significant difference between treat-
ments on the number (F5,42 = 69.10; p < 0.001) of the escape
behaviour expressed by running. The blockade of GABAA

receptors in the dlSC caused a significant increase in escape
behaviours expressed by forward running (Tukey’s post hoc
test; p < 0.001). Pretreatment of the SNpr with EM-1 at the
highest dose (200 nmol) caused a clear pro-aversive effect,
increasing the number of running (Tukey’s post hoc test;
p < 0.001), an effect statistically different in comparison to

Fig. 1 a–f Effect of central
administration of saline or
naloxone benzoylhydrazone (2,
20, and 200 nmol) (n = 8) into the
substantia nigra pars reticulata
(SNpr) on defensive behaviour
elicited by the GABAA receptor
blockade in the deep layers of the
superior colliculus (dlSC). The
columns represent the mean, and
the bars represent the standard
error of the mean. ***p < 0.001,
compared with the saline (SNpr)
+ saline (dlSC)-treated group;
+p < 0.05, ++p < 0.01, and
+++p < 0.001, compared with the
saline (SNpr) + bicuculline
(dlSC)-treated group; #p < 0.05
and ###p < 0.001, compared with
the 2 nmol naloxone
benzoylhydrazone (SNpr) +
bicuculline (dlSC)-treated group;
°p < 0.05, compared with the
20 nmol naloxone
benzoylhydrazone (SNpr) +
bicuculline (dlSC)-treated group
(one-way ANOVA followed by
Tukey’s post hoc test)
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the effect of the pretreatment of the SNpr with the lowest doses
of EM-1 (2 and 20 nmol) (p < 0.001, in both cases), as shown in
Fig. 2c. There was also a significant difference between treat-
ments in relation to the number (one-way ANOVA;
F5,42 = 29.12; p < 0.001) of escape behaviours expressed by
jumps. The blockade of GABAA receptors in the dlSC caused a
significant increase (Tukey’s post hoc test; p < 0.001) in
jumping behaviour. Pretreatment of the SNpr with the highest
dose of EM-1 caused a clear pro-aversive effect, increasing the
number (Tukey’s post hoc test; p < 0.01) of the escape behav-
iour expressed by jumps. However, pretreatment of the SNpr
with 20 nmol EM-1 caused a clear panicolytic-like effect, de-
creasing the number (Tukey’s post hoc test; p < 0.01) of the
escape behaviour expressed by jumps elicited by intra-dlSC-
bicuculline treatment. There was a statistically significant dif-
ference (p < 0.001) between the SNpr pretreatment with EM-1
at the highest dose (200 nmol) compared with the animals in
which the SNpr was pretreated with EM-1 at the lowest dose
(2 nmol) followed by dlSC treatment with bicuculline (Fig. 2d).

With respect to crossing responses, one-way ANOVA
showed significant differences between treatments
(F5,7 = 3.073; p < 0.001). The treatment of the dlSC with
bicuculline increased the number of crossing responses
(Tukey’s post hoc test; p < 0.001). There was also a significant
increase in the number of crossings (p < 0.01) in the group
subjected to pretreatment of the SNpr with EM-1 at the highest
dose (200 nmol) followed by the blockade of GABAA recep-
tors in the dlSC, which is consistent with the facilitation of
escape behaviour by this pretreatment. However, pretreatment
of the SNpr with EM-1 at a dose of 20 nmol decreased the
number of crossings (p < 0.001) elicited by dlSC treatment
with bicuculline. There were significant differences
(p < 0.001) between the effect of microinjections of EM-1 at
the three different doses into the SNpr, as shown in Fig. 2e.

With respect to exploratory behaviours (rearing), according
to one-way ANOVA, there was a significant effect
(F5,42 = 3.348; p < 0.05) of treatment on the number of rear-
ing; however, there was not a significant effect of dlSC

Fig. 2 a–f Effect of central
administration of saline or EM-1
(2, 20, and 200 nmol) (n = 8) into
the substantia nigra pars reticulata
(SNpr) on defensive behaviour
elicited by the GABAA receptor
blockade in the deep layers of the
superior colliculus (dlSC). The
columns represent the mean, and
the bars represent the standard
error of the mean. *p < 0.05,
**p < 0.01, and ***p < 0.001,
compared with the saline (SNpr)
+ saline (dlSC)-treated group;
+p < 0.05, ++p < 0.01, and
+++p < 0.001, compared with the
saline (SNpr) + bicuculline
(dlSC)-treated group; #p < 0.05,
##p < 0.01, and ###p < 0.001,
compared with the 2 nmol EM-1
(SNpr) + bicuculline (dlSC)-
treated group; °°°p < 0.001, com-
pared with the 20 nmol EM-1
(SNpr) + bicuculline (dlSC)-
treated group (one-way ANOVA
followed by Tukey’s post hoc
test)
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treatment with bicuculline nor a significant effect of SNpr
pretreatment with EM-1, as shown in Fig. 2f.

Effect of CTOP administration in the SNpr on defensive
behavioural responses elicited by dlSC activation

With respect to defensive alertness behaviour, according to the
one-way ANOVA, there was a significant effect of the treat-
ments on the number (F5,42 = 39.56; p < 0.001) of alertness.
The decrease of the activity of GABAergic inputs to dlSC
caused a significant increase in the number (Tukey’s post
hoc test; p < 0.001) of defensive alertness, which was dimin-
ished by the blockade of μ-opioid receptors in the SNpr
through local administration of CTOP at the highest dose of
1 nmol. Interestingly, pretreatment of the SNpr with CTOP at
the dose of 0.1 nmol was followed by a significant increase in
the number of defensive alertness behaviour elicited by the
GABAA receptor blockade in the dlSC (Tukey’s post hoc test;
p < 0.001). The effect of the pretreatment of the SNpr with the
highest dose of CTOP was significantly different in compari-
son to the effect of CTOP at 0.1 nmol (Tukey’s post hoc test;
p < 0.001), and there was a significant difference between the
effect of CTOP at the lower doses (Tukey’s post hoc test;
p < 0.001), as shown in Fig. 3a.

With regard to the effect of CTOP on defensive immo-
bility, according to the one-way ANOVA, there were sig-
nificant differences in relation to the number (F5,42 = 15.42;
p < 0.001) of the defensive immobility behaviour. The
blockade of the GABAA receptors in the dlSC caused a
significant increase in the number (Tukey’s post hoc test;
p < 0.001) of defensive immobility behaviours. The block-
ade of μ-opioid receptors via CTOP at the highest dose of
1 nmol administration in the SNpr caused a clear
panicolytic-like effect, significantly reducing the defensive
immobility. These data are shown in Fig. 3b.

With respect to escape behaviour, according to one-way
ANOVA, there were also significant differences between
treatments in relation to the number of escape behaviour
expressed by forward running (F5,42 = 20.14; p < 0.001) and
by horizontal jumps (F5,42 = 8.241; p < 0.001). The blockade
of GABAA receptors in the dlSC elicited running (Tukey’s
post hoc test; p < 0.001) and jumping (Tukey’s post hoc test;
p < 0.001) escape behaviours. Pretreatment of the SNpr with
the two highest doses of CTOP induced a clear panicolytic-
like effect, causing a significant reduction (Tukey’s post hoc
test; p < 0.05, for CTOP at 0.1 nmol; p < 0.01, for CTOP at
1 nmol) in the number of escape behaviours expressed by
running elicited by the blockade of GABAA receptors in the
dlSC (Fig. 3c). In addition, the effect of the SNpr pretreatment
with CTOP at 0.1 and 1 nmol was significantly different in
comparison to the SNpr pretreatment with CTOP at the dose
of 0.01 nmol (p < 0.05, in both cases) (Fig. 3c). Pretreatment
of the SNpr with CTOP at the highest dose (1 nmol) also

decreased the number of escape behaviour expressed by hor-
izontal jumps (Tukey’s post hoc test; p < 0.05) elicited by
microinjection of bicuculline into the dlSC. These was a sig-
nificant difference between the SNpr pretreatment with CTOP
at 1 nmol compared with pretreatment of the SNpr with CTOP
at the lower dose (0.01 nmol) followed by treatment of the
dlSC with bicuculline (p < 0.05), as shown in Fig. 3d.

Regarding crossing responses, there were significant dif-
ferences between treatments (one-way ANOVA;
F5,35 = 45.22; p < 0.001). Bicuculline microinjections in the
dlSC elicited a significant increase in crossing responses
(Tukey’s post hoc test; p < 0.001). Furthermore, the group
subjected to the pretreatment of the SNpr with the two highest
doses of CTOP followed exhibited a significant reduction in
the number of crossings (Tukey’s post hoc test; p < 0.001),
effects significantly different in comparison to those caused by
SNpr pretreatment with CTOP at the lowest dose (0.01 nmol)
(p < 0.001, in both cases), as shown in Fig. 3e.

With respect to exploratory behaviours, there was a signif-
icant effect of the treatments on the number (one-way
ANOVA; F5,42 = 8.325; p < 0.001) of rearing response.
Although the blockade of GABAA receptors in the dlSC did
not cause any significant effect of rearing, there were signifi-
cant differences between the three different doses of CTOP
(p < 0.05) (Fig. 3f).

Effect of NNC 63-0532 administration in the SNpr
on defensive behavioural responses elicited by dlSC
activation

With respect to defensive alertness behaviour, there was a
significant effect of treatment on the number (one-way
ANOVA; F5,42 = 8.531; p < 0.001) of alertness response.
The blockade of GABAA receptors in the dlSC elicited defen-
sive alertness (Tukey’s post hoc test; p < 0.001) that was
increased by the SNpr pretreatment with NNC 63-0532 at
the highest dose (200 nmol) (Tukey’s post hoc test;
p < 0.05), as shown in Fig. 4a. The pro-aversive effect of
SNpr pretreatment with NNC 63-0532 at 200 nmol was also
statistically different in comparison to those caused by NNC
63-0532 at lower doses (Fig. 4a).

With regard to defensive immobility, according to one-way
ANOVA, there were significant differences between treat-
ments on the number (F5,42 = 21.79; p < 0.001) of the defen-
sive immobility behaviour (freezing). The blockade of
GABAA receptors in the dlSC elicited defensive immobility
(Tukey’s post hoc test; p < 0.01), and there was a non-
significant trend towards an increase in the number of defen-
sive immobility caused by SNpr pretreatment with the higher
doses of NNC 63-0532 (Fig. 4b).

Regarding the escape behaviour, according to the one-way
ANOVA, there were statistically significant differences between
treatments on the number of escape expressed by running
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(F5,42 = 16.21; p< 0.001) and by horizontal jumps (F5,42 = 10.08;
p < 0.001). The GABAA receptor blockade in the dlSC elicited
running and jumps (Tukey’s post hoc test; p < 0.05 and p < 0.01,
respectively), as shown in Fig. 4c, d. The pretreatment of the
SNpr with NNC 63-0532 at the highest dose (200 nmol) induced
a clear pro-aversive effect, causing a significant increase in the
number of the escape behaviour expressed by running (Tukey’s
post hoc test; p < 0.01) caused by the blockade of GABAA

receptors in the dlSC. That panicogenic-like effect was statisti-
cally different in comparison to those caused by SNpr pretreat-
ment with NNC 63-0532 at lower doses (p < 0.01, in both cases),
as shown in Fig. 4c. There was also a non-significant trend to-
wards an increase in the number of jumps caused by SNpr pre-
treatment with NNC 63-0532.

With respect to crossing responses, there were significant
differences between treatments (one-way ANOVA;
F5,42 = 62.78; p < 0.001). Intramesencephalic treatment with
bicuculline significantly increased the number of crossings
(Tukey’s post hoc test; p < 0.001), and there was a significant

increase in the number of crossings (p < 0.05) in the group
subjected to pretreatment of the SNpr with NNC 63-0532 at
the highest dose followed by the blockade of GABAA receptors
in the dlSC. However, pretreatment of the SNpr with 2 nmol
NNC 63-0532 followed by treatment of the dlSC with
bicuculline caused an anti-aversive effect by decreasing the
number of crossings (p < 0.001). These effects followed a
dose-response curve (Fig. 4e). Although there was not a signif-
icant effect of the intracollicular treatment with bicuculline on
rearing behaviour, the pretreatment of the SNpr with NNC 63-
0532 at all three doses reduced the number of exploratory be-
haviour (one-way ANOVA; F5,32 = 12.22; p < 0.001; Tukey’s
post hoc test; p < 0.05), as shown in Fig. 4f.

Effect of JTC801 administration in the SNpr on defensive
behavioural responses elicited by dlSC activation

Regarding the defensive attention, according to the one-way
ANOVA, there were significant effects of treatments

Fig. 3 a–f Effect of central
administration of saline or CTOP
(0.01, 0.1, and 1 nmol) (n = 8)
into the substantia nigra pars
reticulata (SNpr) on defensive
behaviour elicited by the GABAA

receptor blockade in the deep
layers of the superior colliculus
(dlSC). The columns represent the
mean, and the bars represent the
standard error of the mean.
***p < 0.001, compared with the
saline (SNpr) + saline (dlSC)-
treated group; +p < 0.05,
++p < 0.01, and +++p < 0.001,
compared with the saline (SNpr)
+ bicuculline (dlSC)-treated
group; #p < 0.05 and ###p < 0.001,
compared with the 0.01 nmol
CTOP (SNpr) + bicuculline
(dlSC)-treated group;
°°°p < 0.001, compared with the
0.1 nmol CTOP (SNpr) +
bicuculline (dlSC)-treated group
(one-way ANOVA followed by
Tukey’s post hoc test)
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(F5,42 = 96.61; p < 0.001) on the number of defensive alertness
behaviour. The intracollicular antagonism of GABAA receptors
performed in the dlSC caused a significant increase in the num-
ber (Tukey’s post hoc test; p < 0.001) of defensive attention,
which was antagonised (p < 0.001) by blockade of the SNpr
NOP receptor via local administration of JTC801 (20 nmol),
followed by the blockade of GABAA receptors in the dorsal
mesencephalon. That anxiolytic-like effect was statistically
different in comparison to the effect of SNpr pretreatment
with JTC801 at the lowest (2 nmol) and the highest
(200 nmol) doses (p < 0.001). These data are shown in Fig. 5a.

With respect to freezing response, according to the one-
way ANOVA, there were significant differences between the
treatments on the number (F5,42 = 15.52; p < 0.001) of the
defensive immobility behaviour. The GABAA receptor antag-
onism in the dlSC elicited defensive immobility (Tukey’s post
hoc test; p < 0.001), which was significantly diminished
(p < 0.01) by blockade of the SNpr NOP receptor via local
administration of JTC801 (20 nmol). There was a significant
difference (p < 0.05) between the groups regarding

pretreatment of the SNpr with the lowest dose of JTC801
followed by microinjection of bicuculline into the dlSC (Fig.
5b).

With regard to the non-oriented/explosive panic-like es-
cape behaviour, one-way ANOVA also revealed a significant
difference between treatments in relation to the number of
escape behaviours expressed by forward running
(F5,42 = 23.25; p < 0.001) and by horizontal jumps
(F5,42 = 13.45; p < 0.001). The dlSC treatment with
bicuculline elicited vigorous forward running and horizontal
jumps (Tukey’s post hoc test; p < 0.001 and p < 0.01, respec-
tively). Pretreatment of the SNpr with the intermediate dose
(20 nmol) of JTC801 followed by the blockade of GABAA

receptors in the dlSC caused a clear panicolytic-like effect by
significantly reducing (p < 0.001) the number of escape be-
haviours expressed by running (Fig. 5c) and significantly de-
creasing (p < 0.05) the number of the escape behaviours
expressed by jumping (Fig. 5d). The effect of the SNpr pre-
treatment with JTC801 at the dose of 20 nmol followed by
dlSC treatment with bicuculline was significantly different in

Fig. 4 a–f Effect of central
administration of saline or
NNC 63-0532 (2, 20, and
200 nmol) (n = 8) into the
substantia nigra pars reticulata
(SNpr) on defensive behaviour
elicited by the GABAA receptor
blockade in the deep layers of the
superior colliculus (dlSC). The
columns represent the mean, and
the bars represent the standard
error of the mean. *p < 0.05,
**p < 0.01, and ***p < 0.001,
compared with the saline (SNpr)
+ saline (dlSC)-treated group;
+p < 0.05, ++p < 0.01, and
+++p < 0.001, compared with the
saline (SNpr) + bicuculline
(dlSC)-treated group; ##p < 0.01
and ###p < 0.001, compared with
the 2 nmol NNC 63-0532 (SNpr)
+ bicuculline (dlSC)-treated
group; °°p < 0.01, and
°°°p < 0.001, compared with the
20 nmol NNC 63-0532 (SNpr) +
bicuculline (dlSC)-treated group
(one-way ANOVA followed by
Tukey’s post hoc test)
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comparison to the effect caused by SNpr pretreatment with
JTC801 at the lowest dose of 2 nmol, with respect to running
defensive responses.

With respect to crossing responses, there were significant
differences between treatments (one-way ANOVA;
F5,42 = 37.14; p < 0.001). Microinjections of bicuculline in
the dlSC caused a significant increase in the number of crossing
responses (Tukey’s post hoc test; p < 0.001). There was a sig-
nificant reduction in the number of crossings (p < 0.001) after
the blockade of GABAA receptors in the dlSC relative to the
treatment of the SNpr with JTC801 at the higher doses of 20
and 200 nmol (p < 0.001, in both cases), an effect significantly
different in comparison to that caused by SNpr pretreatment
with JTC801 at the lower dose (2 nmol), as shown in Fig. 5e.

With regard to rearing responses, according to one-way
ANOVA, there was a significant effect of treatment
(F5,42 = 6.583; p < 0.001) on the number of exploratory be-
haviours (rearing). Although the intracollicular treatment with
bicuculline did not cause a significant effect on rearing, there
was a significant effect between the group pretreated in the

SNpr with JTC801 at the highest dose of 200 nmol with that
pretreated with JTC801 at the lowest dose (2 nmol)
(p < 0.001) (Fig. 5f).

Histologically confirmed sites of intra-SNpr microinjec-
tions of physiological saline, NalBzoH, EM-1, CTOP, NNC
63-0532, or JTC801 and intracollicular administration of
physiological saline or bicuculline and representative photo-
micrographs are illustrated in Fig. 6.

Discussion

In all animals in this experiment, the blockade of GABAergic
receptors in the dlSC was followed by clear behavioural acti-
vation characterised by alertness, defensive immobility or
freezing, and vigorous running and jumping, which was
interpreted as explosive escape behaviour. This effect seems
to result from a decrease in GABAergic neurotransmission in
the dorsal midbrain and the consequential momentary inter-
ruption of tonic inhibitory control exerted by GABA in the

Fig. 5 a–f Effect of central
administration of JTC801 (2, 20,
and 200 nmol) (n = 8) into the
substantia nigra pars reticulata
(SNpr) on defensive behaviour
elicited by the GABAA receptor
blockade in the deep layers of the
superior colliculus (dlSC). 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
saline (SNpr) + saline (dlSC)-
treated group; +p < 0.05,
++p < 0.01, and +++p < 0.001,
compared with the saline (SNpr)
+ bicuculline (dlSC)-treated
group; #p < 0.05 and ###p < 0.001,
compared with the 2 nmol
JTC801 (SNpr) + bicuculline
(dlSC)-treated group;
°°°p < 0.001, compared with the
20 nmol JTC801 (SNpr) +
bicuculline (dlSC)-treated group
(one-way ANOVA followed by
Tukey’s post hoc test)
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neural substrates that process aversive stimuli in the dlSC and
periaqueductal grey matter (PAG) (Coimbra and Brandão
1993; Wang et al. 2013). Furthermore, over the past decades,
research has suggested that chemical stimulation of the dPAG
and dlSC can serve as a model for innate fear and panic attacks
in rodents (Almada and Coimbra 2015; Brandão et al. 1999;
Coimbra et al. 1992, 2006; Eichenberger et al. 2002; Schmitt
et al. 1985).

Previous research has found that striatonigral GABAergic
neurons exert a strong disinhibitory effect on the cells of the
SNpr (Almada and Coimbra 2015; Bolam et al. 2000;
Castellan-Baldan et al. 2006; Coimbra and Brandão 1993);
consequently, this disinhibitory action affects GABAergic
nigrotectal projections (Almada and Coimbra 2015;
Chevalier et al. 1981; Coimbra et al. 1989; Coimbra and
Brandão 1993; Eichenberger et al. 2002). Researchers have
postulated that GABAergic striatonigral pathways act on these
GABAA receptors in the SNpr by also modulating
GABAergic nigrotectal projections, which culminates in the
modulation of defensive responses related to panic attacks that
are organised by corpora quadrigemina neurons (Castellan-
Baldan et al. 2006).

Pretreatment of the SNpr with NalBzoH decreased the pro-
aversive effect of bicuculline on the number of alertness and
escape behaviours expressed by running. These results sug-
gest an anti-aversive effect that is caused by the blockade of
μ-, δ-, and k-opioid receptors and NOP receptors in the SNpr
during the instinctive fear-related behavioural activation
caused by the blockade of GABA receptors in the dlSC.
This hypothesis is also supported by the decrease in the num-
ber of defensive immobility behaviours caused by treatment
of the SNpr with the highest dose of NalBzoH followed by
GABA receptor blockade in the dorsal midbrain. Interestingly,
NalBzoH is an opioid receptor antagonist as well as a NOP
receptor antagonist that can be administered systemically
(Bigoni et al. 2002). Behavioural studies have shown that
NalBzoH antagonises the effects of N/OFQ in vivo. In this
direction, systemic administration of NalBzoH completely in-
h ib i t s hypera lges i a as we l l a s N/OFQ- induced
hypolocomotion (Noda et al. 1998), and this drug blocks the
decrease in the effect of N/OFQ on passive avoidance
(Mamiya et al. 1999).

Pretreatment of the SNpr with CTOP at the higher dose
(1 nmol) depressed the pro-aversive effects of bicuculline ad-
ministration in the midbrain tectum, which resulted in behav-
ioural reactions that have been suggested as experimental
models of panic attacks (Borelli et al. 2004; Ribeiro et al.
2005). This anti-aversive effect of the blockade of μ-opioid
receptors in the SNpr possibly facilitates the activity of
nigrocollicular GABAergic pathways due to a decrease in
the activity of disinhibitory tectonigral opioid connexions.
Evidence for an anti-aversive action of GABAergic
nigrotectal pathway disinhibition through inhibitory

intramesencephalic pathways has already been described in
the literature (Castellan-Baldan et al. 2006; da Silva et al.
2013; Ribeiro et al. 2005), although these findings were relat-
ed to the inhibitory postsynaptic potentials of opioid
interneurons.

In addition, pretreatment of the SNpr with μ-opioid recep-
tor agonists caused facilitation of the pro-aversive effects of
the blockade of GABAA receptors in the midbrain tectum, as
demonstrated by an increase in the incidence of defensive
behaviours. Evidence of a pro-aversive effect of
intramesencephalic μ-opioid receptor activation on defence
responses has been shown in the dorsal midbrain by Calvo
and Coimbra (2006). In fact, endogenous opioids are present
throughout the limbic system (Loughlin et al. 1985) and are
involved in the modulation of affection and social behaviours,
including anxiety, aggressiveness, and responses to social
stress (Asakawa et al. 1998; Vaccarino et al. 1999).

Our present results showed the modulatory effects of SNpr
microinjections of EM-1 (pro-aversive action at the highest
dose) and the potent, highly selective μ-opioid receptor antag-
onist CTOP (anti-aversive action at the highest dose) on innate
fear-related defensive behaviours. Interestingly, although pre-
treatment of the SNpr with EM-1 at the highest dose facilitated
the pro-aversive effect of the GABAA receptor blockade in the
dlSC, the opposite effect was caused by pretreatment of the
SNpr with EM-1 at lower doses, suggesting a dual effect of
opioid agonists in the ventral mesencephalon. This apparent
paradoxical effect of EM-1 could be due to the different
localisations ofμ- and κ-opioid receptors in either the terminal
boutons of disinhibitory striatonigral GABAergic pathways or
the postsynaptic membranes of inhibitory GABAergic
nigrocollicular pathways, respectively. Supporting this hy-
pothesis, Mansour et al. demonstrated that the μ-opioid recep-
tor in the SNpr is predominantly situated on neuronal fibres
(Mansour et al. 1995), while the κ-opioid receptor is mainly
located in neuronal perikarya (Mansour et al. 1996). EM-1 at
low doses could act predominately on μ-opioid receptors sit-
uated on striatonigral GABAergic inputs, disinhibiting the
SNpr GABAergic outputs and, at the highest dose, possibly
acting on κ-opioid receptors located on perikarya of
GABAergic nigrocollicular inhibitory outputs, which decreas-
ing activity could produce the pro-aversive effect observed in
the present work. A dual but dose-related effect on defensive
behaviour has also been previously demonstrated for mor-
phine microinjection into the dorsal midbrain (Cardoso et al.
1992). Nobre et al. (2000) demonstrated that pro-aversive effects
of morphine microinjected in the dorsal midbrain of Wistar rats
were significantly reduced by systemic administration of the κ-
opioid receptor-selective antagonist norbinaltorphimine.

We also investigated the effect of the microinjection of a
selective NOP receptor agonist and antagonist into the SNpr
on the defensive behaviour. Pretreatment of the SNpr with the
selective NOP receptor antagonist JTC801 caused an anti-
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aversive effect on the action of bicuculline with regard to the
number of defensive alertness and explosive escape behav-
iours expressed by running and jumps. There was also a re-
duction in the number of crossings and an increased incidence
of exploratory behaviour, which suggests that blockade of
NOP receptors in the SNpr had an anti-aversive influence on
the effect of the blockade of GABAergic receptors in the
dlSC. This hypothesis was also supported by the decrease in
the number of defensive immobility caused by pretreatment of
the SNpr with the intermediate dose of JTC801.

Pretreatment of the SNpr with NNC 63-0532, a selective
agonist of NOP receptors, caused facilitation of the pro-
aversive effect of bicuculline on the number of explosive es-
cape behaviours expressed by running. There was also an
increase in the number of crossings and a reduced incidence
of exploratory behaviours, which suggests a pro-aversive ef-
fect caused by the activation of NOP receptors in the SNpr
followed by the GABAA receptor blockade in the dlSC; this
hypothesis is also supported by the trend towards to an in-
creased number of the defensive immobility behaviour caused
by SNpr treatment with NNC 63-0532 at the highest dose.
Taken together, these findings suggest that NOP receptors in
the SNpr play a critical role in the modulation of the activity of
nigrocollicular inputs.

Interestingly, opioid and nociceptin neuromodulation of the
SNpr caused a similar effect, andNOP is commonly considered
an anti-opiate. This concept is mainly based on the
pronociceptive effect of nociceptin/orphanin FQ. However,
the role of N/OFQ and its receptor, NOP, remains unclear be-
cause this peptide has been implicated in both the suppression
and enhancement of nociception. Miller-Pérez et al. (2008)
have demonstrated that [Phe(1)Psi(CH(2)NH)Gly(2)]-
nociceptin(1–13)-NH(2) and morphine or dynorphin A(1–17)
cause a potent hypo-algesic effect. Sub-effective doses of nal-
oxone and N/OFQ also synergise to produce pronociception.
Taken together, these findings suggest that the endogenous opi-
oid peptide- and N/OFQ-mediated neurotransmissions modu-
late nociception through parallel systems. In addition, Nazzaro
et al. (2007) have demonstrated that intrathecal administration
of N/OFQ causes antinociception in mice that is prevented by
pretreatment with UFP-101 but not with naloxone. N/OFQ
effects could differentially alter brain functions according to
its pre- or postsynaptic localisations. For example, Kallupi
et al. (2014) have found that the selective non-petidergic
NOP receptor agonist MT-7716 dose-dependently de-
creases evoked GABAA receptor-mediated inhibitory
postsynaptic potentials (IPSPs) and increases the paired-
pulse facilitation (PPF) ratio of these evoked IPSPs, sug-
gesting a presynaptic site of action of the MT-7716 by
decreasing GABA release at the synapses of the central
nucleus of the amygdala (CeA). In fact, according to
Anton et al. (1996), there is a high concentration of
NOP receptors on neuronal terminals in the CeA.
However, Neal et al. (1999) have found a profuse concen-
tration of NOP receptors on SNpr perikarya. The presence
of NOP receptors on cellular bodies of nigrocollicular
GABAergic neurons can explain our findings.

There is also evidence that striatal stimulation inhibits
nigrothalamic neurons (Deniau et al. 1976) and that the
striato-nigrothalamic pathways are involved in the organisa-
tion of behavioural responses (Suvorov et al. 1997).
Nigrothalamic pathways subserve the nigral control of the
caudate nucleus via the ventrolateral thalamic nucleus
(Wolfarth et al. 1977). In addition, nociceptin/orphanin FQ
causes a dose-response biphasic modulation of motor behav-
iour in rats submitted to several motor tasks (Marti et al.
2009). These authors have demonstrated that the NOP recep-
tor antagonist UFP-101 facilitates motor activity, suggesting
an inhibitory activity of endogenous N/OFQ in the control of
motor responses. Exogenous N/OFQ exerts a biphasic modu-
lation of motor cortex excitability, with low doses causing a
facilitatory effect and higher doses inducing inhibitory effects
(Marti et al. 2009). Considering that a similar effect was elic-
ited by intranigral but not by intracortical treatments with ei-
ther N/OFQ or UFP-101, the authors have concluded that
SNpr NOP receptors mediate N/OFQ biphasic control over
motor behavioural responses. These effects could be due to

�Fig. 6 a Schematic tranverse sections of the Rattus norvegicusmidbrain,
showing the sites of intramesencephalic administration of saline + saline
(open circles), saline + bicuculline (closed circles), naloxone
benzoylhydrazone (200 nmol) + saline (open squares), naloxone
benzoylhydrazone (2 nmol) + bicuculline (closed squares), naloxone
benzoylhydrazone (20 nmol) + bicuculline (closed diamonds), and
naloxone benzoylhydrazone (200 nmol) + bicuculline (open diamonds)
into the dlSC and SNpr, respectively. b Saline + saline (open circles),
saline + bicuculline (closed circles), EM-1 (200 nmol) + saline (open
squares), EM-1 (2 nmol) + bicuculline (closed squares), EM-1 (20 nmol)
+ bicuculline (closed diamonds), and EM-1 (200 nmol) + bicuculline
(open diamonds) injections into the dlSC and SNpr, respectively. c
Saline + saline (open circles), saline + bicuculline (closed circles),
CTOP (1 nmol) + saline (open squares), CTOP (0.01 nmol) + bicuculline
(closed squares), CTOP (0.1 nmol) + bicuculline (closed diamonds), and
CTOP (1.0 nmol) + bicuculline (open diamonds) injections into the dlSC
and SNpr, respectively. d Saline + saline (open circles), saline +
bicuculline (closed circles), NNC 63-0532 (200 nmol) + saline (open
squares), NNC 63-0532 (2 nmol) + bicuculline (closed squares), NNC
63-0532 (20 nmol) + bicuculline (closed diamonds), and NNC 63-0532
(200 nmol) + bicuculline (open diamonds) injections into the dlSC and
SNpr, respectively. e Saline + saline (open circles), saline + bicuculline
(closed circles), JTC801 (200 nmol) + saline (open squares), JTC801
(2 nmol) + bicuculline (closed squares), JTC801 (20 nmol) + bicuculline
(closed diamonds), and JTC801 (200 nmol) + bicuculline (open
diamonds) injections into the dlSC and SNpr, respectively, depicted on
illustrations modified from the stereotaxic atlas of Paxinos and Watson
(2007). f, g Photomicrographs of transverse sections of dorsal (f) and
ventral (g) mesencephalon, showing (black arrows) representative sites
of microinjection of drugs in the dlSC (f) and in the SNpr (g). The number
of sites of microinjection represented in the figure seems to be less than
the total number of laboratory animals used in the present work because
of overlapping injection sites
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the regulation of the ventrolateral thalamic nucleus activity
modulating the primary motor cortex output. Although we
cannot rule out the recruitment of these pathways to explain
the dual effect of our results, we suggest that the main neural
substrate and pharmacological targets involved in the pro-
aversive effects of the NOP receptor agonist NNC 63-0532
and in the antiaversive effect of the NOP receptor antagonist
JTC801 are related to the action of these drugs on NOP
receptors situated on the perikarya of nigrotectal neurons
located in the reticulate division of the substantia nigra.

There was a discrete variability in the incidence of defen-
sive behaviours displayed by the SNpr-saline plus dlSC-
bicuculline-treated groups. This apparent discrepancy was
specifically noted in Fig. 5b, regarding the impact on defen-
sive immobility behaviours elicited by GABA receptor block-
ade in the dlSC (higher in comparison to the other experi-
ments). However, this behavioural variability can be easily
explained by different localisations of the site of bicuculline
microinjections in the intermediate and deep layers of the
superior colliculus. The closer the site in which the GABAA

receptor blockade is performed to the dorsal PAG/dlSC, the
higher the defensive reaction.

One of the first behavioural observations reported for N/
OFQ was a decrease in locomotor activity after the injection
of high doses (10 nmol) of this peptide, which was followed by
muscle weakness and ataxia (Reinscheid et al. 1995). This
effect could explain why intranigral pretreatment with
JTC801 caused a decrease in the explosive defensive responses
elicited by intracollicular treatment with bicuculline. However,
the motor behaviour displayed by the Wistar rats in the current
study was not significantly altered by pretreatment of the SNpr
with the highest dose of JTC801 followed by dlSC treatment
with saline with respect to the exploratory behaviour of rearing
or crossing responses, suggesting that the decrease in defensive
responses caused by NOP receptor blockade in the SNpr is due
to the facilitatory action of intranigral JTC801 treatment on
GABAergic nigrotectal pathways.

There is also evidence that low doses (10 ng) of N/OFQ
stimulate spontaneous locomotion in mice, as evaluated in the
open field test (Florin et al. 1996). However, in the present
work, compared with the control group, pretreatment of the
SNpr with the selective NOP receptor agonist NNC 63-0532
followed by treatment of the dlSC with physiological saline did
not cause a significant change in motor behaviour, as measured
by crossing and rearing responses.Moreover, knockout animals
for the NOP receptor do not show any changes in locomotor
activity after the administration of 10 nmol N/OFQ,
emphasising the role of the NOP receptor in the induction of
this peptide-induced hypolocomotion. Compared with wild-
type mice, these knockout animals exhibit no change in base-
line locomotor activity, suggesting that the N/OFQ-NOP sys-
tem is not one of the major pathways responsible for the regu-
lation of locomotion (Nishi et al. 1997; Noda et al. 1998).

In conclusion, the present work provides evidence that de-
spite the putative involvement of SNpr δ- and k-opioid recep-
tors in the modulation of the activity of nigrocollicular neural
pathways, the μ-opioid receptor and the NOP-nociceptin/
orphanin receptor of the SNpr play a critical role in the mod-
ulation of disinhibitory striatonigral and inhibitory
GABAergic nigrocollicular pathways. In addition, both the
opioid and NOP receptors of the SNpr can modulate the sen-
sitivity of dorsal midbrain structures during the intratectal
blockade of GABAergic receptors due to the facilitation or
inhibition of the activity of the tectonigral opioid pathway,
and the final effect of pre-synaptic opioid or postsynaptic
NOP receptor blockade is the inhibition or release of
GABAergic nigrotectal pathway activity, respectively.
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