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A B S T R A C T

Previous studies in our laboratory showed an interaction between the GABAergic and opioid systems involved in
the analgesic effect of baclofen (BAC). Furthermore, it is known that sex differences exist regarding various
pharmacological responses of morphine (MOR) and they are related to an increased sensitivity to MOR effects in
males. The aims of the present study were to evaluate the possible involvement of the GABAB receptors in the
antinociceptive responses induced by MOR (1, 3 and 9mg/kg, s.c.) administration using both pharmacological
(BAC 2mg/kg, i.p.; and 2-OH-saclofen, SAC 0.3mg/kg, intra cisterna magna) and genetic approaches (GABAB1

knockout mice; GABAB1 KO) in mice of both sexes. In addition, we explored the alterations in c-Fos expression of
different brain areas involved in the antinociceptive effect of MOR using both approaches. The pharmacological
approach showed a higher dose-dependent antinociceptive effect of MOR in male mice compared to female mice.
BAC and SAC pretreatment potentiated and attenuated the antinociceptive effect of MOR, respectively, in both
sexes. The genetic approach revealed a dose-dependent antinociceptive effect of MOR in the wild type mice, but
not in the GABAB1 KO mice and no sex differences were observed. Additionally, BAC and SAC pretreatment and
the lack of GABAB1 subunit of the GABAB receptor prevented the changes observed in c-Fos expression in the
cingulate cortex and nucleus accumbens of male mice. Our results suggest that the GABAB receptors are involved
in the MOR antinociceptive effect of both male and female mice.

1. Introduction

Global opioid deaths have increased in men and women from all
social economic status and ages (Blum et al., 2018). In particular in the
United States, the current opioid-epidemic deaths began in the 1990s
and have claimed over 200,000 lives so far (Meldrum, 2016). Even
though it is a multi-factorial phenomenon, alternative therapies for
treating pain that reduces the incidence of addiction could help de-
crease opioid abuse and opioid-related deaths.

In previous studies we have shown an interaction between the
GABAergic and opioid systems involved in the mechanism of action of
the antinociceptive effect of baclofen (selective GABAB receptor ago-
nist, BAC) (Balerio and Rubio, 2002). Similarly, clinical studies have
demonstrated that morphine (μ-opioid receptor agonist, MOR)

analgesia could be enhanced by BAC administration (Gordon et al.,
1995) and patients who received intrathecal BAC after total knee ar-
throplasty, reported a significant less opioid use compared to the group
of patients that only received opioids (Sanders et al., 2009). A possible
explanation could be that the co-activation of opioid and GABAB re-
ceptors induced by exogenous or endogenous agents might produce an
enhanced opioid analgesia compared to the analgesia produced by the
activation of opioid receptors alone (Gordon et al., 1995). In addition,
we have also observed that BAC pretreatment decreased the expression
of MOR withdrawal syndrome in mice of either sex (Diaz et al., 2001),
which is in agreement with previous results (Zarrindast and Mousa-
Ahmadi, 1999). Finally, we have reported that BAC was able to re-
establish the decreased dopamine levels during MOR withdrawal in
male mice (Diaz et al., 2003). Together, these results suggest that the
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combination of BAC and MOR for pain treatment could be a good al-
ternative to achieve a successful analgesic treatment with the potential
to reduce the negative consequences of opiate use.

MOR is commonly used to treat chronic and acute pain although it
has the potential to cause addiction (Lee and Ho, 2013). Several pre-
clinical studies have demonstrated that MOR antinociception tends to
be greater in males compared to females in humans and other species
(Cepeda and Carr, 2003; Craft et al., 2008; Kest et al., 2000b; Miller and
Ernst, 2004). Even though it has been suggested that not all strains of
mice show sex differences (Kest et al., 1999) the importance of in-
cluding both sexes in preclinical studies has been addressed recently by
Clayton and Collins (2014). Noteworthy, these sex differences in opiate
antinociception are not due to the pharmacokinetics of MOR (Cicero
et al., 1996; Cicero et al., 1997; Craft et al., 1996; Sarton et al., 2000).
Several studies have demonstrated the role of circulating adult sex
hormones in the presence of sex differences in MOR analgesia studies
(Ali et al., 1995; Banerjee et al., 1983) but little is known about the
organizational effect of sex hormones that could indicate structural
brain differences between male and female mice that can be explored
using prepubertal mice. In this way, the influence of adult sex hormones
on MOR antinociception is avoided. Even though the mechanism of sex
differences in MOR analgesia remains to be clarified, they are likely to
be the result of differences in receptor density, binding and localization,
as well as anatomical and physiological differences in the opiate-re-
sponsive neural circuits (Loyd and Murphy, 2006; Loyd et al., 2007,
2008; Loyd et al., 2008).

The early expression gene, c-Fos, is a transcription factor considered
to be a marker of neuronal activity (Dragunow and Faull, 1989). It is
known that addiction related behaviors are associated to different
molecular adaptations, such as gene regulation, which are observed in
specific brain areas (Berke and Hyman, 2000; Nestler, 2001). In line
with this, several authors have shown that acute MOR (Ziolkowska
et al., 2012), naloxone (μ-opioid receptor antagonist, NAL)-precipitated
MOR withdrawal (Frenois et al., 2002; Georges et al., 2000; Gracy et al.,
2001; Pedrón et al., 2013), MOR self-administration (Madsen et al.,
2012) and MOR rewarding effects (Lasheras et al., 2015) alter Fos-like
immunoreactivity in diverse brain regions. The interaction between
opioid and GABAergic systems in analgesia has been well documented
in the spinal cord, but there are only a few studies regarding the con-
tribution of most of the rostral structures to the brainstem in opioid
antinociception. Similarly, the role of the periaqueductal gray (PAG)
and its connection with the rostral ventromedial medulla and the
amygdala in MOR analgesia has been well documented (see Loyd and
Murphy, 2014 for a review) but little is known about brain areas such as
the central nucleus of the amygdala (CeA) and the cerebral cortex
which have been implicated in the opioid induced antinociception
(d'Amore et al., 1991; Finnegan et al., 2006; Manning and Mayer,
1995a; Manning and Mayer, 1995b; Matthies and Franklin, 1995).
Previous studies have suggested a critical role for the basolateral
amygdala (BLA) and CeA in the antinociceptive effect of opioids
(Finnegan et al., 2005; Helmstetter et al., 1998; Tershner and
Helmstetter, 2000; Zhu and Pan, 2004) BLA is involved in opioid an-
algesia through a projection to the CeA, which in turn activates the
descending modulatory pathway (Helmstetter et al., 1998). Moreover,
there is evidence that the activation of presynaptic μ-opioid receptors
primarily attenuates GABAergic synaptic inputs to the CeA-projecting
neurons in the BLA (Finnegan et al., 2005). Brain areas implicated in
the rewarding properties of drugs of abuse, like the nucleus accumbens
(Acb) have shown to have a role in pain modulation through an
opioidergic mechanism (Gear and Levine, 1995). Interestingly, these
authors have suggested that pain could be rewarding under certain
conditions (Gear et al., 1999). The evidence suggests that the rostral
forebrain could modulate nociception through a descending inhibitory
mechanism. In addition, it has been proposed that MOR acting within
the forebrain could alter the local processing of nociceptive messages
and they are not perceived as painful (Cohen et al., 1984). Considering

all these findings, we decided to explore the induction of c-Fos ex-
pression in areas that have been recently related to the antinociceptive
effect of MOR. These areas have also been associated with the induction
of MOR reward (Liu et al., 1994) and dependence (Georges et al., 2000)
which is one of the most significant negative secondary effects induced
by MOR treatment.

To our present knowledge, there are no previous studies regarding
the effect of BAC or 2-OH-saclofen (GABAB receptor antagonist, SAC)
pretreatment in MOR analgesia in male and female mice or assessing
the effect of the lack of the GABAB1 subunit of the GABAB receptor in
MOR analgesia. Therefore, the aim of the present study was to explore
the involvement of GABAB receptors in the possible alterations induced
by MOR (antinociceptive responses and c-Fos expression), using both
pharmacological (BAC and SAC) and genetic (GABAB1 KO mice) ap-
proaches.

2. Experimental procedure

2.1. Animals

2.1.1. Pharmacological approach: in Swiss Webster albino mice
We used Swiss Webster prepubertal (indicated by vaginal smears)

male and female mice obtained from Bioterio Central (Faculty of
Pharmacy and Biochemistry, University of Buenos Aires, Argentina)
weighing 15–20 g and housed five per cage (n=210). All animal were
23–25 days old at the beginning of the experiment. All experiments
were performed with the investigators being blind to treatment condi-
tions.

2.1.2. Genetic approach: in GABAB1 knockout mice and their wild-type
littermates

Mice lacking the GABAB1 subunit of the GABAB receptor were
generated at Dr. Bernhard Bettler's laboratory, Department of
Physiology, University of Basel, Switzerland (Schuler et al., 2001). We
have developed our own GABAB1 KO mice colony in the Institute of
Pharmacological Research (CONICET) located at the Faculty of Phar-
macy and Biochemistry. The GABAB1 KO mice and their wild-type lit-
termates were obtained by intercrossing heterozygous animals (Balb/c
strain). All mice were genotyped by polymerase chain reaction (PCR)
analysis, as described previously (Schuler et al., 2001). Male and female
prepubertal mice (23–25 days old) weighing 15–20 g were housed five
per cage (n=150). All the experiments were performed with the in-
vestigators being blind to genotype and treatment conditions.

2.1.3. Determination of estrous cycle stage
After each female mouse was challenged in the hot plate, a vaginal

smear was obtained to determine the stage of the estrous cycle
(Caligioni, 2009). Lavages were collected, placed onto glass slides and
stained with methylene blue for observation under a light microscope.
98% of female mice were on anestrous (absence of cornified cells and a
small amount of neutrophils), which indicated their prepubertal status.
The remaining 2% was not taken into account for data analysis.

2.2. Care and handling conditions

Both groups of animals (pharmacological and genetic approaches)
were acclimatized to the laboratory conditions according to local reg-
ulation (SENASA, 2002) (12-h light:12-h dark cycle, 21 ± 0.5 °C room
temperature, 65 ± 10% humidity). Mice were handled and habituated
to the injections four times a day for three days prior to the experiment
in order to reduce stress. Habituation to the injection consisted in re-
straining the animals and emulating an injection pressure over the skin
without using a needle. Food and water were available ad libitum. Be-
havioral tests and animal care were conducted following the standard
ethical guidelines (European Community Guidelines on the Care and
Use of Laboratory Animals 86/609/EEC and 2001-486/EEC). All
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experimental protocols were approved by the Animal Care Committee
from the Faculty of Medicine, University of Buenos Aires (Res. CS n°
4081/04).

2.3. Drugs

MOR hydrochloride (Chemotecnica Sintyal, Buenos Aires,
Argentina), NAL (Sigma, Aldrich, Saint Louise, Missouri), (± ) BAC
(Novartis, Basel, Switzerland) and SAC (Sigma Chemical Co., Buenos
Aires, Argentina) were used in this study. MOR hydrochloride and BAC
were dissolved in isotonic (NaCl 0.9%) saline solution (SAL) and ad-
ministered subcutaneously (s.c.) and intraperitoneally (i.p.), respec-
tively. The MOR dose refers to the salt form. SAC was dissolved in
isotonic (5%) glucose solution immediately before use and adminis-
tered intra cisterna magna (i.c.m.) because SAC does not cross the blood
brain barrier. MOR and BAC were administered in a volume of 0.1 ml/
10 g body weight of the animals. An i.c.m. injection was performed
during short ether anesthesia. In this case, 10 μl of solution per mouse
were injected slowly into the cisterna magna (Ueda et al., 1979). Dif-
ferent groups of drug-naïve animals were used for each experiment. The
doses of MOR (1, 3 and 9mg/kg, s.c.) were chosen based on a previous
study by Celerier et al. (2003). The dose of BAC (2mg/kg, i.p.) and SAC
(0,3 mg/kg, i.c.m.) were chosen based on previous studies in our la-
boratory (Balerio and Rubio, 2002).

For the pharmacological approach, BAC (2mg/kg) or SAL was ad-
ministered i.p. 45min before MOR (1, 3 and 9mg/kg, s.c.) or SAL in-
jection in Swiss Webster male and female mice. SAC (0.3 μg/kg) or
glucose 5% was administered i.c.m. 10min before MOR (1, 3 and 9mg/
kg, s.c.) or SAL injection in Swiss Webster mice. For the genetic ap-
proach, GABAB1 KO male and female mice and their wild-type litter-
mates were injected s.c. with MOR (1, 3 and 9mg/kg) or SAL.

2.4. Locomotor activity

Locomotor responses to MOR (1, 3 and 9mg/kg, s.c.) were eval-
uated by using a locomotor activity box (22×44×44 cm) (Infra Red
ACTIMETER, Panlab, Spain). The box contained a line of photocells
2 cm above the floor to measure horizontal movements, and another
line located 6 cm above the floor to measure vertical activity (rearing).
Mice were individually placed in the box immediately after MOR or SAL
injection without previous exposure to the box. The horizontal and
vertical activity was recorded for a period of 15min in a low-luminosity
environment (5 lx).

2.5. Antinociceptive responses to morphine

Two different nociceptive tests were performed to evaluate the an-
tinociceptive responses elicited by MOR: the tail-immersion and the
hot-plate tests. The number of animals employed per sex per group for
these experiments were 8–11 for the pharmacological approach and
6–13 for the genetic approach.

2.5.1. Tail-immersion
The tail-immersion test was conducted as previously described

(Simonin et al., 1998), 15min after MOR (1, 3 or 9mg/kg, s.c.) or SAL
administration. The water temperature was maintained at 50 ± 0.5 °C
using a thermo-regulated water circuit-plating pump (Clifton, North
Somerset UK). The trial was terminated once the animal flicked its tail
and the baseline latencies were between 4 and 10 s. In the absence of
tail-flick, a 30 s cut-off was used to prevent tissue damage. The control
reading was the averaged response latency of a group of saline-treated
mice. The analgesic responses obtained from the above mentioned
method were calculated as the percentage of the maximum possible
effect (MPE). The following formula (Harris and Pierson, 1964) was
used for the calculation:

=
−

−

×%MPE
Testreading(s) controlreading(s)
Cutofftime(s) controlreading(s)

100

2.5.2. Hot-plate
The hot-plate test was performed as previously described (Simonin

et al., 1998), 16min after MOR (1, 3 or 9mg/kg, s.c.) or SAL injection.
The heated surface of the plate was kept at a temperature of
52 ± 0.1 °C (Ugo Basile, Italy, Model-DS 37). The end point used was
the licking of forepaws or a jumping response and the baseline latencies
were between 3 and 8 s. In absence of paw-licking or jump, a 30 s cut-
off was used to prevent tissue damage. The control reading was the
averaged response latency of a group of saline-treated mice. The an-
algesic responses obtained according to the above method were calcu-
lated as the percentage of the MPE.

2.6. c-Fos experiments

2.6.1. Tissue preparation
Mice were deeply anesthetized 18min after the MOR or SAL in-

jection using a mixture of ketamine (70mg/kg, Holliday-Scott S.A.,
Argentina) and xylazine (10mg/kg, König, Argentina). They were then
perfused transcardially with heparinized PBS (0.1 M phosphate buf-
fered saline, pH 7.4), followed by a cold solution of 4% paraformalde-
hyde delivered with a peristaltic pump. Brains were removed, postfixed
for 2 h in the same fixative, and cryoprotected overnight in a 30% su-
crose solution. Coronal frozen sections were cut at 40 μm on a freezing
microtome. They were collected in three serial groups of free-floating
sections and stored at 4 °C. The number of animals per group was 3–4
for both experimental approaches.

2.6.2. c-Fos immunohistochemistry
The procedure was adapted from previously described protocols

(Bester et al., 2001). All reactions were performed on floating sections
agitated on a shaker. Sections from different experimental groups were
processed in parallel to minimize variations in immunohistochemical
labelling. Free-floating sections were rinsed in 0.1M phosphate buf-
fered saline with 0.15% Triton X-100 (PBS-T; pH 7.4) and then in-
cubated with 3% hydrogen peroxide in PBS-T for a period of 30min to
remove endogenous peroxidase activity. After a second rinsing in PBS-
T, sections were incubated for 30min in 2% normal goat serum in PBS-
T. Then, sections were incubated overnight in rabbit polyclonal anti-
body anti-c-Fos (SC-52; Santa Cruz Biotechnology, USA) (1:1000 in PBS
0.1M, thimerosal 0.02%, normal goat serum 1%) at 4 °C. Sections were
then rinsed and incubated for 2 h in goat anti-rabbit biotinylated anti-
body (Vector Laboratories, USA) (1:250 in PBS-T). After being rinsed,
sections were incubated for 2 h in avidin-biotinylated horseradish per-
oxidase complex (1:125, ABC kit, Vector Laboratories). After successive
washes in PBS-T and Tris buffer (0.25M; pH 7.4), the antibody-antigen
complex was developed with 0.05% 3,3′-diaminobenzidine (Sigma,
USA) and 0.015% H2O2 in 20ml Tris buffer (0.1 M; pH 7.4). Sections
were mounted on gelatin-coated slides, dehydrated and coverslipped.
Controls for the specificity of the primary antibody were performed in a
previous study (Wada et al., 2010).

2.6.3. Data quantification
For quantitative analysis, cells positive for c-Fos immunoreactivity

were identified by the presence of dense immunohistochemical staining
within the nuclei, under a light microscope. Digital images of the se-
lected sections were taken at 100× on a Nikon Microscope (Eclipse 55i)
equipped with a digital camera (Nikon DS, Control Unit DS-L1).

For every area, the number of Fos-positive nuclei was counted
within a grid under ImageJ 1.36 b, provided by National Institutes of
Health, USA (public domain software). The counting was performed
bilaterally in each brain area by an observer blind to drug treatment.
These counts were averaged into a single score for each region of each
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animal and finally the group mean ± standard error of the mean
(SEM) was calculated. Fos-positive cells were quantified in the fol-
lowing brain regions, identified according to the anatomic atlas of
Paxinos and Franklin (Paxinos and Franklin, 2004): nucleus accumbens
shell (AcbSh) and core (AcbC), cingulate cortex (Cg) 1 and 2, caudate
putamen, bed nucleus of the stria terminalis, the basolateral amygda-
loid nucleus, central nucleus of the amygdale, dentate gyrus, and CA1
and CA3 areas of the hippocampus.

2.7. Statistical analysis

To determine differences between the experimental groups in be-
havioral and immunohistochemical responses for the pharmacological
approach, data were analyzed with a three-way ANOVA with pre-
treatment, MOR dose and sex as main factors. In all cases, when a
significant interaction between the three factors was observed, sub-
sequent two-way ANOVAs and Tukey's post hoc test were applied. A
three-way ANOVA was performed using sex, treatment and genotype as
factors for the genetic approach. Calculations were performed using the
SPSS 20.0 statistical package (SPSS Inc., Chicago, Illinois, USA). In all
cases, p < 0.05 was considered statistically significant.

3. Results

3.1. Effect of MOR (1, 3 and 9 mg/kg, s.c.) in locomotor activity

We did not observe changes in locomotor activity in male and fe-
male mice compared to the control groups after the administration of
MOR 1 or 3mg/kg, s.c. However, we observed an increase in horizontal
locomotor activity in both male and female mice compared to their
control groups (p < 0.05 and p < 0.01, respectively) after MOR 9mg/
kg administration (Fig. 1). These results indicate that MOR adminis-
tration does not induced sedation.

3.2. Pharmacological approach: in Swiss Webster albino mice

3.2.1. Effect of baclofen and 2-OH-saclofen on antinociceptive responses
induced by morphine: behavioral changes

A three-way ANOVA conducted on the %MPE of the tail immersion
test revealed a significant pretreatment×MOR dose× sex interaction
[F(4,72)= 7.73, p < 0.001]. Taking this into account, we performed a
two-way ANOVA with pretreatment and MOR dose as main factors. The
statistical analysis is reported in Table 1 (two and one-way ANOVAs).

In male mice, MOR (1, 3 and 9mg/kg, i.p.) showed a dose-response
antinociceptive relationship in the tail immersion test (p < 0.001),
respectively (Tukey's post hoc). In addition, post hoc test revealed that
these effects were potentiated by BAC (2mg/kg) when administered
before MOR 3 (p < 0.05) and 9mg/kg (p < 0.01) whereas these ef-
fects were blocked by SAC (0.3 mg/kg) pretreatment when adminis-
tered before MOR at the dose 9mg/kg (p < 0.001) (Fig. 2A).

In female mice, MOR (1, 3 and 9mg/kg, i.p.) also showed a dose-
response antinociceptive relationship in the tail immersion test
(p < 0.001), respectively (Tukey's post hoc). These effects were not
significantly altered by BAC pretreatment. Conversely, these effects
were blocked by SAC (0.3mg/kg) pretreatment when administered
before MOR 3 (n.s.) and 9mg/kg (p < 0.001) (Fig. 2A).

A three-way ANOVA conducted on the %MPE of the hot plate test
revealed a significant pretreatment×MOR dose× sex interaction [F
(4,97)= 5.42, p < 0.001]. In male mice, MOR (1, 3 and 9mg/kg, i.p.)
showed a dose-response antinociceptive relationship in the hot-plate
test (p < 0.001), respectively (Tukey's post hoc). In addition, post hoc
test showed that these effects were potentiated by BAC (2mg/kg) when
administered before MOR 3 (p < 0.05) and 9mg/kg (p < 0.001)
while the antinociceptive effect of MOR was blocked by SAC (0.3 mg/
kg) when administered before MOR 9mg/kg (p < 0.05) according to
Tukey's post hoc test. (Fig. 2B).

In females, MOR (1, 3 and 9mg/kg, i.p.) alone also showed a dose-
response antinociceptive relationship in the hot plate test (p < 0.05),
respectively (Tukey's post hoc). In addition, post hoc showed that these
effects were potentiated by BAC (2mg/kg) only when administered
before MOR 9mg/kg (p < 0.05). On the contrary, the antinociceptive
effect of MOR was blocked by SAC (0.3mg/kg) pretreatment when
administered before MOR 3 (n.s.) and 9mg/kg (n.s.) (Fig. 2B).

3.2.2. Effect of baclofen and 2-OH-saclofen on antinociception induced by
morphine: c-Fos expression

A three-way ANOVA conducted on the %MPE of the hot plate re-
vealed a pretreatment×MOR dose interaction in Cg [F(6,65)= 2.92,
p < 0.05] and AcbSh [F(6,64)= 2.19, p < 0.05]; a pretreat-
ment× sex interaction in Cg [F(3,65)= 2.94, p < 0.05] and AcbSh [F
(3,64)= 2.85, p < 0.05] and a MOR dose× sex interaction in Cg [F
(3,65)= 3.50, p < 0.05] and AcbSh [F(3,64)= 3.79, p < 0.05]. We
did not observe significant pretreatment×MOR dose× sex interac-
tions in any the areas studied. The statistical analysis is reported in
Table 2 (two and one-way ANOVAs).

Since we did not observe changes in c-Fos expression after the ad-
ministration of MOR 1 and 3mg/kg (data not shown), we only describe
herein the results corresponding to the c-Fos expression induced by
MOR 9mg/kg (Table 2).

In male mice, Tukey's post hoc showed that MOR 9mg/kg reduced
the number of c-Fos positive nuclei in the Cg (p < 0.001), AcbC

Fig. 1. Morphine (MOR) 9mg/kg administration increased horizontal loco-
motor activity (A) and decreased vertical locomotor activity (B) in both male
and female mice. Locomotor activity was measured for 15min immediately
after morphine (MOR; 1, 3 and 9mg/kg; s.c.) or saline injection, respectively.
Results are expressed as mean ± SEM (n=8–11 mice for each sex/group) of
the number of counts per 15min. *p < 0.05, **p < 0.01, compared with the
corresponding saline treated group.
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(p < 0.05) and AcbSh (p < 0.05). BAC pretreatment was able to
prevent this reduction only in the Cg (p < 0.05). SAC pretreatment
reestablished the decrease in the number of c-Fos positive nuclei in the
AcbC and AcbSh induced by MOR 9mg/kg administration but it had no
effect in c-Fos positive nuclei reduction observed in the Cg after MOR
9mg/kg administration (Fig. 3).

In female mice, MOR 9mg/kg decreased the number of c-Fos po-
sitive nuclei (p < 0.01) in the AcbSh only and neither BAC nor SAC
pretreatment were able to prevent these responses (Fig. 3).

On the other hand, we did not observe any changes in c-Fos ex-
pression in the other brain areas studied of both male and female mice
(Table 2).

3.3. Genetic approach: in Balb/c GABAB1 knockout mice and their wild-
type littermates

3.3.1. Antinociceptive responses induced by morphine: behavioral changes
A three-way ANOVA conducted on the %MPE of the tail immersion

test revealed a significant genotype× group interaction [F
(2,97)= 18.10, p < 0.001] but there was no significant sex× geno-
type× group interaction [F(2,97)= 0.768, p=0.467]. Taking this
into account, we performed a two-way ANOVA with genotype and
treatment as main factors. The statistical analysis is reported in Table 3
(two and one-way ANOVAs). In male mice, MOR (1, 3 and 9mg/kg,
i.p.) showed a dose-response relationship in the tail immersion in WT
mice. MOR 3 and 9mg/kg administration showed a significant lower %
MPE (p < 0.01, p < 0.001, respectively) in GABAB1 KO mice com-
pared with their WT littermates. In female mice, MOR (1, 3 and 9mg/
kg, i.p.) alone also showed a dose-response relationship in the hot plate
test. MOR 3 and 9mg/kg administration showed significant lower %
MPEs (p < 0.01 and p < 0.001, respectively) in GABAB1 KO female
mice compared with their WT littermates (Fig. 4A).

A three-way ANOVA conducted on the %MPE in the hot plate re-
vealed a significant effect of sex [F(1,97)= 9.94, p < 0.01], a geno-
type× treatment interaction [F(2,97)= 5.45, p < 0.001] but there
was no significant sex× genotype× treatment interaction [F
(2,97)= 0.431, p=0.651].

In wild type (WT) male mice, MOR 1, 3 and 9mg/kg showed a dose-
response relationship in the hot plate test. After MOR 3mg/kg admin-
istration, GABAB1 KO mice had a significant lower %MPE compared
with their WT littermates (p < 0.05). In female mice, MOR 1, 3 and
9mg/kg also showed a dose-response relationship in the hot plate test.
After MOR 3mg/kg administration, GABAB1 KO mice showed a sig-
nificant lower %MPE, compared to their WT littermates (p < 0.05)
(Fig. 4B).

3.3.2. Antinociceptive responses induced by morphine: c-Fos expression
A three-way ANOVA conducted on c-Fos expression revealed a

significant treatment× sex interaction in Cg [F(3,43)= 11.60,
p < 0.001] and AcbC [F(3,43)= 2.38, p < 0.05] and a

Table 1
Effect of sex and BAC or SAC pretreatment on the antinociceptive responses to MOR.

Two way ANOVA One way ANOVA

Treatment Sex Interaction Males Females

F value p value F value p value F value p value F value p value F value p value

BAC
Hot plate F(5, 72)= 43.84 <0.001 F(1, 72)= 16.04 <0.001 F(5, 72)= 4.95 =0.001 F(5, 41)= 36.11 <0.001 F(5, 41)= 11.95 <0.001
Tail immersion F(5, 72)= 43.45 <0.001 F(1, 72)= 5.34 <0.05 F(5, 72)= 2.62 < 0.05 F(5, 41)= 32.84 <0.001 F(5, 41)= 12.70 <0.001

SAC
Hot plate F(5, 92)= 10.84 <0.001 F(1, 92)= 4.61 <0.05 F(5, 92)= 3.70 < 0.01 F(5, 54)= 17.87 <0.001 F(5, 51)= 5.03 <0.001
Tail immersion F(5, 73)= 21.46 <0.001 F(1, 73)= 0.01 n.s. F(5, 73)= 0.78 n.s. F(5, 41)= 15.97 <0.001 F(5, 42)= 7.15 <0.001

Two-way ANOVA with drug treatment and sex as main factors. When an interaction was observed, one-way ANOVA for males and females followed by Tukey's post
hoc was performed (n=8–11).

Fig. 2. Baclofen (BAC) (2mg/kg, i.p.) potentiated the antinociceptive responses
induced by morphine while 2-OH-saclofen (SAC) (0.3mg/kg, i.c.m.) blocked
these responses in male and female mice. Antinociceptive responses in the tail
immersion (A) and the hot plate (B) tests were measured 15 and 16min after
morphine (MOR; 1, 3 and 9mg/kg; s.c.) or saline injection, respectively. BAC or
vehicle (SAL) was injected 45min before MOR or vehicle injection. SAC or
vehicle (glucose) was injected 10min before morphine or vehicle injection.
Results are expressed as mean ± SEM (n=8–11 mice for each sex/group) of
the percentage of maximal possible effect (%MPE). Bars represent vehicle
pretreated (white bars), BAC pretreated (black bars) and SAC pretreated male
and female mice (striped bars). *p < 0.05, ***p < 0.001, compared with
saline pretreated groups administered with lower dose of MOR; +p < 0.05; +
+p < 0.01; +++p < 0.001 compared with saline pretreated groups ad-
ministered with the same dose of MOR.
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genotype× treatment interaction in Cg [F(3,43)= 4.04, p < 0.05].
We only observed a significant sex× genotype× group interaction in
the AcbC [F(3,43)= 7.61, p < 0.001]. We performed a two-way
ANOVA with genotype and treatment as main factors. The statistical
analysis is reported in Table 4 (two and one-way ANOVAs).

In male mice, Tukey's post hoc showed that MOR 9mg/kg increased
the number of c-Fos positive nuclei in the Cg (p < 0.05) and the AcbC
(p < 0.05) but not in the AcbSh (p < 0.05) of WT male mice. Instead,
in the GABAB1 KO mice, the administration of MOR 9mg/kg decreased
de number of c-Fos positive nuclei in the Cg (p < 0.01) and in the AcbC
(p < 0.001) and had no effect in the AcbSh. There were no significant
differences between experimental groups in female mice (Fig. 5).

4. Discussion

In the present study, the pharmacological approach revealed more
antinociceptive responses of MOR in male than in female mice and that
BAC pretreatment potentiated these responses in male mice. In female
mice, BAC pretreatment only potentiated the antinociceptive response
in the hot plate after MOR 9mg/kg. In addition, SAC pretreatment at-
tenuated the antinociceptive response of MOR in both male and female
mice. Likewise, the genetic approach showed that the lack of GABAB1

subunit of the GABAB receptor blocked the antinociceptive responses
induced by MOR administration in both sexes. On the other hand, BAC
was able to prevent the decrease in c-Fos expression induced by MOR
administration in the Cg of male, but not in female mice. Moreover,
SAC was able to prevent the decrease in c-Fos expression observed in
the AcbC and the AcbSh after MOR administration in male, but was not
able in female mice. The lack of the GABAB1 subunit of the GABAB

receptor prevented the increase in the number of c-Fos positive nuclei
observed in the Cg and AcbC of wild-type male mice after MOR ad-
ministration.

MOR antinociceptive responses were evaluated in the tail immer-
sion and hot-plate, two tests with different neuronal pathways involved
in the processing of nociceptive signals. The tail-immersion mainly
evokes a response mediated by a spinal reflex (Caggiula et al., 1995),
whereas responses to the hot-plate require supraspinal integration of

the nociceptive stimuli (Caggiula et al., 1995; Rubinstein et al., 1996).
The pharmacological and genetic approaches showed that male and
female mice displayed a dose-dependent antinociceptive response to
MOR acute administration in both tests, as previously reported (Ahmadi
et al., 2013; Cicero et al., 1996, 1997). Moreover, male mice displayed a
greater antinociceptive response compared to female mice in agreement
with previous studies (Cicero et al., 1996, 1997; Kest et al., 2000a; Loyd
et al., 2007). After testing locomotor activity in male and female mice,
we only observed an increase in locomotor activity in both male and
female mice compared to their control groups after MOR 9mg/kg ad-
ministration. Our results are in agreement with a previous study by
Celerier et al. (2003) which showed an increase in the ambulatory ac-
tivity of mice after MOR 9mg/kg administration. On the contrary,
several studies have reported a decrease in locomotor activity or motor
coordination (Craft et al., 2006; Shen et al., 2013). In the present study,
we evaluated locomotor activity for 15min immediately after MOR
administration, accordingly to Celerier et al. (2003). Conversely, the
studies that reported a sedative effect of MOR measured the locomotor
activity 30 o 60min after MOR administration (Craft et al., 2006; Shen
et al., 2013). These protocol differences could explain contradictory
results regarding locomotor activity. In conclusion, our results rule out
the possibility that the antinociceptive responses observed in the pre-
sent study were caused by a sedative effect of MOR. In adult rodents,
sex differences regarding MOR analgesia have extensively been studied
(Cicero et al., 1996, 1997) and adult sex hormones have shown to play
an important role in the pharmacological effects of MOR (see Loyd and
Murphy, 2014 for review). Previous studies using prepubertal mice
showed that male and female mice respond differently to MOR acute
administration (Sternberg et al., 2004), suggesting that sex differences
are present before adult sex hormones start circulating. Furthermore, a
previous study reported that the sex-related differences observed in
MOR antinociceptive activity cannot be explained by differences in the
pharmacokinetics of MOR, suggesting that sex differences in MOR-in-
duced antinociception could be related to inherent differences in the
brain sensitivity to MOR (Cicero et al., 1997). In this context, Cicero
et al. (1996) hypothesized that the number or affinity of the opiate
receptors involved in antinociceptive responses or the biochemical

Table 2
Effect of sex and BAC or SAC pretreatment on c-Fos expression in different brain areas after MOR administration.

Brain region Two-way ANOVA One-way ANOVA, post hoc Tukey

Treatment Sex Interaction Males Females

F p value F p value F p value F p value F p value

BAC
Cingulate cortex F(7, 40) = 4.44 <0.001 F(1, 40) = 16.28 < 0.001 F(7, 40) = 2.60 < 0.05 F(7, 20) = 5.59 <0.001 F(7, 20) = 1.15 n.s.
Caudate putamen F(7, 40) = 3.37 n.s. F(1, 37)= 1.08 n.s. F(7, 37) = 7.31 < 0.001 F(7, 17) = 16.16 <0.001 F(7, 20) = 1.16 n.s.
Nucleus accumbens core F(7, 39) = 4.86 <0.001 F(1, 39) = 10.53 < 0.001 F(7, 39) = 1.86 < 0.05 F(7, 20) = 5.73 <0.001 F(7, 19) = 1.80 n.s.
Nucleus accumbens shell F(7, 39) = 3.37 < 0.01 F(1, 39)= 0.21 n.s. F(7, 39) = 2.81 < 0.01 F(7, 20) = 3.78 < 0.01 F(7, 29) = 2.70 < 0.05
Bed nucleus of the stria terminalis F(7, 53) = 3.50 <0.001 F(1, 53)= 0.11 n.s. F(7, 53) = 0.45 n.s. – –
Basolateral amygdala F(7, 39) = 1.39 n.s. F(1, 39)= 7.68 < 0.01 F(7, 39) = 1.03 n.s. – –
Central amygdala F(7, 40) = 1.80 n.s. F(1, 40)= 5.45 < 0.01 F(7, 40) = 0.57 n.s. – –
Dentate gyrus F(7, 54) = 0.80 n.s. F(1, 54)= 4.53 < 0.05 F(7, 54) = 1.48 n.s. – –
CA3 F(7, 46) = 1.29 n.s. F(1, 46)= 0.21 n.s. F(7, 46) = 1.35 n.s. – –
CA1 F(7, 46) = 1.26 n.s. F(1, 46)= 0.81 n.s. F(7, 46) = 0.56 n.s. – –

SAC
Cingulate cortex F(8, 46) = 5.20 <0.001 F(1, 46)= 5.00 < 0.05 F(8, 46) = 2.53 < 0.05 F(8, 14) = 4.80 < 0.01 F(8, 15) = 1.84 n.s.
Caudate putamen F(8, 46) = 2.05 n.s. F(1, 46)= 2.45 n.s. F(8, 46) = 1.24 n.s. – –
Nucleus accumbens core F(8, 45) = 5.18 <0.001 F(1, 45)= 5.37 < 0.05 F(8, 45) = 1.92 n.s. – –
Nucleus accumbens shell F(8, 45) = 4.59 <0.001 F(1, 45)= 3.19 n.s. F(8, 45) = 3.67 < 0.01 F(8, 22) = 3.61 < 0.5 F(8, 22) = 3.61 < 0.01
Bed nucleus of the stria terminalis F(8, 47) = 5.19 <0.001 F(1, 47)= 1,13 n.s. F(8, 47) = 1,44 n.s. – –
Basolateral amygdala F(8, 45) = 1.46 n.s. F(1, 45)= 1.90 n.s. F(8, 45) = 0.90 n.s. – –
Central amygdala F(8, 45) = 2.33 n.s. F(1, 45)= 1.17 n.s. F(8, 45) = 0.68 n.s. – –
Dentate gyrus F(8, 54) = 0.98 n.s. F(1, 54)= 1.14 n.s. F(8, 54) = 1.53 n.s. –
CA3 F(8, 49) = 1.02 n.s. F(1, 49)= 0.05 n.s. F(8, 49) = 1.14 n.s.
CA1 F(8, 49) = 1.53 n.s. F(1, 49)= 1.53 n.s. F(8, 49) = 0.55 n.s.

Two-way ANOVA with drug treatment and sex as main factors. When an interaction was observed, one-way ANOVA for males and females followed by Tukey's post
hoc was performed (n=3–4).
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reactions induced by receptor occupancy might be sex dependent. This
could be the result of an organizational hormone effect in brain mor-
phology and neurobiology (Breedlove, 1992, 1994). In fact, early stu-
dies suggested large sex-linked differences in the number and regional

Fig. 3. Baclofen (BAC) 2mg/kg i.p. was able to prevent the reduction in c-Fos
expression induced by morphine (MOR) 9mg/kg s.c. administration observed
in the cingulate cortex (Cg) (A) but not in the nucleus accumbens core (AcbC)
(B) and shell (AcbSh) (C) of male mice. 2-OH-saclofen (SAC) 0,3 mg/kg i.c.m.
was able to prevent the reduction in c-Fos expression observed in the nucleus
accumbens core (AcbC) (B) and shell (AcbSh) (C) but not in the cingulate cortex
(Cg) (A) induced by morphine (MOR) 9mg/kg s.c. administration in male mice.
In female mice, neither BAC nor SAC administration were able to prevent the
reduction in c-Fos expression observed in the AcbSh (C) of female mice after
MOR 9mg/kg, s.c. administration. Results are expressed as mean ± SEM
(n=3–4 mice for each group) of number of c-Fos positive nuclei/mm2. Bars
represent vehicle pretreated (white bars), BAC pretreated (black bars) and SAC
pretreated (striped bars) male and female mice. *p < 0.05, **p < 0.01,
***p < 0.001, compared to saline control group; +p < 0.05, ++p < 0.01,
+++p < 0.001, compared to saline pretreated group. Only the photographs
of sections from male mice are shown.

Table 3
Effect of genotype and treatment on the antinociceptive responses to MOR.

Two way ANOVA One way ANOVA

Treatment Genotype Interaction WT KO

F value p value F value p value F value p value F value p value F value p value

Hot plate F(2, 82)=46.72 <0.001 F(1, 82)= 8.10 < 0.01 F(2, 82)=4.95 < 0.05 F(2, 58)= 54.55 < 0.001 F(2, 24)= 13.43 <0.001
Tail immersion F(2, 94)=12.78 <0.001 F(1, 94)= 36.95 < 0.001 F(2, 94)=13.2 < 0.001 F(2, 70)= 45.77 < 0.001 F(2, 24)= 1.07 n.s.

Two-way ANOVA with treatment and genotype as main factors. When an interaction was observed, one-way ANOVA for WT and KO followed by Tukey's post hoc was
performed (n=6–13).

Fig. 4. Morphine (MOR) antinociception was abolished in GABAB1 KO mice.
Antinociceptive responses in the tail-immersion (A) and hot-plate (B) test were
measured 15 and 16min respectively after MOR administration (1, 3 and 9mg/
kg, s.c.). Results are expressed as mean ± SEM of latency time (in seconds) in
wild-type (WT) (white bars) (n=12–13) and GABAB1 knockout (KO) (black
bars) (n=6–8) mice. Statistical analysis was performed using two-way ANOVA
with treatment (between subjects) and genotype (between subjects) as factors
of variation, followed by corresponding one-way ANOVA and post hoc com-
parisons using the Tukey test. ++p < 0.01, +++p < 0.001, compared to
SAL-MOR 1mg/kg group; **p < 0.01, ***p < 0.001, compared to wild-type
mice.
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distribution of opiate receptors (Hammer, 1984, 1985, 1990; Hammer
et al., 1994). Taken altogether, we used prepubertal mice (indicated by
vaginal smears) in the pharmacological and the genetic approaches of
this study in order to rule out the influence of circulating adult gonadal
hormones in MOR antinociception which has been reported in previous
studies (Ali et al., 1995; Banerjee et al., 1983). In this sense, the use of
prepubertal mice allows us to indicate that the sex differences observed
in the present study would be caused by organizational hormone effects
(Craft & Ulibarri, 2009). Therefore, the sex differences observed in the
antinociceptive response of male and female mice could be attributed to
sex differences in the receptor density and affinity as suggested by
Cicero et al. (1996). However, we did not observe sex differences in the
antinociceptive response to the doses of MOR (1, 3 and 9mg/kg) em-
ployed in the present study for the genetic approach. Variables such as
opiate receptor specificity, route and dose of drug administration, type
of analgesiometric test employed, species and strain of the animal
tested have been shown to influence the pharmacodynamics of opiate
analgesia even though preclinical behavioral tests of analgesia have
shown to be quite consistent (see Mogil, 2012 for review). In line with
this, a previous study from Duman et al. (2006) did not observe sex
differences in MOR antinociception in Balb/c mice in agreement with
our results. Taken altogether, our results support the hypothesis pro-
posed by Kest et al. (1999) that sex differences in MOR analgesia are
strain dependent.

Regarding the pharmacological approach, our results showed that
the pretreatment with the GABAB agonist, BAC (2mg/kg), was able to
potentiate the MOR-induced antinociception and the pretreatment with
the GABAB receptor antagonist, SAC (0,3 μg/kg), attenuated or even
blocked the MOR-induce antinociceptive responses. These results could
not be attributed to motor impairment since the dose of BAC and SAC
chosen for the present study do not induce motor effects, as previously
reported by our laboratory (Balerio and Rubio, 2002; Varani et al.,
2014). Several studies have reported interactions between the GA-
BAergic and opioidergic systems in antinociceptive responses. Aley and
Kulkarni (1989) and Balerio and Rubio (2002) observed that systemic
administration of BAC potentiated MOR induced antinociception and
that NAL pretreatment reversed the antinociceptive effect of BAC. In the

same way, the genetic approach showed that MOR (1 and 3mg/kg) did
not induce an antinociceptive effect in the GABAB1 KO mice compared
to their WT littermates. Nevertheless, we did observe an antinociceptive
effect after MOR 9mg/kg administration in both male and female mice.
These responses could be the result of compensatory mechanisms to the
lack of the GABAB1 subunit of the GABAB receptor.

One possible site for GABAergic-opioid interaction is the spinal
cord. Morphological studies demonstrated the coexistence of im-
munoreactivity in the superficial dorsal horn neurons for GABA and
enkephalin (Todd et al., 1992) and the existence of GABAergic neurons
connected to primary afferents in the dorsal horn (Barber et al., 1978).
Moreover, it has been shown that in the superficial dorsal horn, μ-
opioid receptor-expressing neurons are postsynaptic to GABAergic axon
terminals. BAC acts in GABAB receptors and is thought to inhibit neu-
rotransmitter release by increasing potassium currents and/or de-
creasing calcium currents. Lamina II of the spinal cord dorsal horn, an
important site for nociceptive processing, has been shown to be rich in
GABAB receptors and up to 50% of these receptors disappear after
dorsal rhizotomy or capsaicin treatment suggesting that many of these
GABAB receptors are located on the spinal terminals of primary afferent
nociceptors. Since opioid receptors have also been found on the term-
inals of primary afferent nociceptors and have also been shown to in-
hibit neurotransmitter release, it is possible that an interaction between
opioids and BAC at the level of the medullary dorsal horn underlies the
enhanced analgesia induced by BAC pretreatment. In line with this, a
supraspinal site for GABAergic opioid interaction is also possible.
Moreover, BAC microinjected into the periaqueductal gray matter or
into the rostroventral medulla produces antinociception. Since GABAB

receptors have been shown to act as autoreceptors at GABAergic sy-
napses, BAC might inhibit GABA release (Gordon et al., 1995) which
could result in an increase in antinociceptive response.

On the other hand, MOR (9mg/kg) was able to induce a decrease in
the number of c-Fos positive nuclei in the Cg and AcbC of male mice
and in the AcbSh of both sexes. c-Fos is a transcription factor considered
to be a marker of neuronal activity (Dragunow and Faull, 1989), a
decrease in its expression can be interpreted as a decline of this activity.
In agreement with this finding, studies from Bereiter and Bereiter

Table 4
Effect of treatment and genotype on c-Fos expression in different brain areas after MOR administration in male and female mice.

Brain region Two-way ANOVA One-way ANOVA, post hoc Tukey

Treatment Genotype Interaction WT KO

F p value F p value F p value F p value F p value

Males
Cingulate cortex F(3, 12) = 6.80 < 0.01 F(1, 12) = 10.62 < 0.01 F(3, 12)= 4.09 <0.05 F(3, 9)= 3.26 n.s. F(3, 9)= 14.25 < 0.01
Caudate putamen F(3, 12) = 7.11 < 0.05 F(1, 12)= 0.85 n.s. F(3, 12)= 4.01 n.s. – –
Nucleus accumbens core F(3, 12) = 4.07 < 0.05 F(1, 12) = 0.2 n.s. F(3, 12)= 7.19 <0.01 F(3, 9)= 5.73 n.s. F(3, 9)= 10.83 < 0.01
Nucleus accumbens shell F(3, 12) = 1.03 n.s. F(1, 12)= 3.08 n.s. F(3, 12)= 2.78 n.s. – –
Bed nucleus of the stria terminalis F(3, 12) = 0.78 n.s. F(1, 12)= 2.02 n.s. F(3, 12)= 0.45 n.s. – –
Basolateral amygdala F(3, 12) = 1.30 n.s. F(1, 12)= 7.68 < 0.01 F(3, 12)= 1.03 n.s. – –
Central amygdala F(3, 12) = 1.02 n.s. F(1, 12)= 5.45 < 0.01 F(3, 12)= 0.57 n.s. – –
Dentate gyrus F(3, 12) = 4.54 < 0.05 F(1, 12)= 9.38 < 0.01 F(3, 12)= 2.53 n.s. – –
CA3 F(3, 12) = 1.35 n.s. F(1, 12)= 0.37 n.s. F(3, 12)= 1.91 n.s. – –
CA1 F(3, 12) = 1.30 n.s. F(1, 12)= 0.93 n.s. F(3, 12)= 2.97 n.s. – –

Females
Cingulate cortex F(3, 16) = 4.97 < 0.05 F(1, 12)= 4.60 < 0.05 F(3, 12)= 2.08 n.s. – –
Caudate putamen F(3, 16) = 0.15 n.s. F(1, 16)= 3.68 n.s. F(3, 16)= 0.85 n.s. – –
Nucleus accumbens core F(3, 16) = 0.63 n.s. F(1, 16)= 6.59 < 0.05 F(3, 16)= 2.15 n.s. – –
Nucleus accumbens shell F(1, 16) = 2.23 n.s. F(1, 16)= 0.09 n.s. F(3, 16)= 0.10 n.s. – –
Bed nucleus of the stria terminalis F(3, 14) = 5.58 < 0.01 F(1, 14)= 31.8 < 0.001 F(3, 16)= 1,44 n.s. – –
Basolateral amygdala F(3, 16) = 1.46 n.s. F(1, 16)= 1.09 n.s. F(3, 16)= 0.90 n.s. – –
Central amygdala F(3, 16) = 0.33 n.s. F(1, 16)= 1.17 n.s. F(3, 16)= 0.68 n.s. – –
Dentate gyrus F(3, 15) = 1.73 n.s. F(1, 15)= 0.78 n.s. F(3, 15)= 0.25 n.s. – –
CA3 F(3, 15) = 2.94 n.s. F(1, 15)= 2.11 n.s. F(3, 15)= 1.14 n.s. – –
CA1 F(3, 15) = 1.71 n.s. F(1, 15)= 5.06 < 0.05 F(3, 15)= 1.55 n.s. – –

Two-way ANOVA with drug treatment and genotype as main factors. When an interaction was observed, one-way ANOVA for males and females followed by Tukey's
post hoc was performed (n=3–4).
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(2000) showed a decrease in Fos-like immunoreactivity in the spinal
trigeminal nucleus when MOR was administered after an acute injury in
the temporomandibular joint. MOR administration may interfere with

the neurotransmission of the pain stimuli resulting in a reduced neu-
ronal activity, reflected in the reduction of c-Fos positive nuclei. The
anterior Cg is involved in processing sensorial afferents (Vogt, 1993)
and the sensory information related to pain in humans (Hutchison et al.,
1999). The nucleus accumbens is a limbic structure within the ventral
striatum and is involved in reward and pain processing and also plays
an important role in sensorimotor integration (Altier and Stewart,
1999). In our study, BAC was able to prevent the decrease in c-Fos
expression in the Cg of male mice. In addition, SAC administration
prevented the decrease in c-Fos expression in the AcbC and AcbSh of
male mice but neither BAC nor SAC affected the decrease in c-Fos ex-
pression observed in the AcbSh of female mice. Interestingly, both the
GABAB receptor agonist (BAC) and the GABAB receptor antagonist
(SAC) had the same preventive effect on c-Fos expression. It has been
previously reported that SAC can act as a partial agonist (Urwyler et al.,
2005). Therefore, the effect of SAC is equivalent to BAC because SAC
had an agonistic effect on c-Fos expression. In contrast, in the genetic
approach, MOR administration increased the number of c-Fos positive
nuclei in the Cg and in the AcbC of wild-type mice, while in mice
lacking the GABAB1 subunit of the GABAB receptor, was not observed
significant changes in c-Fos expression. This discrepancy between the
results in the genetic and pharmacologic approaches could indicate
different mechanisms for inducing c-Fos expression after MOR admin-
istration but further studies are needed to clarify this point. Forebrain
areas are involved in both opiate and non-opiate pain modulation. Al-
though peripheral and spinal actions of opiates are important for an-
algesia, receptors in the Cg may be particularly important for opiate-
related changes in the emotional aspects of pain. Other chemicals in the
brain, such as dopamine, also play a role in pain modulation. Mod-
ulation of pain derived from psychological factors, such as attentional,
emotional state, or expectation is manifested by changes in pain-evoked
activity in the cerebral cortex and most likely involves intrinsic des-
cending modulatory circuits (Cousins, 1986). Moreover, some human
pain imaging studies indicate activity in the nucleus accumbens and
amygdala (Baliki et al., 2010; Becerra et al., 2001), and this activity is
probably a reflection of nociceptive transmission through spino–par-
abrachial–amygdala projections (Bernard et al., 1996). The PAG has
also been observed to be active in human imaging studies of somatic
and visceral pain, especially when the brain stem is specifically studied
(Dunckley et al., 2005).

Our results indicate that MOR interferes with Cg, AcbC or AcbSh
activation to induce its analgesic effect and BAC, SAC or the lack of the
GABAB1 subunit of the GABAB receptor prevent these changes providing
evidence of a possible role of GABAB receptors in MOR antinociceptive
effects. Taking into account that Cg and Acb are involved in the re-
warding effect of MOR, our present results could not only indicate that
BAC administration can potentiate the analgesic effect of MOR but they
could also suggest a possible effect on the rewarding properties of MOR.
Moreover, further research using double label immunohistochemistry
could provide important information regarding the cells in which c-Fos
is modulated by MOR and GABAB agonists and antagonist.

In summary, the present results provide evidence supporting the
involvement of the GABAB receptors in the analgesic response induced
by acute MOR administration. Our behavioral and neurochemical
findings highlight some of the neurobiological substrates involved in
the interaction between the GABAergic and opioidergic systems and
regarding sex differences in the antinociceptive effect of MOR admin-
istration.
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Fig. 5. In male mice, c-Fos expression increased in the Cg and AcbC of in the
wild-type but not in the GABAB1 knockout mice after MOR 9 mg/kg adminis-
tration. Results are expressed as mean ± SEM of number of c-Fos positive
nuclei/mm2 in wild-type (WT) (white bars) (n=3–4) and GABAB1 knockout
(KO) (black bars) (n=3–4) mice. Statistical analysis was performed using two-
way ANOVA with treatment (between subjects) and genotype (between sub-
jects) as factors of variation, followed by corresponding one-way ANOVA and
post hoc comparisons using the Tukey test. *p < 0.05, compared to SAL-MOR
0mg/kg group; ++p < 0.01, +++p < 0.001, compared to wild-type mice.
Only the photographs of sections of male mice are shown.

V.T. Pedrón, et al. Pharmacology, Biochemistry and Behavior 180 (2019) 11–21

19



and corrected the final version of the manuscript.

Conflict of interest

None.

Acknowledgement

This work has been supported by grants from University of Buenos
Aires (UBACyT, N° 20020160100120BA) and CONICET (PIP N°
11420090100303 and N° 2065). Valeria T. Pedrón and Andrés P.
Varani were supported by a doctoral fellowship from the CONICET
(4695/2014) and the University of Buenos Aires (6936/2013), respec-
tively. The funding sources had no role in the design of the study, its
execution, analyses, interpretation of data or decision to submit results.

References

Ahmadi, S., Amiri, S., Rafieenia, F., Rostamzadeh, J., 2013. Gene expression profile of
calcium/calmodulin-dependent protein kinase IIalpha in rat's hippocampus during
morphine withdrawal. Basic Clin. Neurosci. 4, 146–152.

Aley, K.O., Kulkarni, S.K., 1989. GABAergic agents-induced antinociceptive effect in
mice. Methods Find. Exp. Clin. Pharmacol. 11, 597–601.

Ali, B.H., Sharif, S.I., Elkadi, A., 1995. Sex differences and the effect of gonadectomy on
morphine-induced antinociception and dependence in rats and mice. Clin. Exp.
Pharmacol. Physiol. 22, 342–344.

Altier, N., Stewart, J., 1999. The role of dopamine in the nucleus accumbens in analgesia.
Life Sci. 65, 2269–2287.

Balerio, G.N., Rubio, M.C., 2002. Baclofen analgesia: involvement of the GABAergic
system. Pharmacol. Res. 46, 281–286.

Baliki, M.N., Geha, P.Y., Fields, H.L., Apkarian, A.V., 2010. Predicting value of pain and
analgesia: nucleus accumbens response to noxious stimuli changes in the presence of
chronic pain. Neuron 66, 149–160.

Banerjee, P., Chatterjee, T.K., Ghosh, J.J., 1983. Ovarian steroids and modulation of
morphine-induced analgesia and catalepsy in female rats. Eur. J. Pharmacol. 96,
291–294.

Barber, R.P., Vaughn, J.E., Saito, K., McLaughlin, B.J., Roberts, E., 1978. GABAergic
terminals are presynaptic to primary afferent terminals in the substantia gelatinosa of
the rat spinal cord. Brain Res. 141, 35–55.

Becerra, L., Breiter, H.C., Wise, R., Gonzalez, R.G., Borsook, D., 2001. Reward circuitry
activation by noxious thermal stimuli. Neuron 32, 927–946.

Bereiter, D.A., Bereiter, D.F., 2000. Morphine and NMDA receptor antagonism reduce c-
fos expression in spinal trigeminal nucleus produced by acute injury to the TMJ re-
gion. Pain 85, 65–77.

Berke, J.D., Hyman, S.E., 2000. Addiction, dopamine, and the molecular mechanisms of
memory. Neuron 25, 515–532.

Bernard, J., Bester, H., Besson, J., 1996. Involvement of the spino-parabrachio-amygda-
loid and-hypothalamic pathways in the autonomic and affective emotional aspects of
pain. Prog. Brain Res. 107, 243–255.

Bester, H., De Felipe, C., Hunt, S., 2001. The NK1 receptor is essential for the full ex-
pression of noxious inhibitory controls in the mouse. J. Neurosci. 3, 1039–1046.

Blum, K., Han, D., Modestino, E.J., Saunders, S., Roy 3rd, A.K., Jacobs, W., Inaba, D.S.,
Baron, D., Oscar-Berman, M., Hauser, M., Badgaiyan, R.D., Smith, D.E., Femino, J.,
Gold, M.S., 2018. A systematic, intensive statistical investigation of data from the
Comprehensive Analysis of Reported Drugs (CARD) for compliance and illicit opioid
abstinence in substance addiction treatment with buprenorphine/naloxone. Subst.
Use Misuse 53, 220–229.

Breedlove, S.M., 1992. Sexual dimorphism in the vertebrate nervous system. J. Neurosci.
12, 4133–4142.

Breedlove, S.M., 1994. Sexual differentiation of the human nervous system. Annu. Rev.
Psychol. 45, 389–418.

Caggiula, A.R., Epstein, L.H., Perkins, K.A., Saylor, S., 1995. Different methods of as-
sessing nicotine-induced antinociception may engage different neural mechanisms.
Psychopharmacology (Berlin) 122, 301–306.

Caligioni, C.S., 2009. Assessing reproductive status/stages in mice. Curr. Protoc.
Neurosci. 48, A. 4I. 1–A. 4I. 8.

Craft, R.M., Ulibarri, C., 2009. Sexual differentiation of rat reproductive versus opioid
antinociceptive systems. Gend. Med. 6, 208–224.

Celerier, E., Yazdi, M.T., Castane, A., Ghozland, S., Nyberg, F., Maldonado, R., 2003.
Effects of nandrolone on acute morphine responses, tolerance and dependence in
mice. Eur. J. Pharmacol. 465, 69–81.

Cepeda, M.S., Carr, D.B., 2003. Women experience more pain and require more morphine
than men to achieve a similar degree of analgesia. Anesth. Analg. 97, 1464–1468.

Cicero, T.J., Nock, B., Meyer, E.R., 1996. Gender-related differences in the anti-
nociceptive properties of morphine. J. Pharmacol. Exp. Ther. 279, 767–773.

Cicero, T.J., Nock, B., Meyer, E.R., 1997. Sex-related differences in morphine's anti-
nociceptive activity: relationship to serum and brain morphine concentrations. J.
Pharmacol. Exp. Ther. 282, 939–944.

Clayton, J.A., Collins, F.S., 2014. NIH to balance sex in cell and animal studies. Nature
509, 282–283.

Cohen, S.R., Abbott, F.V., Melzack, R., 1984. Unilateral analgesia produced by in-
traventricular morphine. Brain Res. 303, 277–287.

Cousins, M.J., 1986. Textbook of Pain. Vol., ed.^eds. LWW.
Craft, R.M., Kalivas, P.W., Stratmann, J.A., 1996. Sex differences in discriminative sti-

mulus effects of morphine in the rat. Behav. Pharmacol. 7, 764–778.
Craft, R.M., Clark, J.L., Hart, S.P., Pinckney, M.K., 2006. Sex differences in locomotor

effects of morphine in the rat. Pharmacol. Biochem. Behav. 85, 850–858.
Craft, R.M., Ulibarri, C., Leitl, M.D., Sumner, J.E., 2008. Dose- and time-dependent es-

tradiol modulation of morphine antinociception in adult female rats. Eur. J. Pain 12,
472–479.

d'Amore, A., Lorenzini, P., Massotti, M., 1991. Antinociceptive action of opiates and
opioid peptides after unilateral microinjection into area tempestas in rats. J.
Pharmacol. Exp. Ther. 259, 1308–1315.

Diaz, S.L., Kemmling, A.K., Rubio, M.C., Balerio, G.N., 2001. Lack of sex-related differ-
ences in the prevention by baclofen of the morphine withdrawal syndrome in mice.
Behav. Pharmacol. 12, 75–79.

Diaz, S.L., Kemmling, A.K., Balerio, G.N., 2003. Baclofen reestablishes striatal and cortical
dopamine concentrations during naloxone-precipitated withdrawal. Neurochem. Int.
42, 293–298.

Dragunow, M., Faull, R., 1989. The use of c-fos as a metabolic marker in neuronal
pathway tracing. J. Neurosci. Methods 29, 261–265.

Duman, E.N., Kesim, M., Kadioglu, M., Ulku, C., Kalyoncu, N.I., Yaris, E., 2006. Effect of
gender on antinociceptive effect of paroxetine in hot plate test in mice. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 30, 292–296.

Dunckley, P., Wise, R.G., Fairhurst, M., Hobden, P., Aziz, Q., Chang, L., Tracey, I., 2005. A
comparison of visceral and somatic pain processing in the human brainstem using
functional magnetic resonance imaging. J. Neurosci. 25, 7333–7341.

Finnegan, T.F., Chen, S.-R., Pan, H.-L., 2005. Effect of the μ opioid on excitatory and
inhibitory synaptic inputs to periaqueductal gray-projecting neurons in the amyg-
dala. J. Pharmacol. Exp. Ther. 312, 441–448.

Finnegan, T.F., Chen, S.R., Pan, H.L., 2006. Mu opioid receptor activation inhibits
GABAergic inputs to basolateral amygdala neurons through Kv1.1/1.2 channels. J.
Neurophysiol. 95, 2032–2041.

Frenois, F., Cador, M., Caillé, S., Stinus, L., Le Moine, C., 2002. Neural correlates of the
motivational and somatic components of naloxone-precipitated morphine with-
drawal. Eur. J. Neurosci. 16, 1377–1389.

Gear, R.W., Levine, J.D., 1995. Antinociception produced by an ascending spino-su-
praspinal pathway. J. Neurosci. 15, 3154–3161.

Gear, R.W., Aley, K., Levine, J.D., 1999. Pain-induced analgesia mediated by mesolimbic
reward circuits. J. Neurosci. 19, 7175–7181.

Georges, F., Stinus, L., Le Moine, C., 2000. Mapping of c-fos gene expression in the brain
during morphine dependence and precipitated withdrawal, and phenotypic identifi-
cation of the striatal neurons involved. Eur. J. Neurosci. 12, 4475–4486.

Gordon, N.C., Gear, R.W., Heller, P.H., Paul, S., Miaskowski, C., Levine, J.D., 1995.
Enhancement of morphine analgesia by the GABAB agonist baclofen. Neuroscience
69, 345–349.

Gracy, K., Dankiewicz, L., Koob, G., 2001. Opiate withdrawal-induced fos im-
munoreactivity in the rat extended amygdala parallels the development of condi-
tioned place aversion. Neuropsychopharmacology 24, 152–160.

Hammer Jr., R.P., 1984. The sexually dimorphic region of the preoptic area in rats
contains denser opiate receptor binding sites in females. Brain Res. 308, 172–176.

Hammer Jr., R.P., 1985. The sex hormone-dependent development of opiate receptors in
the rat medial preoptic area. Brain Res. 360, 65–74.

Hammer Jr., R.P., 1990. Mu-opiate receptor binding in the medial preoptic area is cyclical
and sexually dimorphic. Brain Res. 515, 187–192.

Hammer Jr., R.P., Zhou, L., Cheung, S., 1994. Gonadal steroid hormones and hypotha-
lamic opioid circuitry. Horm. Behav. 28, 431–437.

Harris, L.S., Pierson, A.K., 1964. Some narcotic antagonists in the benzomorphan series. J.
Pharmacol. Exp. Ther. 143, 141–148.

Helmstetter, F.J., Tershner, S.A., Poore, L.H., Bellgowan, P.S., 1998. Antinociception
following opioid stimulation of the basolateral amygdala is expressed through the
periaqueductal gray and rostral ventromedial medulla. Brain Res. 779, 104–118.

Hutchison, W.D., Davis, K.D., Lozano, A.M., Tasker, R.R., Dostrovsky, J.O., 1999. Pain-
related neurons in the human cingulate cortex. Nat. Neurosci. 2, 403–405.

Kest, B., Wilson, S.G., Mogil, J.S., 1999. Sex differences in supraspinal morphine analgesia
are dependent on genotype. J. Pharmacol. Exp. Ther. 289, 1370–1375.

Kest, B., Adler, M., Hopkins, E., 2000a. Sex differences in thermoregulation after acute
and chronic morphine administration in mice. Neurosci. Lett. 291, 126–128.

Kest, B., Palmese, C., Hopkins, E., 2000b. A comparison of morphine analgesic tolerance
in male and female mice. Brain Res. 879, 17–22.

Lasheras, C.M., Laorden, L.M., Milanés, V.M., Núñez, C., 2015. Corticotropin-releasing
factor 1 receptor mediates the activity of the reward system evoked by morphine-
induced conditioned place preference. Neuropharmacology 95, 168–180.

Lee, C.W., Ho, I.K., 2013. Sex differences in opioid analgesia and addiction: interactions
among opioid receptors and estrogen receptors. Mol. Pain 9, 45.

Liu, J., Nickolenko, J., Sharp, F.R., 1994. Morphine induces c-fos and junB in striatum and
nucleus accumbens via D1 and N-methyl-D-aspartate receptors. 91. Proceedings of
the National Academy of Sciences, pp. 8537–8541.

Loyd, D.R., Murphy, A.Z., 2006. Sex differences in the anatomical and functional orga-
nization of the periaqueductal gray-rostral ventromedial medullary pathway in the
rat: a potential circuit mediating the sexually dimorphic actions of morphine. J.
Comp. Neurol. 496, 723–738.

Loyd, D.R., Murphy, A.Z., 2014. The neuroanatomy of sexual dimorphism in opioid an-
algesia. Exp. Neurol. 259, 57–63.

Loyd, D.R., Morgan, M.M., Murphy, A.Z., 2007. Morphine preferentially activates the
periaqueductal gray-rostral ventromedial medullary pathway in the male rat: a

V.T. Pedrón, et al. Pharmacology, Biochemistry and Behavior 180 (2019) 11–21

20

http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0005
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0005
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0005
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0010
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0010
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0015
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0015
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0015
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0020
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0020
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0025
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0025
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0030
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0030
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0030
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0035
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0035
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0035
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0040
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0040
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0040
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0045
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0045
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0050
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0050
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0050
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0055
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0055
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0060
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0060
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0060
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0065
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0065
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0070
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0075
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0075
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0080
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0080
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0085
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0085
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0085
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0090
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0090
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf9000
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf9000
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0095
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0095
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0095
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0100
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0100
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0105
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0105
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0110
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0110
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0110
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0115
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0115
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0120
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0120
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0125
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0125
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0130
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0130
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0135
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0135
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0135
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0140
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0140
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0140
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0145
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0145
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0145
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0150
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0150
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0150
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0155
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0155
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0160
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0160
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0160
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0165
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0165
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0165
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0170
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0170
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0170
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0175
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0175
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0175
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0180
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0180
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0180
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0185
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0185
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0190
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0190
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0195
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0195
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0195
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0200
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0200
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0200
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0205
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0205
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0205
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0210
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0210
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0215
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0215
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0220
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0220
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0225
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0225
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0230
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0230
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0235
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0235
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0235
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0240
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0240
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0245
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0245
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0250
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0250
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0255
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0255
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0260
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0260
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0260
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0265
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0265
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0270
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0270
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0270
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0275
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0275
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0275
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0275
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0285
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0285
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0290
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0290


potential mechanism for sex differences in antinociception. Neuroscience 147,
456–468.

Loyd, D.R., Wang, X., Murphy, A.Z., 2008. Sex differences in micro-opioid receptor ex-
pression in the rat midbrain periaqueductal gray are essential for eliciting sex dif-
ferences in morphine analgesia. J. Neurosci. 28, 14007–14017.

Madsen, H.B., Brown, R.M., Short, J.L., Lawrence, A.J., 2012. Investigation of the neu-
roanatomical substrates of reward seeking following protracted abstinence in mice. J.
Physiol. 590, 2427–2442.

Manning, B.H., Mayer, D.J., 1995a. The central nucleus of the amygdala contributes to
the production of morphine antinociception in the formalin test. Pain 63, 141–152.

Manning, B.H., Mayer, D.J., 1995b. The central nucleus of the amygdala contributes to
the production of morphine antinociception in the rat tail-flick test. J. Neurosci. 15,
8199–8213.

Matthies, B.K., Franklin, K.B., 1995. Effects of partial decortication on opioid analgesia in
the formalin test. Behav. Brain Res. 67, 59–66.

Meldrum, M.L., 2016. The ongoing opioid prescription epidemic: historical context. Am.
J. Public Health 106, 1365–1366.

Miller, P.L., Ernst, A.A., 2004. Sex differences in analgesia: a randomized trial of mu
versus kappa opioid agonists. South. Med. J. 97, 35–41.

Mogil, J.S., 2012. Pain genetics: past, present and future. Trends Genet. 28, 258–266.
Nestler, E.J., 2001. Molecular neurobiology of addiction. Am. J. Addict. 10, 201–217.
Paxinos, G., Franklin, K.B., 2004. The mouse brain in stereotaxic coordinates. Vol., Gulf

Professional Publishing.
Pedrón, V.T., Taravini, I.R., Induni, A.S., Balerio, G.N., 2013. Baclofen did not modify

sexually dimorphic c-Fos expression during morphine withdrawal syndrome. Synapse
67, 118–126.

Rubinstein, M., Mogil, J.S., Japón, M., Chan, E.C., Allen, R.G., Low, M.J., 1996. Absence
of opioid stress-induced analgesia in mice lacking beta-endorphin by site-directed
mutagenesis. In: Proceedings of the National Academy of Sciences. 93. pp.
3995–4000.

Sanders, J.C., Gerstein, N., Torgeson, E., Abram, S., 2009. Intrathecal baclofen for post-
operative analgesia after total knee arthroplasty. J. Clin. Anesth. 21, 486–492.

Sarton, E., Olofsen, E., Romberg, R., den Hartigh, J., Kest, B., Nieuwenhuijs, D., Burm, A.,
Teppema, L., Dahan, A., 2000. Sex differences in morphine analgesia: an experi-
mental study in healthy volunteers. Anesthesiology. 93, 1245–54; discussion 6A.

Schuler, V., Luscher, C., Blanchet, C., Klix, N., Sansig, G., Klebs, K., Schmutz, M., Heid, J.,
Gentry, C., Urban, L., Fox, A., Spooren, W., Jaton, A.L., Vigouret, J., Pozza, M., Kelly,
P.H., Mosbacher, J., Froestl, W., Kaslin, E., Korn, R., Bischoff, S., Kaupmann, K., van
der Putten, H., Bettler, B., 2001. Epilepsy, hyperalgesia, impaired memory, and loss
of pre- and postsynaptic GABA(B) responses in mice lacking GABA(B(1)). Neuron 31,
47–58.

SENASA, 2002. (Resolución 617/2002): Requisitos, condiciones y procedimientos para la

habilitación técnica de laboratorios que posean bioterios de producción, manteni-
miento y local de experimentación.

Shen, F., Tsuruda, P.R., Smith, J.A., Obedencio, G.P., Martin, W.J., 2013. Relative con-
tributions of norepinephrine and serotonin transporters to antinociceptive synergy
between monoamine reuptake inhibitors and morphine in the rat formalin model.
PLoS One 8, e74891.

Simonin, F., Valverde, O., Smadja, C., Slowe, S., Kitchen, I., Dierich, A., Le Meur, M.,
Roques, B.P., Maldonado, R., Kieffer, B.L., 1998. Disruption of the kappa-opioid re-
ceptor gene in mice enhances sensitivity to chemical visceral pain, impairs phar-
macological actions of the selective kappa-agonist U-50,488H and attenuates mor-
phine withdrawal. EMBO J. 17, 886–897.

Sternberg, W.F., Smith, L., Scorr, L., 2004. Nociception and antinociception during the
first week of life in mice: sex differences and test dependence. J. Pain 5, 420–426.

Tershner, S.A., Helmstetter, F.J., 2000. Antinociception produced by mu opioid receptor
activation in the amygdala is partly dependent on activation of mu opioid and neu-
rotensin receptors in the ventral periaqueductal gray. Brain Res. 865, 17–26.

Todd, A.J., Spike, R.C., Russell, G., Johnston, H.M., 1992. Immunohistochemical evidence
that Met-enkephalin and GABA coexist in some neurones in rat dorsal horn. Brain
Res. 584, 149–156.

Ueda, H., Amano, H., Shiomi, H., Takagi, H., 1979. Comparison of the analgesic effects of
various opioid peptides by a newly devised intracisternal injection technique in
conscious mice. Eur. J. Pharmacol. 56, 265–268.

Urwyler, S., Gjoni, T., Koljatic, J., Dupuis, D.S., 2005. Mechanisms of allosteric mod-
ulation at GABAB receptors by CGP7930 and GS39783: effects on affinities and ef-
ficacies of orthosteric ligands with distinct intrinsic properties. Neuropharmacology
48, 343–353.

Varani, A.P., Pedrón, V.T., Bettler, B., Balerio, G.N., 2014. Involvement of GABAB re-
ceptors in biochemical alterations induced by anxiety-related responses to nicotine in
mice: Genetic and pharmacological approaches. Neuropharmacology 81, 31–41.

Vogt, B.A., 1993. Structural organization of cingulate cortex: Areas, neurons, and so-
matodendritic transmitter receptors. In Neurobiology of cingulate cortex and limbic
thalamus. Vol., ed.^eds. Springer, pp. 19–70.

Wada, M., Higo, N., Moizumi, S., Kitazawa, S., 2010. C-Fos expression during temporal
order judgment in mice. PLoS One 5, e10483.

Zarrindast, M.-R., Mousa-Ahmadi, E., 1999. Effects of GABAergic system on naloxone-
induced jumping in morphine-dependent mice. Eur. J. Pharmacol. 381, 129–133.

Zhu, W., Pan, Z., 2004. Synaptic properties and postsynaptic opioid effects in rat central
amygdala neurons. Neuroscience 127, 871–879.

Ziolkowska, B., Korostynski, M., Piechota, M., Kubik, J., Przewlocki, R., 2012. Effects of
morphine on immediate-early gene expression in the striatum of C57BL/6J and DBA/
2J mice. Pharmacol. Rep. 64, 1091–1104.

V.T. Pedrón, et al. Pharmacology, Biochemistry and Behavior 180 (2019) 11–21

21

http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0290
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0290
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0295
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0295
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0295
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0300
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0300
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0300
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0305
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0305
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0310
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0310
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0310
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0315
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0315
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0320
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0320
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0325
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0325
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0330
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0335
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0340
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0340
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0340
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0345
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0345
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0345
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0345
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0350
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0350
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0355
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0360
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0360
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0360
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0360
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0365
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0365
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0365
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0365
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0365
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0370
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0370
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0375
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0375
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0375
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0380
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0380
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0380
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0385
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0385
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0385
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0390
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0390
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0390
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0390
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0395
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0395
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0395
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0400
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0400
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0405
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0405
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0410
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0410
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0415
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0415
http://refhub.elsevier.com/S0091-3057(18)30068-6/rf0415

	GABAB receptors modulate morphine antinociception: Pharmacological and genetic approaches
	Introduction
	Experimental procedure
	Animals
	Pharmacological approach: in Swiss Webster albino mice
	Genetic approach: in GABAB1 knockout mice and their wild-type littermates
	Determination of estrous cycle stage

	Care and handling conditions
	Drugs
	Locomotor activity
	Antinociceptive responses to morphine
	Tail-immersion
	Hot-plate

	c-Fos experiments
	Tissue preparation
	c-Fos immunohistochemistry
	Data quantification

	Statistical analysis

	Results
	Effect of MOR (1, 3 and 9 mg/kg, s.c.) in locomotor activity
	Pharmacological approach: in Swiss Webster albino mice
	Effect of baclofen and 2-OH-saclofen on antinociceptive responses induced by morphine: behavioral changes
	Effect of baclofen and 2-OH-saclofen on antinociception induced by morphine: c-Fos expression

	Genetic approach: in Balb/c GABAB1 knockout mice and their wild-type littermates
	Antinociceptive responses induced by morphine: behavioral changes
	Antinociceptive responses induced by morphine: c-Fos expression


	Discussion
	Authors' contributions
	Conflict of interest
	Acknowledgement
	References




