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ABSTRACT Although the expression of the morphine (MOR) withdrawal syn-

drome is more marked in male mice than in females, we have demonstrated that the
GABAg agonist baclofen (BAC) is able to attenuate MOR withdrawal signs in either
sex. In order to extend these previous observations, the aim of the present study was
to evaluate the p-opioid receptor labeling in various brain areas in mice of either sex,
during MOR withdrawal and its prevention with BAC. Prepubertal Swiss-Webster
mice were rendered dependent by intraperitonial (i.p.) injection of MOR (2 mg/kg)
twice daily for 9 days. On the 10th day, dependent animals received naloxone (NAL;
6 mg/kg, i.p.) 60 min after MOR, and another pool of dependent mice received BAC
(2 mg/kg, i.p.) previous to NAL. Thirty minutes after NAL, mice were sacrificed and
autoradiography with [®*H]-[p-Ala?, N-Me-Phe®*, -glycol®] enkephalin (DAMGO) was
carried out on mice brains at five different anatomical levels. Autoradiographic map-
ping showed a significant increase of p-opioid receptor labeling during MOR with-
drawal in nucleus accumbens core (NAcC), caudate putamen (CPu), mediodorsal tha-
lamic nucleus (MDTh), basolateral and basomedial amygdala, and ventral tegmental
area vs. respective control groups in male mice. In contrast, opiate receptor labeling
was not significantly modified in any of the brain areas studied in withdrawn females.
BAC reestablished p-opioid receptor binding sites during MOR withdrawal only in
NAcC of males, and a similar tendency was observed in CPu and MDTh, even when it
was not statistically significant. The sexual dimorphism observed in the present study
confirms previous reports indicating a greater sensitivity of males in response to MOR
pharmacological properties. The present results suggest that the effect of BAC in pre-
venting the expression of MOR withdrawal signs could be related with the ability of
BAC to reestablish the p-opioid receptor labeling in certain brain areas. Synapse
60:132-140, 2006. ©2006 Wiley-Liss, Inc.

INTRODUCTION

Chronic administration of morphine (MOR) induces
a dependent state characterized by neuroadaptive in-
tracellular changes to an altered pharmacological con-
dition. Spontaneous or pharmacologically precipitated
abstinence from chronic opiate administration results
in a variety of physiological and psychological with-
drawal signs based on these adaptations of the neuro-
nal system (Kirschke et al., 2002). A vast body of evi-
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dence points to an important role of endogenous
opioids and their receptors in the mechanism of drug
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addiction (Turchan et al.,, 1999). In particular, the
opioid antagonist naloxone (NAL) failed to induce any
withdrawal classical sign in MOR-dependent mice
lacking the p-opioid receptor gene (Matthes et al.,
1996).

Mounting evidence suggests that males are more
sensitive than females to the MOR withdrawal syn-
drome (Craft et al., 1999; Diaz et al., 2001). Although
the underlying mechanisms for these sex differences
are still unknown, it has been suggested that changes
in p-opioid binding sites may account for this sexual
dimorphism (Cicero et al., 1997; Craft, 2003).

Considering that MOR dependence as well as MOR
withdrawal syndrome are due to both processes of
homologous and heterologous regulation of neuro-
transmitter systems (Koob and Bloom, 1988), several
brain areas have been related with these states. In a
previous binding study (Diaz et al., 2004), we have
observed that p-opioid receptor density increased in
the cortex (Cx) of NAL-precipitated withdrawn male
mice as well as in the striatum of withdrawn male
and female mice; therefore, both brain areas appear
to be modified by the MOR withdrawal syndrome.
The caudate-putamen (CPu), a part of dorsal striatum
(Heimer et al., 1995), participates in planning and
programming of voluntary movements, while the Cx,
closely connected to the CPu, is involved in processing
sensory information, delivery motor commands, be-
havioral planning, and cognitive capabilities of the
brain (Kandel et al., 2000).

Adaptive changes have been observed after repeated
opiates use in the ventral tegmental area (VTA), part
of the mesolimbic dopaminergic system, a neuronal net-
work critical for drug reward (Bonci and Williams,
1996, 1997; Self et al., 1995). Further, it is well known
that drugs of abuse, like opiates, induce a positive re-
ward by releasing dopamine (DA) from the VTA into
the nucleus accumbens (NAc) (Koob, 1992).

The amygdala, a part of the limbic system, has
been also implicated in the expression of MOR with-
drawal signs (Stinus et al., 1990). The basolateral
amygdala (BLA) could specifically mediate the nega-
tive motivational component of opiate withdrawal
(Frenois et al., 2002). In addition, the bed nucleus of
stria terminalis (BNST), a part of the extended amyg-
dala, has also been involved in the mechanisms of
opiate withdrawal (Maldonado, 1997). Another brain
area suggested to play an important role in the pre-
cipitation of the physical signs of opiate withdrawal is
the periaqueductal gray matter (PAG), mainly related
with the expression of its motor component (Maldo-
nado et al., 1992, 1995).

Hammer (1985) has reported a sexual dimorphism
related to the density of p-opioid binding sites in the
medial preoptic area (MPOA), with a more dense con-
centration of labeling located in the MPOA of normal
female and neonatally castrated male rats at 5 days
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old. To our knowledge, no data about a relation be-
tween MPOA and MOR withdrawal has been re-
ported.

On the other hand, we have previously observed
that the selective GABAg agonist baclofen (BAC)
decreased the expression of the MOR withdrawal syn-
drome in male as well as female mice (Diaz et al.,
2001), which is in agreement with previous results
(Zarrindast and Mousa-Ahmadi, 1999). Additionally,
we have also reported that BAC was able to reestab-
lish the decreased p-opioid receptor density induced
by the NAL-precipitated withdrawal syndrome in the
Cx of male mice and in the striatum of mice of either
sex (Diaz et al., 2004).

To examine the p-opioid receptor population in
other brain areas and to enlighten our previous bind-
ing results, the aim of the present study was to ana-
lyze, using quantitative autoradiography, u-opioid
binding sites in several brain regions of mice during
MOR dependence, NAL-precipitated withdrawal, and
BAC pretreatment. Considering that many brain
areas are known to be affected by the MOR-depend-
ent and withdrawal states, it would be interesting to
analyze if previous behavioral effect demonstrated
for BAC is mediated by acting on p-opioid receptor
levels. Another purpose of this study was to evaluate
if p-opioid receptor labeling is sex-specific in our ex-
perimental conditions, given that sexually dimorphic
results would provide a basis for the comprehension
of sex differences in response to MOR withdrawal
syndrome.

MATERIALS AND METHODS
Subjects

Experiments were performed on naive prepubertal
(indicated by vaginal smears) male and female Swiss—
Webster albino mice weighing 20 g at the beginning
of the treatment. On the day of the experiment (10th
day), mice weighed 23-27 g. Animals were housed in
groups of five under conditions of constant tempera-
ture (22 * 2°C) and humidity (55 = 15%) and in a
12-h light-dark cycle (light on 08:00 a.m.), according
to local regulations (SENASA). The animals had free
access to food and water up to the beginning of the
experiments.

Drugs

Morphine hydrochloride (Chemotecnia Sintyal, Bue-
nos Aires, Argentina), naloxone (Endo Laboratories,
USA) and (%) baclofen (Ciba-Geigy, Basel, Switzer-
land) were used to develop this study. All of them
were dissolved in isotonic (NaCl, 0.9%) saline solu-
tion. The dose of morphine refers to the salt form.
The drugs were injected intraperitonially (i.p.) in a
volume of 0.1 ml/10 g body weight of the animals.
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Drug treatment

Mice of either sex were rendered dependent on
MOR by i.p. injection of MOR (2 mg/kg), twice daily
(8.00 a.m. and 8.00 p.m.), for 9 consecutives days.

On the day of the experiment (10th day), dependent
male and female mice received the last dose of MOR
only at 8.00 a.m. and then were randomly divided
into three groups as follows:

e Dependent group: 30 and 60 min after the last dose
of MOR, animals received a saline i.p. injection.

e MOR withdrawal group: 30 and 60 min after the
last dose of MOR, mice received saline and NAL (6
mg/kg, i.p.) respectively, in order to precipitate the
MOR withdrawal.

e Prevention group: 30 and 60 min after the last dose
of MOR, animals received BAC (2 mg/kg, i.p.) and
NAL (6 mg/kg, i.p.), respectively.

The control groups (male and female mice) received
saline i.p. twice daily for 9 consecutives days. On the
10th day, they received the last injection of saline at
8.00 a.m. and were divided into three control groups:

e Saline control: 30 and 60 min after the last dose of
saline, animals received a saline i.p. injection.

e NAL control: 30 and 60 min after the last dose of
saline, mice received saline and NAL (6 mg/kg,
i.p.), respectively.

e BAC control: 30 and 60 min after the last dose of
saline, mice received BAC (2 mg/kg) and saline,
respectively.

Preparation of brain sections

Thirty minutes after the last injection correspond-
ing to each experimental group, mice (n = 5) were
sacrificed and intact whole brains were removed im-
mediately following cervical dislocation. Brains were
rapidly frozen by immersion in Freon (—40°C) and
stored at —80°C. Frozen coronal sections (12 pm) were
cut at five different anatomical levels in a cryostat at
—20°C, thawed, mounted onto gelatin-coated micro-
scopic slides, and stored at —80°C until use (Antonelli
et al., 1989).

Quantitative autoradiographic assays

Sections were processed for opioid autoradiography
based on the technique previously described by Kit-
chen et al. (1997). Briefly, on the day of the ex-
periment, slides were thawed at room temperature.
Slides-mounted tissue sections were first preincubated
for 30 min at room temperature in 50 mM Tris-HCI,
pH 7.4. Sections were incubated for 60 min at room
temperature in Tris HCI containing 4 nM [H] [p-Ala2-
N-methyl-Phe*-Gly®ol] enkephalin (DAMGO, specific
activity = 69 Ci/mmol; Amersham, UK) to label the
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p-opioid receptors. Nonspecific binding was determined
with 4 M DAMGO (RBI, Natick, MA). After incuba-
tion, slides were washed (3 X 5 min) in ice-cold buffer,
dipped in ice-cold water, and air dried.

Film exposure and image analysis

Radiolabeled slides and calibrated tritium standards
(Amersham Radiolabeled Chemicals, St. Louis, MO)
were exposed to tritium-sensitive films Biomax MR1
at 4°C for 16 weeks. Films were developed in Kodak
D-19 developer and fixative. Optical densities (OD) in
brain regions of interest were measured using a com-
puter-based densitometer, image analyzer (MCID-M4,
Imaging Research Inc., St. Catherines, Ontario, Can-
ada). Brain regions of interest were outlined and their
ODs measured. Left and right side of four contiguous
sections (eight measurements per subject-brain) repre-
sented total binding and four other sections repre-
sented nonspecific binding; the eight determinations
were averaged for each subject, with n = 4-5 subjects
for each treatment condition. Receptor binding levels
were taken for the following regions: nucleus accum-
bens core (NAcC) and shell (NAcSh); CPu; motor cor-
tex, deep layer (Cx); MPOA, lateral preoptic area
(LPOA); BNST; BLA; basomedial amygdala (BMA);
dorsomedial hypothalamus; mediodorsal thalamic nu-
cleus (MDTh); VTA; substantia nigra pars reticular
and pars compacta; periaqueductal gray. A single mea-
surement was taken from the central structure inter-
peduncular nucleus. Structures were identified with
reference to the mouse atlas of Franklin and Paxinos
(1997). OD was converted to nCi/mg of tissue with
calibrated methacrylate tritium standards, and after
subtracting nonspecific from total binding, specific
binding was expressed as fmol/mg tissue. Male and
female mice of the six different experimental groups
were processed together to ensure a paired protocol
for binding, film apposition, and image analysis. The
operator measuring the optical density was unaware
of the experimental condition of each section.

Statistical analysis

To determine differences between the experimental
groups for each brain area, two-way analysis of var-
iance (ANOVA) with sex and treatment as the main
factors was used, followed by corresponding one-way
ANOVAs. Previously, normality of distribution and
homoscedasticity were verified by Shapiro-Wilks test
and Levene’s test, respectively. Duncan test was used
for post hoc comparisons. Differences were considered
significant if the probability of error was less than 1%.

RESULTS

Statistical analysis is reported in Table I. Binding
levels of MOR-withdrawn male mice significantly



TABLE I. Statistical analysis of [°’H] DAMGO autoradiographic study of p-opioid receptor binding in different brain regions

One-way ANOVA

Two-way ANOVA

Sex Interaction Males Females

Treatment
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increased in NAcC (P < 0.01) compared with that of
respective SAL control group. Additionally, BAC pre-
treatment (prevention group) induced a significant
decrease in binding levels of NAcC compared with
that of withdrawal group (P < 0.01). In contrast, no
differences were found between female experimental
groups for NAcC (Figs. 1, 2, and Table II).

Binding levels in MOR-withdrawn male mice signif-
icantly increased in CPu, MDTh, BLA, BMA, and
VTA (P < 0.01) compared with that of respective SAL
control groups. BAC pretreatment (prevention group)
showed a tendency to decrease binding levels com-
pared with withdrawal group in CPu and MDTh (P <
0.05), although it was not significant. No differences
were found between female experimental groups nei-
ther for CPu, MDTh, VTA, BLA, nor for BMA (Figs.
1, 2, and Table II).

Binding levels in MPOA of NAL control, MOR with-
drawal and prevention groups significantly increased
(P < 0.01) in males compared with that in the SAL
control group, and LPOA binding levels in prevention
group significantly increased (P < 0.01) with respect
to the SAL control group. In females, LPOA binding
levels in NAL control group significantly increased (P
< 0.01) compared with the SAL control group, and
BNST binding levels in NAL control and prevention
groups significantly increased (P < 0.01) with respect
to the SAL control group (Table II).

No significant changes were observed for binding
levels in any of the other brain areas studied (Tables
I and ID).

DISCUSSION

The present experimental results suggest that p-
opioid binding sites are dramatically affected in spe-
cific brain regions of male mice, but not of females,
during NAL-precipitated withdrawal syndrome. In
addition, the GABAg agonist, BAC is able to reestab-
lish p-opioid levels modified by MOR withdrawal only
in NAcC, and showed a similar tendency in CPu and
MDTh, suggesting that these brain areas might play
a role in the prevention of the expression of MOR
withdrawal signs previously reported for BAC (Diaz
et al., 2001).

In the present study, mice received low doses of
MOR (2 mg/kg), and although this experimental pro-
tocol positively induced MOR dependence (Diaz et al.,
2001), we observed herein that p-opioid binding sites
were modified during the dependent state in neither
brain area nor sex. These results are in agreement
with previous studies, where it was observed that
chronic treatment with low intrinsic efficacy agonists
like MOR may cause blunting of receptor signaling
without changes in surface receptor number (Abdel-
hamid and Takemori, 1991; Diaz et al., 2004; Patel
et al.,, 2002). Similar results in dependent animals

Synapse DOI 10.1002/syn
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Fig. 1. Autoradiography of p-opioid receptor binding (fmol/mg tissue) in male and female mice fol-
lowing MOR withdrawal and its prevention with BAC in the nucleus accumbens core, caudate puta-
men, mediodorsal thalamic nucleus, basolateral and basomedial amygdala, and ventral tegmental
area. Data are expressed as mean +* SEM (n = 4-5 for each group). *P < 0.01 compared with saline
(SAL) control group; *P < 0.01 compared with MOR withdrawal group (two-way ANOVA; Duncan

test).

have lead to the concept that changes in receptor den-
sity cannot completely explain the mechanism of de-
pendence development (van Bockstaele and Com-
mons, 2001).

Chronic MOR administration has been shown to
up-regulate the cAMP system in the NAc (Terwilliger
et al., 1991). These changes could be viewed as a
homeostatic compensatory adaptation to the chronic
opioid receptor-induced inhibition of cAMP activity in
the NAc, which leads to overstimulation of this sys-
tem during withdrawal (Self and Nestler, 1995), and
thereby underlies the negative motivational state dur-
ing withdrawal (Koob et al., 1989; Stinus et al.,
1990). In this context, the effect of the NAL-precipi-
tated withdrawal on the p-opioid population of the
NAcC of male mice could also be considered to con-
tribute to the aversive state of withdrawal. Consider-
ing that the psychological symptoms characteristic of
the opiate withdrawal syndrome have been mapped
partly to the mesolimbic DA system, which arises
from dopaminergic neurons in the VTA and projects
to the NAc and other forebrain limbic structures
(Koob et al., 1998), the increase in p-opioid receptor
labeling in VTA and NAcC could be regarded as a
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compensatory mechanism tending to alleviate the
abrupt absence of the reinforcing stimulus. Since
the time between NAL injection and brain removal
(80 min) argues against the possibility of p-opioid re-
ceptor synthesis as the cause of the increase in binding
levels, we rule out an enhancement of p-opioid recep-
tor expression during NAL-precipitated withdrawal.
The striatal distribution of p-opioid receptors ob-
served herein in mice of either sex showed a clearly
patchy appearance irrespective of the drug treatment,
which is in good agreement with earlier reports in
rodents (Caboche et al., 1991; Loughlin et al., 1992;
Smith et al., 1993). We have recently observed that
p-opioid receptor density increased during MOR with-
drawal in male and female striatum as well as in
male Cx (Diaz et al., 2004). In concordance with that,
the present study shows a p-opioid labeling increase
in male CPu during NAL-precipitated withdrawal. Con-
versely, we neither observed increased [PHIDAMGO
binding in the CPu of withdrawn females nor in the
Cx of males. By means of saturation binding studies,
only extracellular receptors can be detected, whereas
in autoradiographic studies, extracellular as well as
intracellular receptors are labeled (Kuhar and Unner-
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[*HIDAMGO autoradiograms of p-opioid receptor binding in mice of SAL control, MOR

withdrawal and prevention groups. The first and second columns show sections cut at the level of the
nucleus accumbens core and caudate putamen (bregma 1.18 mm) in males (a, b, and ¢) and females
(d, e, and f). The third and fourth columns show sections cut at the level of the mediodorsal thalamic
nucleus (bregma —1.70 mm) in males (g, h, and i) and females (j, k, and 1). Scale, 2 mm.

stall, 1990). Additionally, these authors stated that
autoradiography can be three to five orders of magni-
tude more sensitive than biochemical method. There-
fore, results provided by both methodologies are com-
plementary and can be useful in this case to better
characterize the changes observed. Based on the dif-
ferences between homogenate preparations and tissue
slices, we hypothesize that the increased density ob-
served in female striatum and male Cx in our previ-
ous homogenate binding study might have reflected
in part a process of increased expression at the plasma
membrane of p-opioid receptor contained in cytoplas-
mic vesicles, which cannot be evidenced by tissue
slices binding. Another source of variability between
saturation binding assays and autoradiography refers
to the regions covered by each technique, i.e., while Cx
homogenates represent this entire brain area, only the
deep layer of a specific anatomical level was evaluated
in the present study.

A decrease in the number of c-fos expressing neu-
rons has been described in the BLA of rats during the
NAL-precipitated withdrawal (Frenois et al., 2002),
but there is a paucity of data about the participation
of the BLA, BMA, and DMTh in the motivational
component or the somatic aspect of withdrawal syn-
drome. In the light of the present results, these brain
areas appear to be affected by the NAL-precipitated
withdrawal; therefore, it would be interesting to fur-

ther investigate the role of these brain regions in the
development of the MOR withdrawal syndrome.

The dose of NAL (6 mg/kg) administered was se-
lected after trying increasing doses of NAL in order
to precipitate MOR withdrawal in mice chronically
treated with MOR (2 mg/kg) twice daily. The NAL
control group did not show any significant difference
with respect to the SAL control group, indicating that
the dose of NAL was not able to precipitate an absti-
nence syndrome in nondependent animals (Diaz et al.,
2001). Therefore, the changes observed in MOR-absti-
nent mice depend only on the combination of the
MOR-dependent state plus the administration of NAL.
The results obtained in the male MPOA and LPOA,
and in the female LPOA and BNST indicate that NAL
could have a per se effect, given the fact that groups
receiving NAL (i.e., NAL control, MOR withdrawal
and prevention) suffered an increase in binding lev-
els in these particular brain areas. Even when these
NAL effects are difficult to explain, pharmacological
properties may vary significantly from one brain
region to another (Sadée et al., 2005). Furthermore,
to our knowledge, no relations have been established
between these brain areas and the MOR withdrawal
state. On the other hand, it has been demonstrated
that in basal conditions, the density of p-opioid bind-
ing sites is sexually dimorphic in the MPOA of rats
(Hammer et al., 1985), but our results failed to

Synapse DOI 10.1002/syn
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TABLE II. [PHIDAMGO autoradiography of p-opioid receptor binding (fmol/mg tissue) in different brain regions of male and female mice

Brain Region SAL control Dependence NAL control Withdrawal BAC control Prevention
Nucleus accumbens core

Male 110.7 = 4.1 115.6 = 12.3 140.1 = 9.58 168.4 + 8.8* 107.7 = 13.2 125.5 £ 9.9%*

Female 95.3 =+ 13.5 112.0 = 13.6 138.2 + 10.7 139.4 = 9.0 136.4 + 13.3 132.1 = 8.7
Nucleus accumbens shell

Male 97.8 £ 5.5 100.4 + 10.2 118.2 = 10.9 140.0 = 13.0 87.7 £ 10.5 115.2 = 11.8

Female 83.3 £ 15.6 96.7 = 14.5 116.6 = 13.5 114.7 = 9.8 111.6 = 14.9 113.3 = 4.2
Caudate putamen

Male 81.8 £ 6.9 84.2 * 10.0 95.6 = 6.6 120.8 * 4.3* 74.9 = 14.5 90.4 = 8.6

Female 76.0 = 13.7 86.0 = 10.6 86.6 = 8.4 929 £ 7.7 95.0 £ 7.2 81.5 = 10.6
Motor cortex (deep layers)

Male 20.2 = 3.2 215 = 6.5 27.9 = 5.0 32.4 = 5.8 24.0 = 9.0 25.5 = 6.7

Female 154 = 2.0 22.8 =49 19.0 = 2.1 18.1 = 3.7 26.9 = 5.6 18.7 = 3.6
Medial preoptic area

Male 14.7 = 1.8 16.6 = 2.7 46.6 = 7.1% 50.4 * 6.6* 204 = 2.5 43.6 = 12.2%

Female 19.2 = 2.0 12.3 = 3.2 35.1 =45 34.4 =81 20.7 = 1.6 27.8 = 6.6
Lateral preoptic area

Male 4.7 + 84 39.6 £ 7.9 619 = 6.1 65.9 = 7.1 35.0 £ 7.0 85.3 = 16.9%

Female 372 4.6 28.7 + 3.9 74.0 = 6.7* 66.3 = 11.6 50.3 £ 7.4 66.7 = 11.8
Bed nucleus stria terminalis

Male 445 = 12.7 47.0 = 7.7 78.2 = 14.0 70.7 £ 7.3 48.3 = 12.0 93.2 = 17.8

Female 379 + 3.6 35.6 £ 6.9 74.3 + 8.0%* 68.4 + 12.6 57.1 £ 5.0 71.8 + 8.5%
Basolateral amygdale

Male 47.7 £ 4.8 52.0 = 8.3 60.4 = 5.5 76.1 = 2.9* 61.7 =+ 4.0 66.4 = 4.8

Female 55.1 £ 5.9 55.3 =+ 12.4 60.4 = 3.6 63.6 = 7.8 60.5 = 4.3 58.8 = 7.7
Basomedial amygdale

Male 50.3 = 6.3 52.8 = 8.7 64.8 * 6.9 82.0 £ 5.7* 56.7 = 8.0 615 = 4.3

Female 52.5 £ 7.3 48.7 = 9.9 61.7 = 2.6 579 + 8.8 62.5 + 5.4 63.4 = 9.0
Dorsomedial hypothalamus

Male + 4.6 56.5 = 9.2 84.5 = 5.7 86.5 = 8.8 63.3 £ 9.7 74.5 + 12.2

Female 56.6 = 7.7 62.6 = 15.2 76.0 = 6.8 889 + 15.1 58.0 = 6.6 86.3 = 10.7
Mediodorsal thalamic nucleus

Male 51.1 = 8.0 53.1 £ 17.7 53.0 7.1 98.7 £ 13.5% 559 * 8.6 58.5 = 74

Female 419 * 6.6 41.0 = 9.1 47.8 £ 5.3 59.3 * 16.0 60.5 + 11.4 71.8 = 18.5
Periaqueductal gray

Male 55.7 £ 6.7 59.8 = 12.0 73.5 = 8.7 85.2 = 11.8 59.2 = 19.8 88.8 = 12.2

Female 56.5 = 13.0 75.2 + 23.5 58.7 £ 174 98.9 = 17.2 70.4 = 10.9 80.5 = 6.3
Ventral tegmental area

Male 30.1 * 6.0 45.2 = 124 48.3 = 11.7 76.5 + 11.2% 47.3 = 10.6 545 + 44

Female 454 + 14.2 73.7 £ 26.7 59.2 = 14.2 99.9 = 16.7 54.1 = 10.7 51.8 = 15.8
Substantia nigra pars reticular

Male 55.7 = 10.7 70.4 = 12.0 69.6 = 12.4 745 £ 7.2 509 = 7.6 759 £ 74

Female 56.2 = 11.9 76.0 = 24.9 76.1 + 18.7 107.9 + 18.9 74.4 + 11.2 72.2 + 11.7
Substantia nigra pars compact

Male 50.3 £ 7.2 54.3 + 13.6 69.6 = 10.7 87.8 = 13.6 57.3 = 16.8 77.1 = 15.9

Female 49.5 + 10.0 704 = 21.1 67.1 = 14.0 99.2 + 13.9 68.3 £ 9.7 69.5 = 5.7
Interpeduncular nucleus

Male 95.3 £ 28.2 124.6 = 31.1 140.9 = 21.3 140.5 = 14.2 96.8 £ 29.8 100.7 = 20.7

Female 126.2 + 24.6 104.5 = 19.3 124.1 = 21.1 126.4 = 29.5 120.0 = 20.4 166.0 = 9.3
Values are expressed as mean * SEM of 4 to 5 animals per experimental group.*P < 0.01 vs. SAL control group; **P < 0.01 vs. MOR withdrawal group (Two-way

ANOVA; Duncan test).

extend this sexual dimorphism to Swiss-Webster
mice, considering that no significant difference in
p-opioid labeling was detected between either sex in
SAL control groups.

The data obtained in the present study is difficult
to analyze, given that, as each brain area was ana-
lyzed with a separate two-way ANOVA, the possibility
of making a type-I error increases. Classical proce-
dures that control experimental-wise errors in the
strong sense in single-comparison problems tend to
have substantially less power than the per compari-
son procedure of the same levels (Benjamini and
Hochberg, 1995). This is the reason why we combined
a post hoc test with a good power (Duncan test) and
set the type-I error in 0.01. However, in that case,
there are less chances of finding statistically signifi-
cant differences. The GABAg agonist BAC was able
to reestablish the basal levels of p-opioid labeling
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decreased by the NAL-precipitated withdrawal syn-
drome only in the NAcC of male mice, and a similar
tendency was observed in CPu and MDTh. On
the contrary, BAC was not able to reestablish the
changes induced by the MOR withdrawal syndrome
in ABL, ABM, or VTA. These effects could antici-
pate which brain areas would be more relevant for
the attenuation of MOR withdrawal signs. The
dose of BAC (2 mg/kg) was selected based on our pre-
vious reports (Diaz et al., 2001, 2003, 2004), and this
dose did not have intrinsic effect in nondependent
animals. In agreement, a similar dose of BAC was
reported by other authors (Fadda et al., 2003; Suzuki
et al., 2005; Zarrindast and Mousa-Ahmadi, 1999). In
the present study, BAC (2 mg/kg, i.p.) did not modify
per se the basal population of p-opioid receptors in
any of the brain areas studied, neither in males nor
in females.



BINDING OF [PHIDAMGO IN MORPHINE WITHDRAWAL

It is remarkable that NAc p-opioid receptors have
been proposed to be responsible of aversive effects
characteristic of opiates withdrawal (Koob et al.,
1989). Given that ultrastructural studies have shown
that in the NAc, p-opioid receptors are localized prom-
inently on GABA-containing neurons (Svingos et al.,
1997), the possibility exists that the effect of BAC is
achieved by interacting with these particular neu-
rons.

Previous reports demonstrated that BAC is able to
prevent the expression of certain NAL-precipitated
withdrawal signs like jumping (Zarrindast and Mousa-
Ahmadi, 1999), hopping activity (Belozertseva and
Andreev, 2000), stereotyped head movements, ptosis,
weight loss, chewing (Bexis et al.,, 2001), diarrhea,
sniffing, and wet-dog shakes (Diaz et al., 2001). On the
other hand, Capasso (1999) reported that BAC reduced
opiates abstinence in vitro, which is similar to the in
vivo observed effects. Therefore, if the same effects of
BAC are obtained in vivo as well as in vitro conditions,
we could, at first, lay aside that the effect of BAC
depends on its influence over NAL pharmacokinetic
parameters. The effect of BAC on p-opioid receptor
population observed herein in certain brain areas of
MOR-withdrawn male mice could partially explain
BAC ability to attenuate the expression of MOR-with-
drawal signs, by decreasing p-opioid receptor levels
available to bind NAL. To our knowledge, no mecha-
nism has been proposed to date to explain the way by
which this GABAg agonist reestablishes the changes
induced by the MOR withdrawal state. Decreases in
receptor labeling could be a result of three different
mechanisms: internalization, proteolysis (down-regula-
tion), or conformational changes (desensitization) (Tsao
and von Zastrow, 2001). BAC has been proved to
enhance the expression of the proenkephalin gene at
least in neocortical neurons (Morl et al., 2003), and in
addition, it is well known that endogenous opioid pep-
tides, but not MOR, induce p-opioid receptors inter-
nalization (Eckersell et al., 1998; Minnis et al., 2003;
Sternini et al., 2000). Taken together, one possible ex-
planation for the present result in NAcC, and to a
lesser extent in CPu and MDTh of males, is that BAC
may enhance the release of endogenous opioids, which,
in turn, induce the internalization of p-opioid recep-
tors. It has been reported that the ubiquitin/protea-
some pathway, but not the lysosomal pathway, plays a
role in agonist-induced down-regulation of p-opioid
receptors (Chaturvedi et al., 2001). The decrease of
p-opioid labeling induced by BAC in the areas de-
scribed above could be a consequence of a proteosomic
degradation of these receptors after internalization as
well as conformational changes of p-opioid receptors.

The influence of GABA, receptors on NAL-precipi-
tated withdrawal has been also studied and results
have been controversial: while the GABA, agonist
muscimol was able to decrease the NAL behavioral
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response in MOR-dependent mice (El-Kadi and
Sharif, 1995; Zarrindast and Mousa-Ahmadi, 1999),
other authors found that the same GABA, agonist
dose dependently increased p-opiate withdrawal in vitro
(Capasso and Sorrentino, 1997). On the contrary, there
are no previous reports studying the effect of GABAA
agonists on p-binding parameters during MOR with-
drawal.

It has been suggested that females may be less sen-
sitive to MOR properties because they have either
lesser p-opioid receptor density or affinity or mediated
signal transduction than males (Cicero et al., 1997,
Craft, 2003). Based on the present results no basal
differences in p-receptor labeling between either sex
has been found in any of the brain areas studied.
However, significant increases in binding levels was
observed only in specific brain areas of MOR-with-
drawn male mice, suggesting that p-opioid receptors’
changes in response to NAL-precipitated withdrawal
might play a role in the differential sensitivity de-
scribed between sex.

Understanding how biological factors such as sex
influence opioid effects may facilitate more rapid de-
velopment toward novel mechanism-based pharmaco-
therapy of opiate-induced clinical syndrome. Addition-
ally, further studies about the neural basis of BAC
effect over addictive behaviors may aid in the devel-
opment of treatments targeting opioid addiction.
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