Available online at www.sciencedirect.com e
PHARMACOLOGY
BIOCHEMISTRY

SCIENCE(JDIRECTE
AND

e = BEHAVIOR
ELSEVIER Pharmacology, Biochemistry and Behavior 82 (2005) 601 — 607

www.elsevier.com/locate/pharmbiochembeh

Morphine withdrawal syndrome: Involvement of the dopaminergic system in
prepubertal male and female mice

Silvina L. Diaz, Alma K. Kemmling, Modesto C. Rubio, Graciela N. Balerio
Instituto de Investigaciones Farmacologicas (CONICET), Buenos Aires, Argentina
Cdtedra de Farmacologia, Facultad de Farmacia y Bioquimica (Universidad de Buenos Aires), Junin 956, 5° floor, Buenos Aires (11134AD), Argentina

Received 20 May 2005; received in revised form 5 October 2005; accepted 20 October 2005
Available online 1 December 2005

Abstract

Morphine (MOR) withdrawal signs are more marked in males than in females. Considering that the influence of the dopaminergic system on
these differences is unclear, we analyzed dopamine (DA) and dihydroxyphenylacetic-acid (DOPAC) brain levels during naloxone (NAL)-
precipitated withdrawal as well as the involvement of D, and D, receptors in the expression of MOR withdrawal in either sex. Prepubertal Swiss-
Webster mice received MOR (2 mg/kg, i.p.) twice daily for 9 days. On the tenth day, dependent animals received NAL (6 mg/kg, i.p.) after MOR
and were sacrificed 30 min later. DA and DOPAC concentrations were determined in different brain areas using HPLC with electrochemical
detection. Other pool of mice received either a D; (SCH 23390; 0.2 mg/kg, i.p.) or D, (raclopride; 0.3 mg/kg, i.p.) receptor antagonist before NAL
and withdrawal signs were evaluated. DA and DOPAC levels only decreased in striatum and cortex of withdrawn males. Conversely, both DA
receptor antagonists decreased the expression of MOR withdrawal signs in either sex. The neurochemical sex differences described here could
partially explain the behavioral sex differences observed during MOR withdrawal. Additionally, SCH-23390 and raclopride effects suggest an

important role of both DA receptors in the expression of MOR withdrawal in males and females.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Several studies have demonstrated sex-related differences
in many pharmacological properties of morphine (MOR):
antinociception (Candido et al., 1992; Cicero et al., 1997),
tolerance to analgesia (Kest et al., 2000) and conditioned
analgesia (Stock et al., 2001). These studies stated that female
rodents are less sensitive to MOR properties than males, but
the mechanisms of this sex dimorphism still remain uncertain.
In this context, we have demonstrated that female prepubertal
mice were less prone to develop the signs of MOR
withdrawal syndrome than males (Diaz et al., 2001) which
is in agreement with previous results (Craft et al., 1999).
Additionally, we have also demonstrated that an increase in -
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opioid receptor density occurred in male mice during the
MOR withdrawal syndrome, but not in females (Diaz et al.,
2004).

The development of opiate dependence as well as the
expression of MOR withdrawal syndrome are both due to
processes of homologous regulation affecting the endogenous
opioid system and heterologous regulation that affect other
neurotransmitter systems (Koob and Bloom, 1988). Previous
studies have revealed that dopamine (DA) neurotransmission
plays an important role in the MOR withdrawal syndrome
(Acquas and Di Chiara, 1992; Diana et al., 1995; Diaz et al.,
2003), but all these experiments have been performed in male
animals, i.e., no data is available from females. In addition,
there is a paucity of data about sex differences on brain
monoamine concentrations during chronic MOR treatment
and particularly, no information is available from mice. Brain
areas such as striatum and frontal cortex have been related
with the MOR withdrawal syndrome (Bassareo et al., 1995;
Espejo et al., 2001; Diaz et al., 2003, 2004), but further
studies would be necessary to explain the involvement of
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these areas in the expression of the MOR withdrawal
syndrome.

In previous studies, DA agonists have been found able to
potentiate several MOR withdrawal-induced signs in rodents
(Gianutsos et al., 1976; Kantak and Miczek, 1988; Tidey and
Miczek, 1992). Additionally, D; and D, receptor antagonists
have been found to decrease the expression of MOR
withdrawal-induced aggression in male mice (Rodriguez-Arias
et al.,, 1999) as well as other signs in MOR withdrawn rats
(Funada and Shippenberg, 1996; El-Kadi and Sharif, 1998;
Zarrindast et al., 2002). Even though previous data suggest that
the mesolimbic dopaminergic neurotransmission mediates
several behavioral effects of opiates, the differential role of
D, and D, receptors during MOR withdrawal remains unclear
and has not been explored in female mice.

Since we have demonstrated sex-related behavioral differ-
ences in the expression of the MOR-withdrawal syndrome
(Diaz et al., 2001) and taking into account the decreased striatal
and cortical DA concentrations observed in MOR withdrawn
male mice (Diaz et al., 2003), the aim of the present study was
to analyze and compare striatal, cortical and hippocampal DA
and dihydroxyphenylacetic acid (DOPAC) brain concentrations
in prepubertal male and female mice during the MOR
withdrawal syndrome. Another aim of this study was to
evaluate the effect of the pretreatment of the selective D,
(SCH 23390) and D, (raclopride) receptor antagonists during
MOR withdrawal in either sex.

2. Methods
2.1. Subjects

Prepubertal Swiss-Webster male and female albino mice
were obtained from our breeding colony of the Department of
Pharmacology (Faculty of Pharmacy and Biochemistry) of the
University of Buenos Aires. Experiments were performed on
naive prepubertal (indicated by vaginal smears) male and
female mice weighing 20 g at the beginning of the treatment.
Animals were housed in groups of five under conditions of
constant temperature (22+2 °C) and relative humidity
(55+15%), according to local regulations (SENASA). Mice
were housed under a standard 12 h light/dark cycle (lights on
08:00 a.m.) with free access to food and water up to the
beginning of the experiments. Experiments were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals (Publication No. 85-23, revised 1985).

2.2. Drugs

Morphine hydrochloride (Chemotecnia Sintyal, Buenos
Aires, Argentina), naloxone (Endo Laboratories, USA), SCH
23390 (RBI, USA) and raclopride (SIGMA-RBI, USA) were
used to develop this study. All the drugs were dissolved in
isotonic (NaCl 0.9%) saline solution and the doses were
referred to the salt form. All the drugs were injected
intraperitoneally (i.p.) in a volume of 0.1 ml/10 g of body
weight.

2.3. Induction of MOR dependence

Mice were rendered dependent on MOR (as it was described
in Diaz et al., 2001) by intraperitoneally (i.p.) injection of
MOR (2 mg/kg), twice daily (10:00 h and 22:00 h), for 9
consecutive days.

2.4. Neurochemical studies

2.4.1. Drug treatment

On the day of the experiment (tenth day), dependent mice
received the last dose of MOR only at 10:00 h and then were
randomly divided into two groups (n=5—6) as follows:

* Dependence: 60 min after the last dose of MOR, mice
received saline (SAL).

* MOR withdrawal: 60 min after the last dose of MOR, mice
received naloxone (NAL; 6 mg/kg). The dose of NAL used
to precipitate the withdrawal syndrome in the present study
was the same reported in our previous studies which did not
induce a withdrawal syndrome in non-dependent mice, but
did induce a full withdrawal syndrome in MOR-dependent
mice (Diaz et al., 2001).

The control groups received SAL, twice daily for 9
consecutive days. On the tenth day animals received the last
injection of SAL at 10:00 h and were divided into two control
groups (n=5-06):

* SAL control: 60 min after the last injection of SAL, mice
received SAL.

* NAL control: 60 min after the last injection of SAL, mice
received NAL.

2.4.2. Electrochemical detection

High Performance Liquid Cromatography (HPLC)-coupled
electrochemical detection (Heikkila et al., 1984) of DA and
DOPAC was achieved using a Varian 5000 liquid chromato-
graph coupled to an electrochemical detector (BAS LC-4C).
Ten minutes after the last injection on the tenth day, brains
were collected and striatum, cortex and hippocampus were
dissected, weighed, homogenized, and deproteinized in 0.2 N
perchloric acid (1/20 mg/ml). Homogenates were centrifuged
and the supernatants were injected (50 pl) onto a 12.5
cm x4 mm Nova-Pak C18 reverse phase column (Waters)
developed in 250 ml of mobile phase (0.076 M NaH,.
PO4H,0; 5.24 ml/L PICBS8, 0.99 mM EDTA, 6% methanol)
1.3 ml/min. The electrode potential was set at +0.7 V. Peak
heights were measured by DATA Jet Integrator (Spectra-
Physics) and quantified based on standard curves using
Excel.

2.5. Behavioral studies
2.5.1. Drug treatment

The day of the experiment (tenth day), dependent
mice received the last dose of MOR only at 10:00 h and
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then were randomly divided into the following groups
(n=9-14):

* MOR withdrawal: 30 and 60 min after the last dose of
MOR, mice received SAL and NAL, respectively.

* MOR withdrawal+SCH 23390: 30 and 60 min after the
last dose of MOR, mice received SCH 23390 (0.2 mg/kg)
and NAL, respectively.

* MOR withdrawal +raclopride: 30 and 60 min after the last
dose of MOR, mice received raclopride (0.3 mg/kg) and
NAL, respectively.

The doses of the DA antagonists were selected after trying
increasing doses on naive mice by open field method in order
to rule out a hypolocomotor effect.

The control groups received SAL, twice daily for 9
consecutive days. The tenth day animals received the last
injection of SAL at 10:00 h and were divided into the following
groups (n=9-14):

* SAL control: 30 and 60 min after the last injection of SAL,
mice received SAL.

* SCH 23390 control: 30 and 60 min after the last injection
of SAL, mice received SCH 23390 (0.2 mg/kg) and SAL,
respectively.

* Raclopride control: 30 and 60 min after the last injection of
SAL, mice received raclopride (0.3 mg/kg) and SAL,
respectively.

2.5.2. Apparatus and procedure

Experiments were conducted in an open field, an apparatus
consisting of a black Plexiglass box (33 x43 x 16 cm) with a
painted grid in the white floor dividing it into equal squares
(7x7 cm) (Diaz et al., 2001). Each animal was challenged
once. Experiments were performed at the same hour (between
11.00 and 16.00 h) and same place, with similar temperature
and light conditions.

After the last injection of NAL or SAL, animals were placed
in one of the corners of the box and the number of withdrawal
signs was recorded over a 30-min period by one observer who
was blind to the treatment conditions.

2.5.3. Measurements

After the different treatments, animals were challenged
for 30 min in the open field. Based in our previous report
in which behavioral sex differences have been demonstrated
(Diaz et al.,, 2001), in the present study we have only
measured the signs which were modified by the MOR
withdrawal state. Two types of signs were measured during
MOR abstinence. The number of sniffing, wet dog shakes
and jumps were counted. Diarrhoea was evaluated with a
point being given for the presence of this sign. In order to
summarize the results obtained from the different observa-
tions, a global withdrawal score was calculated individu-
ally for each mouse. To obtain this global value and to
give all the signs a proportional weighting, the score
obtained from each sign was multiplied by a constant as

previously reported (Maldonado et al., 1996) as follows:
sniffing x 0.5; wet dog shakes x 1; jumping X 0.8; diarrhoea
x 1.5.

2.5.4. Statistical analysis

To determine differences between the experimental groups
for both neurochemical and behavioral studies, two-way
analysis of variance (ANOVA) with sex and treatment as the
main factors was used after verifying normality of distribution
and homoscedasticity by Shapiro-Wilks test and Levene’s test,
respectively. With a statistically significant interaction, simple
main effects were analyzed, and Newman-Keuls tests were
used for post hoc comparisons. In all cases, p<0.05 was
considered statistically significant.

3. Results
3.1. Neurochemical studies

3.1.1. Striatum

Fig. 1(A and B) summarizes the changes in DA and
DOPAC levels determined in striatum. Two-way ANOVA
revealed a significant interaction for DA levels,
F(3, 38)=3.92, p<0.05 as well as for DOPAC levels F(3,
33)=4.48, p<0.01, a main effect of sex for DA levels,
F(1, 38)=4.65, p<0.05 as well as for DOPAC levels F(1,
33)=10.07, p<0.01 and a main effect for treatment only for
DOPAC levels F(1, 33)=6.44, p<0.01. Simple main effects
revealed a significant effect of treatment in male mice for DA
concentrations, F(3, 38)=5.42, p<0.001 and also for DOPAC
concentrations, F(3, 33)=6.52, p<0.001. Post hoc analysis
indicated that DA and DOPAC levels in MOR-withdrawn
male mice decreased 40% and 67%, respectively, (p<0.05)
compared with their SAL control groups. On the contrary,
simple main effects analysis indicated no differences between
female experimental groups neither for DA, F(3, 38)=1.25,
NS nor for DOPAC, F(3, 33)=2.66, NS. The simple main
effects analysis also revealed a significant effect of sex
between withdrawal groups for DA concentrations, F(I,
38)=14.5, p<0.001 and also for DOPAC concentrations,
F(1, 33)=11.66, p<0.01. No sex differences were found for
the rest of the treatments.

3.1.2. Cortex

Fig. 1(C and D) summarizes the changes in DA and
DOPAC levels determined in frontal cortex. Two-way
ANOVA revealed no significant interaction for DA levels,
F(3, 34)=1.77, NS, nor effect of sex F(1, 34)=2.77, NS, and
a significant effect of treatment F(3, 34)=7.46, p<0.001.
Post hoc analysis indicated that DA levels in MOR-
withdrawn male mice decreased 67% (p<0.05) with respect
to its SAL control group. In opposition, no differences were
found between female experimental groups for DA, F(3, 20)=
3.44, NS.

Two-way ANOVA revealed no significant interaction for
DOPAC levels, F(3, 37)=0.59, NS, no effect of treatment, F(3,
37)=2.33, NS or sex, F(1, 37)=2.28, NS.
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Fig. 1. Changes in the endogenous brain levels of DA and DOPAC in mice brain areas. Data represent the values (mean+S.E.M.) obtained in male and female
experimental groups, expressed as a percentage of their SAL control values in order to compare relative changes in either sex. ® p <0.05 with respect to the male
SAL control group; AA p<0.01; AAA p<0.001 with respect to the male MOR withdrawal group (ANOVA, Newman Keuls test). Values expressed as pmol/mg of
tissue for SAL controls groups were as follows: Striatum DA level in males and females: 25.8+5.8 and 25.4£4.7, respectively; Striatum DOPAC level in males and
females: 8.8+ 1.2 and 7.8 £1.6, respectively. Cortical DA level in males and females: 0.32+0.10 and 0.26+0.09, respectively. Cortical DOPAC level in males and
females: 0.47+0.08 and 0.48£0.19, respectively. Hippocampal DA level in males and females: 0.11+0.02 and 0.15+0.05, respectively. Hippocampal DOPAC level

in males and females: 0.22+0.10 and 0.28+0.11, respectively.

3.1.3. Hippocampus

Fig. 1(E and F) summarizes DA and DOPAC levels
determined in hippocampus. Two-way ANOVA revealed no
significant interaction for DA levels, F(3, 35)=0.91, NS, no
effect of treatment, F(3, 35)=0.31, NS or sex, F(1, 35)=7.51,
NS. The same analysis applied to DOPAC levels revealed
neither a significant interaction, F(3, 32)=0.50, NS, no effect
for treatment, F'(3, 32)=0.40, NS or sex, F(1, 32)=0.06, NS.

3.2. Behavioral studies

Two-way ANOVA revealed a significant interaction, F(5,
123)=2.89, p<0.01, a main effect of treatment F(5,
123)=24.27, p<0.001 and no effect of sex F(1, 123)=2.77,
NS for the global score. Simple main effect revealed a
significant effect of treatment in males F(5, 123)=24.15,

p<0.001 and in females F(5, 123)=5.43, p<0.001. Post hoc
analysis indicated that the global score of MOR-withdrawn
male and female mice were significant higher (»<0.001) than
the global score of their respective SAL control groups (Fig. 2).
Additionally, the pretreatment with SCH 23390 or raclopride
significantly decreased (p<0.001) the global score of the
MOR withdrawn male and female mice. The simple main
effect analysis also revealed a significant effect of sex between
withdrawal groups F(1, 123)=15.37, p<0.001. No sex
differences were found for the rest of the treatments.

4. Discussion
Two main findings emerge from the present study. First,

changes in the striatal and cortical dopaminergic system appear
to be involved in the expression of the MOR withdrawal
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Fig. 2. Attenuation of the severity of NAL-precipitated MOR withdrawal
syndrome by acute raclopride or SCH 23390. Raclopride (0.3 mg/kg, i.p.) or
saline, and SCH 23390 (0.2 mg/kg, i.p.) or saline were administered 30 min
before withdrawal. A global score was calculated for each animal as described
in Methods. Data is expressed as mean+S.E.M. (n =9—14 mice for each group)
for either male or female mice. ® ® ® p <0.001 with respect to the SAL control
group. AAA p<0.001 with respect to the MOR withdrawal group. HE R
p<0.001 with respect to the male MOR withdrawal group (ANOVA, Newman
Keuls test).

syndrome in male mice but not in female mice. Second,
blockade of both D; and D, receptors attenuates the expression
of MOR withdrawal syndrome in both male and female mice.

The fact that we have performed our study with prepubertal
mice (demonstrated by the vaginal smear) allows us to rule out
hormonal cyclical changes characteristic of adult female mice
which could greatly modify the endogenous concentrations of
brain catecholamines (Hu et al., 2004). Although it is known
that steroids influence sexual differentiation of brain morphol-
ogy and neurobiology (Breedlove, 1992), taking into account
our results, we could suggest that other factors than cyclical
hormonal regulation may affect the dopaminergic brain system
in mice.

Our results obtained in male mice are in general agreement
with previous studies performed on male MOR withdrawn
rodents (Pothos et al., 1991; Tokuyama et al., 1996; Acquas et
al., 1991) which state that during the NAL-precipitated
withdrawal, DA release is decreased in different brain areas.
The present data clearly indicate a dimorphic response of the
dopaminergic neurons during MOR withdrawal. This dimor-
phism was evidenciated by a marked decrease of the striatal
and cortical dopaminergic activity in MOR withdrawn males
while no changes in DA levels were observed in MOR
withdrawn females. It is important to state that we measured
the DA and DOPAC levels in brain homogenates, but a more
precise characterization of these neurochemical sex differences
might be obtained by microdialysis given that this technique
enables the monitoring of extracellular molecules. A remark-
able fact is that, even when it was not statistically significant,
the cortical DA endogenous concentration decreased in MOR
dependent females. This particular result is difficult to explain,

considering that no other change occurs for DA or DOPAC
levels in females. Moreover, there are no previous studies in
female mice for contrasting this peculiar result. On the other
hand, in the behavioral study, we have found a less sensitivity
in female mice to develop the MOR withdrawal syndrome
(comparing the global score between sex), which is in
agreement with our previous results (Diaz et al., 2001). These
observations could be explained at least partially, by the lack of
changes observed in the endogenous monoamines brain levels
of withdrawn female mice. In contrast, male mice were more
prone to develop a full withdrawal syndrome, which could be
related with significant changes of striatal and cortical DA and
DOPAC levels.

Brain dopaminergic system has been widely implicated in
the behavioral effects of opioids in males (Piepponen et al.,
1996) but there is a lack of data about this interaction in
females. Our behavioral results clearly show that both D; and
D, receptors are involved in the expression of MOR
withdrawal signs independently of the sex. Moreover, even
when we showed the results as a global score, both antagonists
equally attenuated the expression of the same signs in males as
well as in females (data not shown). Previous studies have
demonstrated different effects of dopaminergic antagonists on
MOR-elicited responses. In that way, MOR-induced condi-
tioned place preference in male mice was reversed by the
administration of SCH 23390 and raclopride (Manzanedo et al.,
2001). Likewise SCH 23390, but not raclopride, was able to
counteract MOR withdrawal-induced aggression in male mice
(Rodriguez-Arias et al.,, 1999). In an earlier study, other
dopaminergic antagonists (SKF 83566 and sulpiride, D; and
D, receptor antagonists, respectively) also produced inhibitory
effects on NAL-induced withdrawal symptoms in mice (Samini
et al., 2000). Our results are in general agreement with these
previous observations performed in males and extend the
current knowledges to female mice, suggesting that both D,
and D, receptors are involved in the expression of MOR
withdrawal syndrome in either sex.

A considerable amount of evidence indicates an interaction
between opiates and the dopaminergic system. The nature of
this interaction is complex because opiates produce effects that
resemble both stimulation and inhibition of brain dopaminergic
activity (El-Kadi and Sharif, 1998). The concept of autoregula-
tion of dopaminergic neurons may partially explain this
complexity: DA inhibits dopaminergic activity by acting on
D, “autoreceptors” (Bunney, 1979; Roth, 1979). Therefore,
MOR might influence DA-autoregulatory mechanisms, DA-
stimulatory mechanisms or both (Cools et al., 1978; Iwamoto
and Way, 1979). Taking into account the autoregulatory effect
of D, receptors, the attenuation of MOR withdrawal signs that
we have observed by administering raclopride could be due to
an increased dopaminergic activity as a result of the D,
receptor blockade. Given that during MOR withdrawal
syndrome, DA release is dramatically decreased in different
brain areas (Acquas and Di Chiara, 1992), the dopaminergic
firing rate is abruptly and almost completely reduced (Diana et
al., 1995) and DA levels are significantly decreased in some
brain areas (Diaz et al., 2003), a possible increase in the
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dopaminergic activity elicited by raclopride could be related to
the attenuation of MOR withdrawal signs.

Our results also showed that the D, receptor antagonist SCH
23390 was able to decrease the global score obtained in males
and females of the MOR withdrawal group. Although our
results are in agreement with previous studies (Rodriguez-Arias
et al., 1999; Manzanedo et al., 2001; Zarrindast et al., 2002) no
explanation has been proposed for this effect. It is well known
that opioids increase the firing of dopaminergic neurons in the
ventral tegmental area (VTA) by presinaptic inhibition of
GABA release (Simonato, 1996; Shoji et al., 1999). As
stimulatory D, receptors are localized at GABAergic neurons
both in the VTA (Cameron and Williams, 1993; Ranaldi and
Wise, 2001) and striatum (Missale et al., 1998) one hypothesis
to explain the effect of SCH 23390 on the MOR withdrawal
could be that by blocking D1 receptors with SCH 23390,
GABAergic inhibition could be abolished and thus, dopami-
nergic neurons could be disinhibited. Therefore, by increasing
the dopaminergic activity, the expression of the MOR
withdrawal signs may be attenuated.

In conclusion, DA and DOPAC levels were modified only
in male mice by the MOR withdrawal syndrome. On the other
hand, both D; and D, antagonists decreased the expression of
MOR withdrawal signs in male and female mice. Taking into
account the present findings, it would be of great interest to
learn more about the mechanisms responsible for the sexual
dimorphism in dopaminergic activity during MOR withdrawal.
Additionally, the findings related to D; and D, receptors
antagonists, add to a growing body of evidence indicating a
critical role of dopaminergic system in the expression of the
MOR withdrawal syndrome.
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