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Differential desensitization of u- and J- opioid receptors in
selected neural pathways following chronic morphine treatment
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1 Morphine produces a plethora of pharmacological effects and its chronic administration induces
several side-effects. The cellular mechanisms by which opiates induce these side-effects are not fully
understood. Several studies suggest that regulation of adenylyl cyclase activity by opioids and other
transmitters plays an important role in the control of neural function.

2 The aim of this study was to evaluate desensitization of u- and - opioid receptors, defined as a
reduced ability of opioid agonists to inhibit adenylyl cyclase activity, in four different brain structures
known to be involved in opiate drug actions: caudate putamen, nucleus accumbens, thalamus and
periaqueductal gray (PAG). Opiate regulation of adenylyl cyclase in these regions has been studied in
control and morphine-dependent rats.

3 The chronic morphine treatment used in the present study (subcutaneous administration of 15.4 mg
morphine/rat/day for 6 days via osmotic pump) induced significant physical dependence as indicated by
naloxone-precipitated withdrawal symptoms.

4 Basal adenylyl cyclase in the four brain regions was not modified by this chronic morphine treatment.
In the PAG and the thalamus, a desensitization of u- and d-opioid receptors was observed, characterized
by a reduced ability of Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol (DAMGO; pu), Tyr-D-Pen-Gly-Phe-D-Pen
(DPDPE; §) and [D-Ala”]-deltorphin-II (DT-II; ) to inhibit adenylyl cyclase, activity following chronic
morphine treatment.

5 The opioid receptor desensitization in PAG and thalamus appeared to be heterologous since the
metabotropic glutamate receptor agonists, L-AP4 and glutamate, and the 5-hydroxytryptamine (5-HT);a
receptor agonist, R(+)-8-hydroxy-2-(di-n-propylamino)tetralin hydrobromide (8-OH-DPAT), also
showed reduced inhibition of adenylyl cyclase activity following chronic morphine treatment.

6 In the nucleus accumbens and the caudate putamen, desensitization of é-opioid receptor-mediated
inhibition without modification of p-opioid receptor-mediated inhibition was observed. An indirect
mechanism probably involving dopaminergic systems is proposed to explain the desensitization of 6-
mediated responses and the lack of u-opioid receptor desensitization after chronic morphine treatment in
caudate putamen and nucleus accumbens.

7 These results suggest that adaptive responses occurring during chronic morphine administration are

not identical in all opiate-sensitive neural populations.
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Introduction

The wide distribution of opioid receptors in the central ner-
vous system (CNS) probably accounts for the multiplicity of
pharmacological responses elicited by acute administration of
morphine, or its surrogates. Moreover, chronic treatment leads
to adaptive changes including antinociceptive tolerance, and
physical and psychic dependence, that create significant clinical
problems in the use of opiate drugs. These changes may be
related to prolonged activation of opioid receptors by opiate
drugs in all brain areas (review in Nestler et al., 1993).

The cellular mechanisms by which opiates induce tolerance
and/or dependence are uncertain. Attention has been focused
on post-receptor mechanisms, as it is generally accepted that
alterations in opioid receptors per se cannot account for all
aspects of opioid addiction. Accumulating evidence suggests a
major role for adaptive changes in the regulation of adenylyl
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cyclase during long-term opiate exposure (Sharma et al., 1975;
Duman et al., 1988; Puttfarcken et al., 1988; Puttfarcken &
Cox, 1989; De Vries et al., 1993; review in Nestler et al., 1993).

The locus coeruleus, a pontine nucleus containing the lar-
gest collection of noradrenergic neurones in the CNS, has been
extensively examined. Several studies have related the locus
coeruleus to the development of morphine-dependence, and
have demonstrated that this structure is prominently asso-
ciated with somatic symptoms of opiate withdrawal (Aghaja-
nian, 1978; Maldonado et al., 1992). Moreover, in this brain
area, it has been shown that chronic morphine treatment in-
duces an up-regulation of the cyclic AMP system (adenylyl
cyclase, cyclic AMP-dependent protein kinase, G, and G.)
(Duman et al., 1988; Nestler & Tallman, 1988; Nestler et al.,
1989; Matsuoka et al., 1994), alterations that seem to be im-
portant for the expression of the various behavioural responses
observed during withdrawal syndrome (Rasmussen ef al.,
1990). Another brain structure widely examined is the nucleus
accumbens, as dopaminergic neurones projecting from the
ventral tegmental area to the nucleus accumbens might play a
major role in the rewarding/reinforcing properties of opiates or
other psychostimulant drugs (Phillips & Le Piane, 1982; Bo-
zarth, 1986; Cador et al., 1991). In this brain area, similar
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biochemical modifications were observed in the adenosine
3:5'-cyclic monophosphate (cyclic AMP) system following
chronic morphine treatment. These biochemical changes,
which also seem to occur in a few other brain structures
(amygdala or thalamus), are not a generalized response ex-
hibited by all brain regions (Terwilliger et al., 1991).

Nevertheless, desensitization of u- and /or §-opioid re-
ceptors (defined as a reduced ability of the agonist to inhibit
the enzyme adenylyl cyclase) in different brain regions from
animals treated chronically with morphine has not been ex-
tensively investigated. The objective of the current study was to
compare the desensitization of y- and §-opioid receptors in
brain regions involved in the motor and reinforcing properties
of opiates (caudate putamen, nucleus accumbens) with de-
sensitization in brain regions participating in the anti-
nociceptive actions of opiates (thalamus and periaqueductal
gray; PAG). For this purpose, possible changes in inhibition of
adenylyl cyclase activity by the highly selective u-opioid ago-
nist, Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol (DAMGO,; Handa et
al., 1981), and the §-opioid agonists, Tyr-D-Pen-Gly-Phe-D-Pen
(DPDPE) and [D-Ala%deltorphin-II (DT-II; Mosberg et al.,
1983; Erspamer et al., 1989), were investigated in these rat
brain regions following chronic morphine treatment.

Methods

Animals and surgery

Male Sprague-Dawley rats (Taconic, Germantown, NY,
U.S.A.) weighing 220250 g at the start of the experiment,
were used. Rats were group-housed in standard laboratory
cages and kept in a temperature- and humidity-controlled
colony room at least one week before the surgery. Food and
water were available ad libitum.

Osmotic pumps (2ML1, Alza Corporation, Palo Alto, CA)
which deliver 10 ul h™!, were used to administer saline or
morphine by continuous s.c. infusion. The pumps were filled
either with 64 mg ml~! morphine sulphate in saline or with
saline alone. The pumps were surgically implanted s.c., caudal
to the dorsum of the neck, under halothane anaesthesia. Then,
rats were housed in single-animal cages with free access to food
and water.

Assessment of physical dependence

On the sixth day of morphine treatment a behavioural with-
drawal syndrome was precipitated by injection of naloxone
hydrochloride (1 mg kg=’, s.c.). Immediately after naloxone
injection, the rats were placed individually in test chambers,
and withdrawal symptoms were evaluated over a 20 min per-
iod. The numbers of jumps, and of episodes of wet-dog shakes,
paw tremor, teeth chattering, and mastication were each
counted independently during the 20 min observation period.
Tremor, ptosis, and diarrhoea were evaluated over four 5 min
periods with one point being given for the presence of each of
these symptoms during each period (maximum score, 4).

Membrane preparation

On the seventh day rats were killed by decapitation. Their
brains were rapidly removed. The periaqueductal gray re-
gion (PAG) was excised from brain sections by punch-out,
using the rat brain atlas of Pellegrino et al. (1979) as a
guide. Caudate putamen, nucleus accumbens and thalamus
were obtained by gross dissection. Dissected tissue from
isolated brain regions of a single rat was homogenized and
diluted into buffer [20 mM Tris-HCIl (pH 7.4), 2 mM EGTA,
1 mM MgCl, and 250 mM sucrose] and centrifuged at
27,000 g for 15 min at 4°C. The pellet was resuspended in
fresh buffer and centrifuged again for 15 min. The super-
natant was discarded and the tissue was homogenized in
30% (wt/vol) of ice-cold buffer [2 mMm Tris-HCl (pH 7.4)

and 2 mM EGTA] for determination of adenylyl cyclase
activity.

Determination of adenylyl cyclase activity

Tissue homogenate (15—-30 ug of protein in 10 ul) was added
on ice to assay tubes (final volume 60 ul) containing 80 mM
Tris-HCI (pH 7.4), 10 mM theophylline, | mM MgSQO,, 0.8 mMm
EGTA, 30 mM NacCl, 0.25 mM ATP, 0.01 mM GTP and either
the drug being tested or water. Triplicate samples for each
treatment were incubated at 30°C for 5 min. Adenylyl cyclase
activity was terminated by placing the tubes in boiling water
for 2 min. The amount of cyclic AMP formed was determined
by a [*H]-cyclic AMP protein binding assay (Brown et al.,
1971; Noble & Cox, 1995). [*H]-cyclic AMP (final concentra-
tion 4 nM) in citrate-phosphate buffer (pH 5.0) followed by
binding protein prepared from bovine adrenal glands were
added to each sample. Additional samples were prepared,
without tissue, containing known amounts of cyclic AMP and
served as standards for quantification. The binding reaction
was allowed to reach equilibrium by incubation for 90 min at
4°C, and the assay was terminated by the addition of charcoal
and centrifugation (1000 g for 10 min, at 4°C) to separate the
free tritiated cyclic AMP from that which was bound to the
binding protein. Aliquots from the supernatant containing
bound cyclic AMP were placed in scintillation vials to which
Beckman Ready Value Scintillation Cocktail was added and
radioactivity was determined by liquid scintillation spectro-
metry. Radioactivity was converted to pmol of cyclic AMP by
comparison to the curve derived from the standards. Protein
values were determined by a modification of Lowry procedure
with bovine serum albumin used as standard (Peterson, 1977).
Results are expressed as percentage of the respective basal
activity (i.e. naive or morphine-dependent rats) measured in
the absence of opioid.

Adenylyl cyclase activity in the various brain regions studies
from saline- or morphine-treated rats did not differ across
days, and between rats that had received an acute s.c. injection
of naloxone or saline during the behavioural study. Thus, all
data from replicate experiments were pooled according to
brain region for adenylyl cyclase assay analysis.

Chemicals

DAMGO (Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol), DPDPE (Tyr-
D-Pen-Gly-Phe-D-Pen), [D-Ala?|deltorphin II (DT-II), L-glu-
tamic acid monosodium salt (glutamate) and L-(+)-2-amino-
4-phosphonobutyric acid (L-AP4) were purchased from Sigma
Chemicals Co. (St. Louis, MO, U.S.A.), naloxone hydro-
chloride, naltrindole hydrochloride, R(+ )-8-hydroxy-2-(di-n-
propylamino)tetralin hydrobromide (8-OH-DPAT), (t)-a-
methyl-4-carboxyphenylglycine (MCPG) and pindobind-5-
HT,, from Research Biochemicals Inc. (Natick, MA), CTOP
(D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH,) from Peninsu-
la Laboratories, Inc. (Belmont, CA, U.S.A.) and morphine
sulphate from Merck Chemical Division (Rahway, NI,
U.S.A)). The other reagents were obtained from the following
sources: [*H]-cyclic AMP (ammonium salt; specific activity
28:1 Ci mmol~!) from Du Pont NEN Research Products
(Boston, MA, U.S.A)); ATP (disodium salt), GTP (lithium
salt), cyclic AMP (sodium salt), theophylline, EGTA from
Sigma Chemical Co. (St. Louis, MO, U.S.A.).

Statistical analysis

Differences among treatment groups for each withdrawal sign
were analyzed by one-way analysis of variance (ANOVA).
Comparisons of concentration-response curves from adenylyl
cyclase assays were analyzed with a two-way ANOVA. If a
significant treatment effect was observed, a one-way ANOVA
was used, followed by a Newman-Keuls test, to determine the
significance at each concentration. Antagonist studies were
analyzed with a one-way ANOVA, followed by a Newman-
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Keuls test for multiple comparisons. The level of significance
was set at P<0.05.

Results

Behavioural changes during opioid withdrawal

Rats given continuous morphine infusions for six days were
tested for physical dependence by the administration of na-
loxone (1 mg kg~', s.c.). The withdrawal signs observed over a
20 min period immediately after injection of naloxone are
shown in Figure 1. One-way ANOVA revealed significant ef-
fects for all signs observed. Administration of naloxone had a
significant effect on the number of teeth chattering events
[F(1,15)=45.76, P<10~*, mastication [F(1,15)=41.80,
P<107, wet dog shakes [F(1,15)=54.75, P<10~%] and paw
tremor [F(1,15)=5.76, P<0.05]. For tremor and ptosis, sig-
nificant differences were also observed: F(1,15)=47.82,
P<107* and F(1,15)=336.19, P<10~%, respectively. A sig-
nificant effect was also observed in the case of diarrhoea:
F(1,15)=48.12, P<10~* Moreover, an increase in jumping
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Figure 1 Effects of naloxone administration (1mgkg™', sc.) on

behaviour (teeth chattering, mastication, wet dog shakes, paw tremor
diarrhoea, ptosis and tremor) in rats chronically treated with
morphine for 6 days. Results are expressed as means+s.e.mean, (a)
of the number of episodes counted during the 20min period of
observation immediately after naloxone injection, or (b) on an
arbitrary point scale: one point was given for the presence of each
sign over Smin periods during the 20 min of observation (maximum
score: 4). Number of animals per group: 7-8. *P<0.05,
***x P <(.001 vs. saline-treated group (Student’s ¢ test).

occurred in morphine-treated rats following naloxone admin-
istration (number of events observed: 1.4+0.5), while this
withdrawal sign was not observed in saline-treated rats
(number of events: 0+ 0) (data not shown).

Effects of chronic morphine treatment on basal adenylyl
cyclase activity

The amounts of cyclic AMP produced by the membrane pre-
parations under basal conditions (i.e., without added stimu-
lator or inhibitor of enzyme activity) in the four brain regions
studied, nucleus accumbens, caudate putamen, thalamus and
PAG, were not statistically different in rats chronically treated
with morphine or with saline.

In animals chronically treated with saline, basal cyclic AMP
production was 19+3, 25+4, 18+5 and 31+4 pmol mg™'
protein min~' in the nucleus accumbens, caudate putamen,
thalamus and PAG, respectively. Following chronic morphine
treatment, the amounts of basal cyclic AMP produced were
25+ 3 (nucleus accumbens), 31 +1 (caudate putamen), 14+1
(thalamus) and 23 +3 (PAG) pmol mg~! protein min~'.

It should be pointed out that any residual morphine that
might be present in the membrane preparation from the dif-
ferent brain structures studied did not influence the determi-
nation of adenylyl cyclase activity, since the addition of
naloxone (100 uM) to the assays did not affect adenylyl cyclase
activity in membranes from control or morphine-treated rats
(data not shown).

Effects of chronic morphine treatment on inhibition of
adenylyl cyclase activity by 8-opioid agonists

The selective §-opioid agonists, DPDPE and DT-II, inhibited
basal adenylyl cyclase activity in the four brain areas studied:
caudate putamen, nucleus accumbens, thalamus and PAG, of
saline-treated rats. These inhibitory effects were dose-depen-
dent.

DPDPE inhibited adenylyl cyclase activity with a maximal
inhibition of 30+4%, 30+2%, 34+ 5%, and 35+4% in the
caudate putamen, nucleus accumbens, thalamus and PAG,
respectively, in saline-treated rats. Continuous subcutaneous

a b

110 3’110
5100 x 'S 100 *
° * © >
S 90 8 90
S 80 S 80
© ®
2 70 2 70

3 o
> 60 > 60

"TOT-9 -8 -1 -6
log [DPDPE] m

'TOT-9 -8 -7 -6
log [DPDPE] m

c * d
3‘110 * 120
= = *
5 90 5 100
© 80 < 90
3 g o
g 70 g 70
e 60 e 60
° 501 °> 50

"TOT-9 8 -7 6
log [DPDPE] m

TOT-9 -8 -7 -6
log [DPDPE] m

Figure 2 Effect of DPDPE on basal adenylyl cyclase activity in the
caudate putamen (a), nucleus accumbens (b), thalamus (c) and PAG
(d) in saline-treated rats ([J) or morphine-treated rats (Hl). Results
are expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P<0.05 and **P<0.01
show significant differences at the same dose of opioid agonist
(Newman Keuls test).
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administration of morphine for six days significantly atte-
nuated the ability of DPDPE to inhibit adenylyl cyclase ac-
tivity. Two-way ANOVA revealed significant differences
between dose-response curves obtained with DPDPE in saline-
treated rats as compared to morphine-treated animals:
F(1,27)=5.640, P<0.05; F(1,30)=28.529, P<0.001;
F(1,34)=17.186, P<0.001 and F(1,28)=9.135, P<0.01 in the
caudate putamen, nucleus accumbens, thalamus and PAG,
respectively (Figure 2).

Similar results were obtained with another d-receptor-se-
lective agonist; DT-II inhibited adenylyl cyclase activity in a
concentration-dependent manner with maximal inhibition of
28+1%, 32+6%, 35+4%, and 33+2%, in the caudate pu-
tamen, thalamus, PAG and nucleus accumbens, respectively,
in saline-treated rats. Two-way ANOVA revealed significant
differences between dose-response curves obtained with DT-II
in saline-treated rats as compared to morphine-treated ani-
mals: F(1,24)=13.958, P<0.001; F(1,31)=28.749, P<0.001;
F(1,31)=24.269, P<0.001 and F(1,31)=11.443, P<0.01 in
the caudate putamen, nucleus accumbens, thalamus and PAG,
respectively (Figure 3).

Effects of chronic morphine treatment on inhibition of
adenylyl cyclase activity by u-opioid agonists

The highly selective p-agonist, DAMGO (a full agonist), in-
hibited basal adenylyl cyclase activity in the four brain struc-
tures studied: caudate putamen, nucleus accumbens, thalamus
and PAG in saline-treated rats. The u-preferential agonist
morphine (a partial agonist) also inhibited basal adenylyl cy-
clase activity in the caudate putamen and the nucleus ac-
cumbens. These inhibitory effects were dose-dependent.
DAMGO inhibited adenylyl cyclase activity with a maximal
inhibition of 32+3%, 33+4%, 43+3%, and 44+3% in the
caudate putamen, nucleus accumbens, thalamus and PAG re-
spectively, in saline-treated rats. Continuous s.c. infusion of
morphine significantly attenuated the ability of DAMGO to
inhibit adenylyl cyclase activity in the PAG and thalamus.
Two-way ANOVA revealed significant differences between
dose-response curves obtained with DAMGQO in saline-treated
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Figure 3 Effect of DT-II on basal adenylyl cyclase activity in the
caudate putamen (a), nucleus accumbens (b), thalamus (c) and PAG
(d) in saline-treated rats ((J) or morphine-treated rats (ll). Results
are expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P <0.05 and **P<0.01
show significant differences at the same dose of opioid agonist
(Newman Keuls test).

F(1,23)=44.192, P<0.001 and F(1,28)=8.799, P<0.01 in the
thalamus and the PAG, respectively. In contrast, two-way
ANOVA revealed no differences in the ability of DAMGO to
inhibit adenylyl cyclase activity in the caudate putamen and
the nucleus accumbens in morphine-treated animals as com-
pared to saline-treated rats: F(1,25)=0.149, P>0.05 and
F(1,35)=0.001, P>0.05, respectively (Figure 4). It should be
noted that the caudate putamen and nucleus accumbens pre-
parations, which showed no loss of the inhibitory activity of
DAMGO, were taken from the same rats that showed sig-
nificant loss of DAMGO inhibition in thalamus and PAG.

In order to determine if any loss of agonist-induced in-
hibitory activity could be detected if a partial agonist instead of
a full agonist (DAMGO) were used, the inhibitory effect of
morphine was also tested in these two brain regions. Morphine
inhibited adenylyl cyclase activity in a concentration-depen-
dent manner with maximal inhibition of 30+2% and 32+4%
produced by 10 uM, in the caudate putamen and the nucleus
accumbens, respectively, in saline-treated rats. A small right-
wards shift of the dose-response curves obtained with the al-
kaloid on the inhibition of adenylyl cyclase activity were
observed in both structures following chronic morphine
treatment. Nevertheless, two-way ANOVA analysis revealed a
significant chronic morphine-treatment effect in the caudate
putamen: F(1,21)=4.557, P<0.05 but not in the nucleus ac-
cumbens: F(1,21)=4.234, P>0.05 (Figure 5).

Effects of naloxone, CTOP and naltrindole on inhibition
of adenylyl cyclase activity induced by DAMGO or
morphine in saline- or morphine-treated rats in caudate
putamen and nucleus accumbens

Studies with opioid-receptor type-selective antagonists in-
dicated that the nature of the receptor activated by DAMGO
and morphine to regulate adenylyl cyclase activity was not
altered by the chronic morphine treatment. DAMGO (1 um)-
induced inhibition of adenylyl cyclase activity in saline-treated
rats was selectively antagonized by naloxone (0.1 uM) and by
the highly selective u-antagonist, CTOP (0.1 uM), in the cau-
date putamen and the nucleus accumbens. In contrast the se-
lective d-opioid receptor antagonist, naltrindole (10 nm), did
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Figure 4 Effect of DAMGO on basal adenylyl cyclase activity in the
caudate putamen (a), nucleus accumbens (b), thalamus (c) and PAG
(d) in saline-treated ([J) or morphine-treated rats(ll). Results are
expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P <0.05 and **P <0.01
show significant differences at the same dose of opioid agonist
(Newman Keuls test).
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not modify the inhibition induced by DAMGO, in either
structure (Figure 6). Similar results were obtained in mor-
phine-treated rats: naloxone and CTOP antagonized the in-
hibition induced by the pu-selective agonist, DAMGO, in
both the caudate putamen and the nucleus accumbens, while
NTI did not modify the inhibition induced by DAMGO
(Figure 7).

Inhibitions of adenylyl cyclase activity induced by morphine
(1 uM) in the caudate putamen and the nucleus accumbens of
saline-treated rats were also selectively antagonized by nalox-
one (1 uM) and CTOP (0.1 uM), but not by the J-selective
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Figure 5 Effect of morphine on basal adenylyl cyclase activity in the
caudate putamen (a) and nucleus accumbens (b) in saline-treated rats
() or morphine-treated rats (). Results are expressed as mean-
s+s.e.mean from three or more independent experiments, each
performed in triplicate. *P <0.05 shows significant differences at the
same dose of opioid agonist (Newman Keuls test).
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Figure 6 Effects of naloxone (NLX; 0.1 M), CTOP (0.1 um) and
naltrindole (NTI; 10nM) on the inhibitory effect of DAMGO
(107 M) on basal adenylyl cyclase activity in the nucleus accumbens
(a) and caudate putamen (b) in saline-treated rats. Results are
expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P<0.05, **P<0.01 as
compared to DAMGO alone (Newman Keuls test).
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antagonist, naltrindole (10 uM). Similar results were obtained
in both brain structures following chronic morphine treatment
(data not shown).

Effects of chronic morphine treatment on inhibition of
adenylyl cyclase activity by 5-HT, receptor agonist and
metabotropic glutamate receptor agonists

In the thalamus and PAG, chronic exposure to the moderately
u-selective agonist, morphine, induced loss of agonist response
for agents acting selectively at both u- and d-receptors. This
suggested that the desensitization was heterologous. To con-
firm this, the effects of morphine treatment on the activities of
agents regulating adenylyl cyclase in these brain regions
through different receptors was evaluated. In the thalamus,
metabotropic glutamate receptor (mGluR) agonist, glutamate
and L-AP4, and the 5-HT,, receptor agonist, 8-OH-DPAT,
inhibited basal adenylyl cyclase activity in a dose-dependent
manner in saline-treated rats (Figure 8). These inhibitions were
antagonized by the mGluR antagonist MCPG (0.1 mM and
1 mM) and by the 5-HT,, receptor antagonist, pindobind-5-
HT;s (100 nMm), respectively. Continuous administration of
morphine significantly attenuated the ability of these three
agonists to inhibit adenylyl cyclase in the thalamus. Thus, two-
way ANOVA revealed significant differences between dose-
response curves obtained with glutamate (F(1,19)=13.331,
P<0.01), L-AP4 (F(1,22)=37.250, P<0.001) and 8-OH-
DPAT (F(1,22)=31.246, P<0.001), in control rats as com-
pared to morphine-treated animals (Figure 8).

In the PAG, 8-OH-DPAT also inhibited basal adenylyl
cyclase activity in a dose-dependent manner in control rats
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Figure 7 Effects of naloxone (NLX; 0.1um), CTOP (0.1uM) and
naltrindole (NTI; 10nM) on the inhibitory effect of DAMGO
(10~7Mm) on basal adenylyl cyclase activity in the nucleus accumbens
(a) and caudate putamen (b) in morphine-treated rats. Results are
expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P <0.05, **P<0.01 as
compared to DAMGO alone (Newman Keuls test).
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Figure 8 (a) Effect of metabotropic gluatmate receptor (mGluR)
agonists, L-AP4 and glutamate, and of 5-HT, 4 agonist, 8-OH-DPAT,
on basal adenylyl cyclase activity in the thalamus in saline-treated
rats ([J) or morphine-treated rats (H). (b) Effects of the mGluR
antagonist, MCPG, or S5-HT, A antagonist, pindobind, on the
inhibitory effects of L-AP4 (10~%m), glutamate (10~*m) or 8-OH-
DPAT (10~°M) on basal adenylyl cyclase activity in the thalamus in
saline-treated rats. Results are expressed as means+s.e.mean from
three or more independent experiments, each performed in triplicate.
*P<0.05, **P<0.01 show significant difference at the same dose.
**P <(0.01 as compared to the agonist alone (Newman Keuls test).

(F(3,16)=14.431, P<0.001), and was selectively antagonized
by the 5-HT,» antagonist, pindobind-5-HT,s (Figure 9). A
rightward shift of the dose-response curve obtained with the 5-
HT, 4 agonist on the inhibition of adenylyl cyclase activity was
observed  following  chronic = morphine  treatment
(F(1,26)=22.430, P<0.001). In this structure, glutamate
(0.1 mM) also inhibited basal adenylyl cyclase activity, an ef-
fect that was antagonized by the selective mGluR antagonist,
MCPG, in control animals. A two-way ANOVA revealed
significant differences between inhibition induced by the me-
tabotropic glutamate receptor agonist in saline-treated rats as
compared to morphine-treated animals (F(1,6)=6.103,
P <0.05) (Figure 9).

Discussion

Adenylyl cyclase is an important regulator of neural function.
The enzyme is subject to positive and negative regulation
through several types of neurotransmitter and neuromodulator
receptors, and by other factors (Mons & Cooper, 1994; Noble
& Cox, 1995). In the present study, we have evaluated the
effects of chronic morphine treatment on the regulation of
adenylyl cyclase by opioids in brain regions associated with the
motor and reinforcing properties of opiate drugs (i.e., the
caudate putamen and nucleus accumbens) and in brain regions
participating in opiate-induced antinociception (i.e., the tha-
lamus and PAG).
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Figure 9 (a) Effect of 5-HT;, agonist, 8-OH-DPAT, and of
metabotropic glutamate receptor (mGluR) agonist, glutamate, on
basal adenylyl cyclase activity in the PAG in saline-treated rats ([J)
or morphine-treated rats (H). (b) Effects 5-HT;, antagonist,
pindobind, or of the mGluR antagonist, MCPG, on the inhibitory
effects 8-OH-DPAT (10~°M) or of glutamate (10”%M) on basal
adenylyl cyclase activity in the PAG in saline-treated rats. Results are
expressed as means+s.e.mean from three or more independent
experiments, each performed in triplicate. *P<0.05, **P<0.01 show
significant difference at the same dose; **P <0.01 as compared to the
agonist alone (Newman-Keuls test).

Morphine-dependence was induced by morphine delivery at
a constant rate for six days from implanted osmotic pumps.
This procedure is known to induce narcotic tolerance and
dependence as demonstrated by behavioural and electro-
physiological criteria in this study and by others (Schaefer &
Michael, 1986; Malin et al., 1987; Huston-Lyons et al., 1989,
Adams & Holtzman, 1990; Paronis & Holtzman, 1992). Thus,
a strong naloxone-precipitated abstinence syndrome was ob-
served in rats treated with morphine. The major signs of
withdrawal, widely accepted as being the most reliable indices
for quantifying the degree of physical dependence, i.e. teeth
chattering, mastication, paw tremor, wet-dog shakes, diar-
rhoea or ptosis, were triggered by injection of the opioid an-
tagonist in morphine-treated animals, but not in saline-treated
rats. An increase in jumping, another sign of abstinence syn-
drome which appears when morphine dependence is severe,
occurred only weakly in the present study.

Addiction following chronic treatment with opiates, is
probably the consequence of still unknown neuronal adapta-
tions produced by repeated drug exposure and is due to mul-
tiple cellular events. One of the well documented mechanisms
implicated in these side effects is the development of tolerance
to the acute inhibitory actions of opiates. The major finding of
this study is the occurrence of a differential u- and é-opioid
receptor desensitization in different brain structures, as mea-
sured by the decline in inhibition of adenylyl cyclase activity in
u- or 8-opioid agonists, following chronic morphine treatment.

Basal adenylyl cyclase activity remained at levels compar-
able to those observed in saline-treated rats after chronic
morphine treatment in the four brain regions studied: nucleus
accumbens, caudate putamen, thalamus and PAG. These re-
sults are not in agreement with those previously reported by
Terwilliger et al. (1991), who found that while most regions
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(including caudate putamen, thalamus and PAG) showed no
change in the regulation of adenylyl cyclase activity in response
to chronic morphine treatment, the nucleus accumbens showed
an increase in the ability of forskolin to stimulate adenylyl
cyclase activity. Several factors including the use of forskolin
as an activator, a different assay methodology and a different
tolerance-inducing treatment regimen, may all contribute to
the discrepancies between the two studies.

The thalamus and the PAG are known to be involved in
acute and chronic effects of morphine. It is well established
that the thalamus is strongly implicated in the nociceptive
pathway (Basbaum & Fields, 1984; Kayser et al., 1984; Mogil
et al., 1994; Roberts & Dong, 1994), as is the PAG (Sharpe et
al., 1974; Jacquet & Lajtha, 1976; Keay et al., 1994; Urban &
Smith, 1994; review in Bandler & Shipley, 1994). The PAG
also plays an important role in the development and/or ex-
pression of physical dependence (Laschka et al., 1976; Mal-
donado et al., 1992; Bozarth, 1994). In both brain structures,
the results obtained in the current study show an impairment
of the ability of §-opioid agonists and u-opioid agonists to
inhibit adenylyl cyclase activity in morphine-treated rats as
compared to saline-treated animals. This opioid receptor de-
sensitization observed in thalamus and PAG could be relevant
to the phenomenon underlying opioid antinociceptive toler-
ance and/or development of physical dependence.

5-HT, 4 receptors and the metabotropic glutamate receptors,
mGluR4, and mGlIuR7, are coupled to inhibition of cyclic AMP
synthesis (via G, proteins) and are expressed in the rat thalamus
(Tanabe et al., 1993; Okamoto et al., 1994; Martin & Hum-
phrey, 1994; Boess & Martin, 1994). Dose-dependent inhibi-
tions of adenylyl cyclase activity were observed in the thalamus
with selective agonists of these receptor types (§-OH-DPAT, L-
AP4; glutamate), and their inhibitory actions were antagonized
by the selective 5-HT,, antagonist, pindobind-5-HT, 4 (Liau et
al., 1991), and by the mGIluR antagonist, MCPG (selective to
mGIuR negatively coupled to adenylyl cyclase activity) (Kemp
et al., 1994), respectively. In the PAG, where 5-HT) 4 receptors
have also been characterized (Boess & Martin, 1994), a dose-
dependent inhibition of adenylyl cyclase activity was observed
with 8-OH-DPAT, and this was antagonized by the 5-HT;a
antagonist. A reduction of cyclic AMP production was also
obtained with glutamate, this was selectively antagonized by the
mGIuR antagonist, MCPG. In both brain regions, chronic
morphine treatment impaired the ability of both 5-HT,, re-
ceptor and mGluR agonists to inhibit basal adenylyl cyclase
activity. Taken together with the loss of inhibitory activity of u-
and J-opioid agonists in these brain regions after chronic
morphine treatment, these results demonstrate that the mor-
phine-induced desensitization is heterologous.

In a number of cell types, opiates and other neuro-
transmitters may produce some of their physiological re-
sponses via a common intracellular mechanism that involves
receptor coupling through G, proteins regulating adenylyl
cyclase. Thus, decreased levels of the G-protein could account
for the heterologous desensitization. This hypothesis is em-
phasized by previous results obtained in dorsal root ganglion/
spinal cord cultures where heterologous desensitization has
been reported following chronic opiate treatment, associated
to a decrease in levels of G,, immunoreactivity (Crain et al.,
1982; Attali et al., 1989). However, Terwilliger et al. (1991)
were unable to observed any changes in levels of ADP-ribo-
sylation of G;G, proteins in the thalamus and the PAG fol-
lowing chronic morphine treatment. Nevertheless, this
determination does not necessarily reflect alterations in the
total amount of these proteins (Nestler e? al., 1989). Moreover,
the combined presence of several G;, subunit isoforms and of
G,, may mask possible changes in the amounts of functional
activities of one or more of the G; or G, species.

The caudate putamen and the nucleus accumbens are also
known to be involved in acute and chronic effects of opiates,
and both structures contain high concentrations of opioid
binding sites. The nucleus accumbens is prominently implicated
in the reinforcing effects of abused drugs, and is an important

site for mediating aversive properties of opiate withdrawal
(Koob et al., 1989; Stinus et al., 1990; Acquas & Di Chiara,
1992; review in Nestler et al., 1993), while the caudate putamen
seems to be more involved in the motor responses to opiates.
The results obtained in the present study show that chronic
morphine treatment did not affect DAMGO-induced inhibition
of adenylyl cyclase in either brain structure. DAMGO effects
were selectively antagonized by the u-selective antagonist
CTOP, suggesting that u-receptor function was not sig-
nificantly impaired by the chronic morphine treatment in this
brain region. Surprisingly, a decreased ability of the J-selective
opioid agonists, DPDPE or DT-II, to inhibit cyclic AMP
production was observed after morphine treatment. In the
caudate putamen, this desensitization appeared to be only
partial, while in the nucleus accumbens §-opioid agonists no
longer inhibited adenylyl cyclase activity. This apparently se-
lective impairment of d-receptor function might be explained by
a higher receptor reserve (more spare receptors) for u-receptors
as compared to d-receptors, resulting in little attenuation of the
inhibitory effect of the u-opioid agonist, DAMGO, while the
inhibitory effect of 5-agonist was significantly reduced. How-
ever, the inhibitory activity of morphine, a partial agonist, was
reduced only slightly in the caudate putamen and not sig-
nificantly changed in the nucleus accumbens after chronic
morphine treatment, suggesting that differences in agonist ef-
ficacy per se are not primary factors in the selective loss of J-
receptor function in caudate putamen and nucleus accumbens.
These results emphasize the resistance to adaptive changes in u-
receptor function in these two brain regions.

Both brain regions receive major dopaminergic innervation,
the caudate putamen from nigrostriatal pathway and the nu-
cleus accumbens from the mesolimbic tract. Moreover, it has
been reported that chronic cocaine treatment also induces a
selective impairment of J-opioid receptor-mediated effector
function in the caudate putamen and the nucleus accumbens
without change in u-receptor-mediated inhibitory activity
(Unterwald et al., 1993). Thus the involvement of the dopa-
minergic system is strongly suggested. Previous studies have
reported that chronic cocaine treatment and chronic morphine
treatment induced common regulation in the mesolimbic sys-
tem through actions at different levels: G proteins, protein
kinase activity, neurofilament proteins (Terwilliger et al., 1991;
Beitner-Johnson & Nestler, 1991; Beitner-Johnson et al.,
1992).

In summary, the results of the present study indicate that
desensitization of opioid receptors represent a general response
of specific neuronal cell types to chronic morphine treatment.
Nevertheless, a differential desensitization of p- and d-opioid
receptors was observed in the four brain regions studied. This
could be explained by a direct effect of the alkaloid on u-opioid
receptors leading either to a desensitization of this receptor,
and consequently to other receptors that have a common in-
tracellular mechanism (PAG and thalamus), or to alteration of
other neurotransmitter systems, such as dopaminergic system
(nucleus accumbens and caudate putamen). In the latter case,
modification in dopamine release might alter the function of
dopamine receptors and opioid receptors if they are coupled to
the same messenger system. This hypothesis is the subject of
further experiments in the laboratory.

In conclusion, it appears that chronic morphine treatments,
via a ubiquitous stimulation of opioid receptors, induce func-
tional alterations in numerous brain structures, both in the
opioid system itself, and in other neurotransmitter systems.
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