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Short communication

Intermittent morphine treatment causes a protracted increase in
cholinergic striatal neurotransmission measured ex vivo
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Abstract

Considering the long-lasting neuroadaptations that occur in the brain after exposure to drugs of abuse, we found that the
facilitatory effect of an ECsy concentration (0.1 pM) of the acetylcholinesterase inhibitor physostigmine, unlike that of the
muscarinic receptor agonist oxotremorine, on K*-induced [*H]dopamine release from rat striatal slices was enhanced about
2-fold 1 month after cessation of intermittent morphine treatment. Similarly, the inhibitory effect of physostigmine on
K*-induced [*Clacetylcholine release from the slices was enhanced subsequent to morphine treatment, whereas that of
oxotremorine appeared to be unchanged. Therefore, intermittent morphine administration may cause a very long-lasting increase
of muscarinic receptor activation by released endogenous acetylcholine in rat striatum, which may play a pivotal role in the
enduring character of stimulus hyperresponsiveness after exposure to drugs of abuse.
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1. Introduction

Intermittent exposure of rats to drugs of abuse or
emotional stress is well known to induce a long-lasting
hyperresponsiveness towards these stimuli (behavioral
sensitization), which may play a crucial role in the
acquisition of an addiction-prone state (for reviews, see
Wise and Bozarth, 1987, Kalivas and Stewart, 1991;
Robinson and Berridge, 1993). With regard to the
neuroadaptive changes underlying the long-term ex-
pression of drug-induced behavioral sensitization at-
tention has as yet primarily been focussed on dopamin-
ergic neurotransmission in the dorsal and ventral stria-
tum. Thus, intermittent treatment of rats with psycho-
stimulants or morphine has been shown to cause an
enduring increase in the reactivity of central dopamin-
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ergic neurons towards depolarization and addictive
drugs (Kalivas and Duffy, 1993; Tjon et al., 1994;
Paulson and Robinson, 1995) as well as a long-lasting
supersensitivity of postsynaptic dopamine D, receptors
in the striatal complex (Tjon et al., 1994 and references
quoted therein). Recently, we demonstrated that inter-
mittent morphine or cocaine treatment also causes an
enduring increase of]'“Clacetylcholine release from
cholinergic interneurons in slices of the dorsal and
ventral striatum (Tjon et al., 1995). Therefore, assum-
ing a similar effect of drugs of abuse on the release of
endogenous acetylcholine, an adaptive increase in
cholinergic neurotransmission could also be involved in
the expression of sensitization. Since such an enduring
enhanced release may be compensated by reduced
neurotransmitter synthesis, enhanced breakdown by
acetylcholinesterase or desensitization of muscarinic
receptors, the present study examined as to whether or
not intermittent morphine administration indeed causes
a protracted increase of muscarinic receptor activation
by released endogenous acetylcholine in superfused rat
striatal slices.
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2. Materials and methods

2.1. Morphine treatment

Male Wistar rats (180-220 g body weight), pur-
chased from Harlan (Zeist, Netherlands), were housed
in groups of 3 per cage in a temperature-controlled
room with a 12 h light /dark cycle (lights on at 07.00 h)
and were given food and water ad libitum. The animals
were handled once daily for 3 days before drug treat-
ment. Intermittent morphine administration consisted
of one daily s.c. injection of 10 mg /kg morphine hydro-
chloride for 14 days at 13.00 h. The control group
received s.c. saline injections.

2.2. Determination of neurotransmitter release

One month after the last injection, rats were decapi-
tated and striatal slices (0.3 X 0.3 X 2 mm) were pre-
pared using a Mcllwain tissue chopper, then incubated
and superfused essentially as described previously
(Schoffelmeer et al., 1986). In short, slices were washed
twice with 5 ml Krebs-Ringer bicarbonate medium
containing 121 mM NaCl, 1.87 mM KC|, 1.17 mM
KH,PO,, 1.17 mM MgSO,, 122 mM CaCl,, 25 mM
NaHCO;, 10 mM bp-(+)-glucose (pH 7.4) and subse-
quently incubated for 15 min in this medium, contain-
ing 0.1 uM [*Hldopamine and 1 uM [*Clcholine
under an atmosphere of 95% 0,-5% CO, at 37°C.
After labelling, the slices were washed and transferred
to each of 24 chambers of a superfusion apparatus
(about 4 mg tissue per chamber; 0.2 ml volume) and
superfused (0.25 ml/min) with medium gassed with
95% 0,-5% CO, at 37°. The superfusate was collected
as 10-min samples after 40 min of superfusion (¢ = 40
min). Calcium-dependent neurotransmitter release was
induced during superfusion by exposing the slices to
medium in which the KCl concentration was raised to
10 mM (NaCl was reduced in order to maintain isomo-
larity) for 10 min at ¢t =350 min. The radioactivity
remaining at the end of the experiment was extracted
from the tissue with 0.1 N HCI. The radioactivity in
superfusion fractions and tissue extracts was deter-
mined by liquid-scintillation counting.

The efflux of radioactivity during each collection
period was expressed as a percentage of the amount of
radioactivity in the slices at the beginning of the re-
spective collection period. The K*-induced release of
neurotransmitter was calculated by subtracting the
spontanous efflux of radioactivity from the total over-
flow of radioactivity during stimulation and the follow-
ing 10 min. A linear decline from the 10-min interval
before to that 20—-30 min after the onset of stimulation
was assumed for calculation of the spontanous efflux of
radioactivity. The evoked release was expressed as

percent of the content of radioactivity of the slices at
the start of the stimulation period.

2.3. Determination of adenylate cyclase activity

Striatal slices were washed twice with the Krebs-
Ringer bicarbonate medium described above, contain-
ing 1 mM 3-isobutyl-1-methylxanthine in order to pre-
vent breakdown of cyclic AMP by phosphodiesterase.
The slices were incubated with [*HJ]adenine (4 1 Ci/ml)
for 1 h and subsequently transferred to each of 24
chambers of a superfusion apparatus (4 mg tissue per
chamber; 0.2 ml volume) and superfused (0.1 ml/min)
with medium containing 3-isobutyl-1-methylxanthine
and gassed with 95% O,-5% CO, at 37°C. At t=130
min the slices were exposed to drugs for 30 min. At
t = 60 min the slices were extracted with 5% ice-cold
trichloroacetic acid containing 1 mM of both unla-
belled ATP and cyclic AMP during 15 min. The super-
fusate of this 15-min extraction period was further used
for chromatography.

[*H]Cyclic AMP was separated from other tritiated
nucleotides, predominantly [*HJATP, by chromatog-
raphy on Dowex and alumina columns (Salomon et al.,
1974). The amounts of [*Hlcyclic AMP and [*HJATP
were determined by liquid-scintillation counting. The
activity of adenylate cyclase was expressed as the per-
centage of total tissue [*HJATP that was converted to
[*Hlcyclic AMP.

2.4. Statistics

Statistical significance of differences between the
raw data was determined by one-way analysis of vari-
ance followed by a post-hoc Student-Newman-Keuls
test (P <0.05). Subsequently, drug effects were ex-
pressed as percentage of respective control values.

2.5. Radiochemicals and drugs

[*H]Adenine (25 Ci/mmol), [**C]choline (15 mCi/
mmol) and [*Hldopamine (47 Ci/mmol) were pur-
chased from the Radiochemical Center (Amersham,
UK). Morphine hydrochloride was obtained from OPG
(Utrecht, Netherlands) and 3-isobutyl-1-methyl-
xanthine, physostigmine, oxotremorine and forskolin
from Sigma (St. Louis, MO, USA).

3. Results

One month after intermittent treatment, the 10 mM
K *-induced release of [*H]dopamine and {'*Clacetyl-
choline from superfused striatal slices of saline-treated
rats amounted to about 2.7 and 9.5% of total tissue
radioactivity, respectively. The evoked release of these
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Fig. 1. Effect of intermittent raorphine administration on the mus-
carinic receptor-mediated modulation of K*-induced {*Hldopamine
and [**Clacetylcholine release and forskolin-stimulated adenylyl cy-
clase activity by physostigmine and oxotremorine in rat striatal slices.
One month after cessation of intermittent saline or morphine treat-
ment, the effect of 0.1 uM physostigmine (phys.) and oxotremorine
(oxo.) on 10 mM K *-induced release of the radiolabelled neurotrans-
mitters as well as on the percent conversion of [*H]JATP in [>Hlcyclic
AMP induced by 3 uM forskolin was determined in superfused
striatal slices. Evoked [*Hldopamine and [*Clacetylcholine release
in slices from saline-treated rats amounted to 2.75+0.11% and
9.544+0.24% of total tissue radioactivity, respectively, whereas in
slices of morphine-treated rats the release of these neurotransmitters
was enhanced to 3.45+0.08% and 11.82+0.23% (P <0.01). The
conversion of [PHIATP in [*Hleyclic AMP (in the presence of
forskolin) in slices of saline-trzated rats amounted to 1.24+0.12%
and was not significantly differznt in slices of morphine-treated rats.
Data, expressed as percentage of control values, represent means +
S.E.M. of 16 observations obtained in 4 separate experiments. * Sig-
nificantly different than found in slices of saline-treated rats (P <
0.05).

neurotransmitters was significantly, i.e. 20%, higher in
slices of morphine-treated rats. The spontanous release
of [*H]dopamine and ['“Clacetylcholine (amounting to
about 3.5 and 2% of total tissue radioactivity, respec-
tively), was not at all affected by prior morphine treat-
ment. The muscarinic receptor antagonist atropine (0.1
uM) did not affect K*-induced neurotransmitter re-
lease in slices of saline or morphine-treated rats, con-
sistent with rapid inactivation of released acetylcholine
by acetylcholinesterase (data not shown). The conver-
sion of [*HJATP in [3*Hlcyclic AMP in the presence of
3 uM forskolin amounted to about 1.2% in superfused
non-depolarized striatal slices of rats treated intermit-
tently with either saline or morphine.

At their EC,, concentration of 0.1 uM (see Schof-
felmeer et al., 1986, 1988), the facilitatory effect of the
acetylcholinesterase inhibitor physostigmine, unlike
that of the muscarinic receptor agonist oxotremorine,
on K*induced [*H]ldopamine release was enhanced
2-fold 1 month after cessation of morphine administra-
tion (Fig. 1). A similar differential adaptive effect was
observed studying the inhibitory effect of these drugs
on K*-induced [ Clacetylcholine release. In addition,

Fig. 1 shows that inhibition of acetylcholinesterase by
physostigmine (and direct activation of muscarinic re-
ceptors with oxotremorine) caused a similar inhibitory
effect on adenylate cyclase activity in non-depolarized
striatal slices of saline- or morphine-treated rats.

4, Discussion

Through muscarinic receptor activation, cholinergic
interneurons regulate the activity of afferent and effer-
ent neurons of the dorsal and ventral striatum (Di
Chiara et al., 1994). For instance, muscarinic receptor
agonists and acetylcholinesterase inhibitors enhance
dopamine release at the level of dopaminergic nerve
terminals within the striatal complex (Lehmann and
Langer, 1982; Raiteri et al., 1984; Schoffelmeer et al.,
1986). Moreover, at the level of efferent (y-amino-
butyric /opioid peptide /substance P) neurons activa-
tion of muscarinic receptors inhibits the functioning of
postsynaptic dopamine D, receptors (Schoffelmeer et
al., 1988). In view of the crucial role of the striatal
complex in the acute and long-term behavioral effects
of drugs of abuse, we recently investigated the possibil-
ity that drugs of abuse may persistently alter the func-
tioning of these important interneurons. Interestingly,
intermittent morphine or cocaine administration ap-
peared to enhance depolarization-induced [*Clacetyl-
choline release from slices of the dorsal as well as from
the ventral striatum until at least 3 weeks after cessa-
tion of drug treatment (Tjon et al., 1995). With regard
to the release of endogenous acetylcholine and the
activation of functional muscarinic receptors in the
striatum following morphine treatment, our present
data indeed show an enduring increase in the activa-
tion of muscarinic autoreceptors by released endoge-
nous acetylcholine. Thus, unlike the inhibitory effect of
the muscarinic receptor agonist oxotremorine, that of
endogenous acetylcholine (following partial inhibition
of acetylcholinesterase by physostigmine) on K™*-in-
duced [!*C]acetylcholine release was enhanced 1 month
after cessation of intermittent morphine administra-
tion. Therefore, our data show that intermittent mor-
phine treatment persistently enhances the extracellular
concentration of endogenous acetylcholine, leading to
enhanced autoreceptor activation upon inhibition of
acetylcholinesterase without changes in the apparent
affinity of the muscarinic receptors. Moreover, this
study shows that the facilitatory effect of physostigmine
on K*induced [*H]dopamine release, caused by re-
leased endogenous acetylcholine at muscarinic (allo)re-
ceptors postsynaptic to cholinergic interneurons, is also
enhanced 1 month after morphine administration.

Regarding the magnitude of this long-lasting neu-
roadaptive effect, one might wonder whether the ob-
served 2-fold increase in the effect of an EC,, concen-
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tration of physostigmine on [**Clacetylcholine and
[*H]dopamine release can be explained by an increase
in endogenous acetylcholine release of perhaps no
more than the 20% observed when studying the release
of radiolabelled acetylcholine. In fact, it might be ar-
gued that the enhanced effect of physostigmine can
also be partly attributed to the occurrence of mus-
carinic receptor supersensitivity and/or adaptive
changes in the binding characteristics of acetylcholin-
esterase. However, since the modulatory effect of oxo-
tremorine (being no substrate for acetylcholinesterase)
on K*-induced neurotransmitter release was not af-
fected by morphine administration, supersensitivity of
muscarinic receptors does not seem to occur. Previous
experiments have shown that extracellular acetyl-
choline in non-depolarized striatal slices causes mus-
carinic receptor-mediated inhibition of adenylyl cyclase
activity, provided that acetylcholinesterase activity is
inhibited by e.g. physostigmine (Schoffelmeer et al.,
1988). Since morphine treatment did not change spon-
taneous [*Clacetylcholine efflux, this inhibitory effect
of physostigmine can be used as a sensitive parameter
of acetylcholinesterase activity. In this respect, our
experiments showed that the inhibitory effect of
physostigmine (and oxotremorine) on forskolin-stimu-
lated adenylyl cyclase activity in non-depolarized stri-
atal slices was not affected following intermittent mor-
phine treatment, indicating that previous opiate admin-
istration did not change the functioning of acetyl-
cholinesterase. In view of these data, it is possible that
the adaptive increase in depolarization (K*)-induced
[*Clacetylcholine release is much lower than that of
endogenous (unlabelled) acetylcholine at the level of
the muscarinic receptors. We would like to emphasize,
that the unchanged inhibitory effect of physostigmine
on adenylyl cyclase activity in non-depolarized striatal
slices from morphine-treated rats should not be taken
as evidence against enhanced activation of these post-
synaptic muscarinic receptors by depolarization-in-
duced release of endogenous acetylcholine. Unfortu-
nately, investigation of this issue is hampered by the
fact that muscarinic receptor-mediated inhibition of
adenylyl cyclase activity can no longer be detected
when the slices are exposed to a high K* concentration
(unpublished observations), probably due to the simul-
tanous release of multiple transmitters acting on
adenylyl cyclase-coupled receptors.

Taken together, the present data show that intermit-
tent morphine administration causes a very long-lasting
increase in pre- and postsynaptic muscarinic receptor
activation in rat striatal slices due to an enduring

increase in the reactivity of cholinergic interneurons.
In view of the strategic role of these neurons in the
integration of neurotransmission in the dorsal and ven-
tral striatum, we tentatively suggest that a protracted
increase in cholinergic neurotransmission may play a
facilitatory role in the hyperresponsiveness of rats to
drugs of abuse long after previous contact with these
drugs.
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