British Journal of Pharmacology (2001) 132, 1111-1117

Involvement of cyclic AMP systems in morphine physical
dependence in mice: prevention of development of morphine
dependence by rolipram, a phosphodiesterase 4 inhibitor
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1 In this study, we examined whether morphine dependence was inhibited by rolipram, a cyclic
AMP selective phosphodiesterase inhibitor in mice, since a role for the cyclic AMP systems in the
development of morphine dependence has been reported.

2 Mice, which received morphine (10 mg kg=' s.c.) twice a day for 5 days showed withdrawal
syndromes such as jumping, rearing and forepaw tremor following naloxone challenge (5 mg kg™!
i.p.) on the 6th day.

3 Such mice exhibited a significant elevation of cyclic AMP levels in the thalamus compared to
control mice. However, co-administration of rolipram (1 mg kg=' i.p.) with morphine for 5 days
significantly attenuated the severity of the withdrawal syndrome and the increase in the cyclic AMP
levels after the administration of naloxone.

4 1In naive mice, acute morphine treatment (10 mg kg~' s.c.) decreased cyclic AMP levels in the

thalamus and cerebral cortex 10 min later. The decrease of cyclic AMP levels induced by acute
morphine treatment was blocked by co-administration of rolipram (1 mg kg=' i.p.). However, acute
rolipram did not affect the naloxone-precipitated morphine withdrawal syndrome.

5 These results suggest that the elevation of the cyclic AMP levels is involved in the development
of morphine withdrawal syndrome and that blockade of the morphine-induced reduction of cyclic
AMP levels by chronic rolipram inhibits the development of dependence and the behavioural and
biochemical changes induced by naloxone. Furthermore, rolipram may be a useful drug for
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attenuating the development of morphine dependence.
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Introduction

The clinical use of morphine is limited in practice by its
tendency to cause tolerance and dependence with prolonged
or repeated administration. Many researchers have reported
the changes of opioid receptors and second messengers (e.g.
cyclic AMP) in opiate tolerance and dependence by using
biochemical and molecular techniques. Opioid dependence
has been demonstrated to be associated with changes in the
cyclic AMP systems in in vitro experiments. In neuroblas-
toma x glioma (NGI108) cells, acute treatments with
morphine and other opiates have been shown to inhibit
adenylate cyclase activity resulting in a decrease of cyclic
AMP levels (Sharma et al., 1975; Traber et al., 1975).
However, upon repeated exposure to morphine, the
adenylate cyclase activity and cyclic AMP levels return to
control levels in the tolerant state and increase above the
control levels during withdrawal (Sharma et al., 1975;
Traber et al., 1975; Benalal & Bachrach, 1985). These
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findings have provided the basis for a ‘cyclic AMP
hypothesis’ for the development of morphine dependence:
that increases in adenylate cyclase activity and hence cyclic
AMP levels in the brain, represent biochemical correlates of
morphine dependence (Kuriyama et al., 1978; Collier, 1980).
The activity is thought to be up-regulated as a compensatory
response to chronic opioid receptor mediated inhibition of
adenylate cyclase (see review, Nestler, 1997). Thus, the
transient inhibition of adenylate cyclase activity might be
important to the development of morphine dependence
(Beitner et al., 1989). However, little is known about how
and when the cyclic AMP levels change in vivo.

The cyclic AMP levels are regulated by the activities of
adenylate cyclase and phosphodiesterases (PDEs; Thompson,
1991). In addition, it has been reported that some non-
selective PDE inhibitors (i.e. theophylline, caffeine and 3-
isobutyl-1-methylxanthine) and forskolin, a lipid soluble
analogue of cyclic AMP, induce the behaviour that resembles
morphine withdrawal syndrome in naive rats and potentiate
the naloxone-precipitated morphine withdrawal syndrome in
morphine dependent rats (Collier & Francis, 1975; Francis et
al., 1975; Ho et al., 1975; Rasmussen et al., 1990). It is
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reported that PDEs have at least seven isozymes, and within
the different gene families there is considerable sequence
similarity across species (Manganiello et al., 1995). Non-
selective inhibitors prevent the effects of not only cyclic AMP
selective PDE (PDE 4) but other type PDEs, such as Ca®*-
dependent, photoreceptor and cyclic GMP selective PDEs
(Beavo & Reifsnyder, 1990; Beavo et al., 1994).

Although we have shown that co-administration of non-
selective PDE inhibitors and cyclic AMP-related drug with
morphine block naloxone-precipitated morphine withdrawal
syndrome and increase of cyclic AMP level in brain
(Nabeshima et al., 1997; Itoh et al., 2000; Hamdy et al.,
2001), it is not enough to clarify the role of cyclic AMP in
morphine dependence. We speculated that the drugs which
increase cyclic AMP levels can inhibit morphine depen-
dence, since the transient inhibition of adenylate cyclase
activity may be critical point to develop morphine
dependence.

Rolipram, one of the best-known PDE 4 inhibitors
(Schwabe et al., 1976; Wachtel, 1983; Schneider, 1984),
was clinically tested as an antidepressant (Wachtel, 1983)
before the discovery of its potent PDE 4 inhibitory activity
(Davis, 1984). Rolipram exerts a multiplicity of effects in the
central nervous system, peripheral cells and tissues. For
example, rolipram reduces neuronal damage following
cerebral ischemia (Kato et al., 1995; Block et al., 1997)
and attenuates the memory deficits (Imanishi er al., 1997),
and furthermore, it might be an useful drug for an anti-
asthma or anti-inflammation (Torphy & Undem, 1991).

In this study, we examined (i) whether morphine
withdrawal syndrome was affected by co-administration
of rolipram and (ii) whether the changes of cyclic AMP
levels are involved in the development of morphine
dependence in mice by using behavioural and biochemical
techniques.

Methods

Animals

Male ddY mice (Nihon SLC Co. Ltd., Shizuoka, Japan), 6
weeks of age, were used. The animals were housed in a
controlled environment (23+1°C, 50+5% humidity) and
were allowed food and water ad libitum. The room lights
were off between 0700 and 1900 h.

All experiments were performed in accordance with the
Guidelines for Animal Experiments of the Nagoya Uni-
versity School of Medicine, the Guiding Principles for the
Care and Use of Laboratory Animals approved by the
Japanese Pharmacological Society, and the National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animals.

Drugs

Rolipram (Meiji Seika Co. Ltd., Tokyo, Japan), morphine
hydrochloride (Shionogi Pharmaceutical Co. Ltd., Osaka,
Japan) and naloxone hydrochloride (Sigma Co. St. Louis,
U.S.A.) were used. Rolipram was dissolved in 2% dimethox-
ysulphoxide (DMSO; Sigma) and the other drugs were
dissolved in saline.

Behavioural test

Morphine dependence To develop morphine dependence,
mice received morphine (10 mg kg™' s.c.) with or without
rolipram twice daily for 5 days. Rolipram (0.01-1 mg kg™!
i.p.) was administered 30 min before the morphine treatment.
On the 6th day, naloxone (5 mg kg~' i.p.) was administered
2 h after the administration of morphine. Twenty minutes
before the naloxone treatment, mice were placed in a
transparent acrylic cylinder (20 cm diameter, 35 cm high) to
habituate to their environment. Immediately after the
naloxone challenge, each mouse was placed gently again in
the cylinder, and then, the frequency of naloxone-precipitated
withdrawal signs (jumping, rearing and forepaw tremor) was
counted for 15 min.

Tail-flick test A standardized tail-flick apparatus (TAIL
FLICK UNIT 7350, Ugo Basile, Italy) with a radiant heat
source connected to an automatic timer was used to assess
the antinociceptive (analgesic) response. The tail-flick latency
was measured from the start of the heat stimulus applied to
the distal 2 cm of the tail until the animal exhibited a flick of
the tail. The intensity of the stimulus was adjusted to achieve
baseline latencies (pre-value) between 2.5 and 4.0 s. Cut-off
time (15 s) was used to minimize damage to the tail. The pre-
value was obtained prior to injection. Antinociceptive effects
of morphine were determined 60 min after its administration
on the first treatment of the Ist, 3rd and 5th day.

Locomotor activity Each animal was placed gently in a
transparent acrylic cage (30x45x45 cm), then locomotor
activity was measured for 90 min immediately after rolipram
treatment using digital counters with infrared sensors (Scanet
SV-10; Toyo Sangyo, Toyama, Japan). Morphine was
administered 30 min after rolipram treatment.

Rearing and forepaw tremor Twenty minutes before the
observation, mice were placed in a transparent acrylic
cylinder (20 cm diameter, 35 cm high) to habituate to their
environment. Sixty minutes after rolipram treatment, each
mouse was placed gently again in the cylinder, and then the
rearing and forepaw tremor were counted for 15 min. All
behavioural tests were assessed by an observer ‘blind’ to the
treatment.

Measurement of cyclic AMP contents in the mouse brain  Cyclic
AMP contents were assayed as described previously (Yamada
et al., 1996). To prevent the loss of cyclic AMP after
decapitation (Schneider, 1984), each mouse was Kkilled by
focused micowave irradiation for 1.5s at 5 kW (Toshiba
Microwave Applicator TMW-6402A, Toshiba, Tokyo, Japan)
5 min after the naloxone challenge. Brains were removed
rapidly, cerebral cortex and thalamus were dissected out
according to the method of Glowinski & Iversen (1966) and to
the mouse brain atlas of Franklin & Paxinos (1997) on an ice-
cold plate. All brain tissues were stored at —80°C until
assayed. Each tissue was homogenized with cold 6% (w v™')
trichloroacetic acid at 2-8°C to give a 10% (wv™')
homogenate, and centrifuged at 2000 x g for 15 min at 4°C.
The supernatant was washed with five volumes of water-
saturated diethylether four times. The upper ether layer was
discarded after each wash. The aqueous extract remaining was
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dried at 40°C. Then the dried extract was dissolved in assay
buffer, cyclic AMP levels were determined using enzymeim-
mumossay kit as described by the manufacturer (Pharmacia
Ammersham, U.S.A.).

Data analysis

The results are expressed as the mean +s.e.mean. Statistical
significance was determined by the Dunnett multiple compar-
isons test. P<0.05 was taken as a significant level of difference.

Results

Effects of repeated co-administration of rolipram with
morphine on naloxone-precipitated morphine
withdrawal syndrome

The effects of repeated co-administration of rolipram with
morphine on naloxone-precipitated morphine withdrawal
syndrome are shown in Figure 1. As shown in the (Repeated
Rolipram 0+ Repeated Morphine 10+ Naloxone 5)-group,
repeated administration of morphine (10 mg kg=') signifi-
cantly increased the numbers of jumping, rearing and
forepaw tremor after naloxone challenge (5 mgkg™'). In
mice co-administered rolipram with morphine repeatedly, the
signs of withdrawal syndrome were significantly reduced in a
dose dependent manner (See (Repeated Rolipram 0.01—
1+ Repeated Morphine 10+ Naloxone 5)-group).

We checked the effects of acute rolipram on some
behaviours. Acute rolipram at the range 0.01-1 mg kg™'
did not affect the locomotor activity and the frequency of
rearing behavior and forepaw tremor compared with
(Rolipram  0)-group, although at 10 mg kg~', rolipram
induced forepaw tremor, head weaving, hypolocomotion
and sniffing, significantly (data not shown).

Effects of repeated co-administration of rolipram with
morphine on cyclic AMP levels in the thalamus and
cerebral cortex of morphine dependent mice

The cyclic AMP contents of the thalamus and the cerebral
cortex of the (Repeated Rolipram 0+ Repeated Morphine

0+ Naloxone 0)-group was 247.0+37.2 and
469.8+51.3 pmol g=' tissue, respectively. No significant
difference was observed in the cyclic AMP levels of the
thalamus and the cerebral cortex between (Repeated
rolipram 0+ Repeated Morphine 0+ Naloxone 0)-group
and (Repeated Rolipram 0+ Repeated Morphine 10+ Na-
loxone 0)-group (data not shown). The cyclic AMP levels in
the thalamus of morphine dependent mice increased after
naloxone challenge (see (Repeated Rolipram 0+ Repeated
Morphine 10+ Naloxone 5)-group)), to over twice the
control levels (Figure 2A). This increase in cyclic AMP
levels was attenuated by the repeated co-administration of
rolipram (1 mg kg=') with morphine (see (Repeated Roli-
pram 1+ Repeated Morphine 10+ Naloxone 5)-group).
Repeated administration of rolipram alone had no effect
on the cyclic AMP levels in the thalamus (see (Repeated
Rolipram 1+ Repeated Morphine 0+ Naloxone 5)-group).
Similar phenomenon was observed in the cerebral cortex
(Figure 2B), but not significant.

Effects of acute morphine and rolipram on cyclic AMP
levels in the thalamus and cerebral cortex of naive mice

To clarify whether rolipram directly affects the change of
cyclic AMP levels induced by acute morphine (10 mg kg="),
we investigated the effects of rolipram (1 mg kg~") on the
acute morphine-induced reduction of cyclic AMP levels in
naive mice. The cyclic AMP contents of the thalamus and the
cerebral cortex in the control mice was 309.8+58.1 and
558.64+83.9 pmol g~! tissue, respectively. Ten minutes after
the morphine administration, cyclic AMP levels in the
thalamus decreased significantly compared with control.
However, 20 and 30 min after morphine administration,
cyclic AMP levels returned to the control levels. In the
cerebral cortex, there was only a tendency for the cyclic AMP
levels to decrease at 10 min and the to recover at 20 and
30 min (Figure 3A).

To investigate the effects of acute rolipram on the
reduction of cyclic AMP levels induced by morphine, the
amount of cyclic AMP in the thalamus of mice co-
administered  rolipram (1 mg kg=') with  morphine
(10 mg kg~") was determined. Rolipram alone elevated the
cyclic AMP levels significantly. Pretreatment with rolipram
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Effects of repeated co-administration of rolipram with morphine on naloxone-precipitated morphine withdrawal

syndrome in mice. n=6-10. *P<0.05, **P<0.01 vs (Repeated Rolipram 0+ Repeated Morphine 10+ Naloxone 5)-group.
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Figure 2 Effects of repeated co-administration of rolipram with morphine on the cyclic AMP levels in the brain of morphine
dependent mice. The cyclic AMP levels in the thalamus (A) and the cerebral cortex (B) of the (Repeated Rolipram 0+ Repeated
Morphine 0+ Naloxone 0)-group are 247.0+37.2 and 469.8+51.3 pmol g~ tissue, respectively. n=5-7. *P<0.05, **P<0.01 vs
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Figure 3 Effects of acute morphine (10 mg kg~') on the cyclic AMP levels in the mouse brain (A) and effects of rolipram
(1 mg kg=") on the decrease of cyclic AMP levels induced by morphine in the thalamus (B). (A) The control cyclic AMP levels in
non-treated mice are 309.8+58.1 and 558.6+83.9 pmol g~ tissue in the thalamus and cerebral cortex, respectively. n=6-7.
*P <0.05 s corresponding control. (B) The cyclic AMP levels in the thalamus of (Vehicle + Saline)-group are 322.8+48.3 pmol g~!

tissue. n=5-6. *P<0.05 vs (Vehicle + Saline)-group, #P <0.05 vs (Vehicle + Morphine)-group.

attenuated the morphine-induced decrease of the cyclic AMP
levels to the control levels (Figure 3B).

Effects of repeated co-administration of rolipram with
morphine on the morphine tolerance in antinociception

As shown in Figure 4, there was no difference among groups
in the tail-flick latency before the drug treatments (Pre-value).
Morphine (10 mg kg=') prolonged significantly the tail flick
latency on the Ist day. Rolipram alone affected neither the
antinoiception nor nociception (data not shown). When
rolipram (0.01-1 mg kg~') was co-administered with mor-

phine (10 mg kg~"), the antinociceptive effects of morphine
were not affected on the 1st day.

By repeated morphine treatment the tail-flick latencies on
the 3rd and 5th day were shorter compared to those on the
Ist day, indicating a development of tolerance to antinocicep-
tion on the 3rd and 5th day. There was no difference in the
tail-flick latency in the (Rolipram 1 mg kg~'+ Morphine
10 mg kg=") group between the Ist day and 3rd day, but
not 5th day, suggesting that co-administration of rolipram
(1 mg kg~") with morphine prevented the development of
tolerance to antinociception induced by morphine up to the
3rd day.
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Figure 4 Effects of repeated co-administration of rolipram with
morphine on the morphine tolerance in antinociception. The numbers
in the parenthesis indicate the number of injections. n=6-10.
TP <0.01 vs (Vehicle+ Saline)-group, **P<0.01 vs (Vehicle + Mor-
phine)-group, #P<0.05, ##P<0.01 vs the corresponding Ist
treatment.

Discussion

Since the cyclic AMP pathway is known to be important to
morphine dependence, and cyclic AMP levels are regulated
by adenylate cyclases and PDEs, in this study, we examined
the behavioural and biochemical effects of repeated co-
administration of rolipram, a cyclic AMP selective PDE
(PDE 4) inhibitor, with morphine on naloxone-precipitated
morphine withdrawal syndrome. The mice repeatedly co-
administered vehicle (2% DMSO) with morphine started to
exhibit the major withdrawal behaviours (jumping, rearing
and forepaw tremor) within a few min with the peak of
withdrawal expression at around 5 min after the naloxone
administration. Generally, morphine dependent mice show
various withdrawal signs, e.g. jumping, forepaw tremor,
rearing, diarrhoea, teeth chattering, weight loss and ptosis.
To induce more severe withdrawal symptoms including
autonomic signs, a high concentration of naloxone
(5mgkg") was used as reported previously (Geary &
Wooten, 1985; Neal & Sparber, 1986; Kamei et al., 1995).
We could observe jumping, forepaw tremor and rearing as
major three withdrawal signs, but we found no other clear
signs of withdrawal even in morphine dependent mice as
some previous reports have mentioned (Bianchetti er al.,
1986; Maldonado et al., 1992). That there were no changes in
autonomic signs may be due to our fixed low dose
(10 mg kg~', twice a day) of morphine as opposed to the
gradual increases up to 100 mg kg~' in other experiments
(e.g. Maldonado et al., 1996; Ledent et al., 1999). Repeated
co-administration of rolipram with morphine reduced the
expression of the major withdrawal behaviors in a dose
dependent manner. We also observed modest effects of
rolipram (0.1 mg kg~') on naloxone-precipitated morphine
withdrawal syndrome. Although the numbers of jumping and
forepaw tremor were suppressed by co-administration of
rolipram at a dose of 0.1 mg kg~', the numbers of rearing
behaviour were not. The reasons why major three withdrawal
behaviours were not suppressed by 0.1 mg kg~' of rolipram
are unknown. One possible explanation is follows: Jumping
and rearing behaviours are induced in the same period, and

the posture of rearing behaviour is similar to that of jumping.
Thus, we could not differentiate the effects of co-administra-
tion of rolipram (0.1 mgkg~') on rearing behaviour.
Furthermore, naloxone-precipitated morphine withdrawal
syndrome was not affected by acute rolipram treatment on
the 6th day (data not shown), indicating that rolipram (0.01 —
1 mg kg=") does not have effects on the expression of
naloxone-precipitated morphine withdrawal syndrome. These
findings confirmed our previous results (Nabeshima et al.,
1997; Itoh et al., 2000; Hamdy et al., 2001) and suggest that
naloxone-precipitated morphine withdrawal syndrome is
mediated via the cyclic AMP pathway, and that cyclic
AMP systems are involved in the development of morphine
dependence.

We measured the cyclic AMP contents of the mouse brain
5 min after naloxone treatment, when the mice were jumping
and rearing, two of the most severe withdrawal signs. A
significant elevation in the cyclic AMP levels in the thalamus
was observed in mice co-administered vehicle (2% DMSO)
with morphine. Although the lower dose of rolipram
(0.01 mg kg~") which failed to affect the major withdrawal
behaviours, did not change the increase in cyclic AMP levels
induced by morphine withdrawal, the increase was signifi-
cantly attenuated by the repeated co-administration of
rolipram (1 mg kg~') with morphine. Cyclic AMP levels
was increased significantly by rolipram alone (1 mg kg™') in
this study but only 25—50% increase compared with control.
The cyclic AMP levels of mice showing the severe morphine
withdrawal was more than twice of that in the control mice.
It seems there is a threshold which mice express the morphine
withdrawal. Thus, the increased cyclic AMP levels induced by
rolipram (1 mg kg=') may not be sufficient to induce the
withdrawal syndrome although the cyclic AMP levels were
elevated. These results indicate that the effects of rolipram on
the biochemical change in the cyclic AMP levels parallel and
are consistent with the effects of rolipram on the behavioural
change. It is suggested that certain regions of the brain are
involved in the development of morphine dependence, such as
the locus coeruleus (Aghajanian, 1978; Maldonado et al.,
1992; see review by Nestler, 1997), amygdala (Calvino et al.,
1979; Terwillliger et al., 1991) and thalamus (Wei et al., 1972;
1973; Tremblay & Charton, 1981; Terwilliger et al., 1991). In
addition, the cerebral cortex and thalamus are rich in u
receptors and both regions are terminal and intermedia areas
for noradrenergic neurons associated with drug addiction. In
this study, marked changes in the cyclic AMP levels were
observed in the thalamus.

To elucidate the mechanism of the effect of rolipram, mice
received acute rolipram and/or morphine and cyclic AMP
levels were measured. A decrease in the cyclic AMP levels
was observed following acute morphine treatment early on
10 min in the brain, especially, the thalamus. Additionally,
the decrease was transient and 20 min later the levels
recovered to or above the control. Our in vivo experiment
confirmed previous in vitro findings that culture cells exposed
to morphine show a decrease of adenylate cyclase activity but
gradually recover up to or above normal activity (Sharma et
al., 1975; Traber et al., 1975). Further, naloxone treatment
after chronic morphine exposure produces a dramatic
increase in the cyclic AMP levels in the culture cells, which
is thought to reflect the morphine withdrawal state in vitro.
Thus, Nestler has proposed the ‘cyclic AMP hypothesis’ for
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opiate addiction, dependent and withdrawal states (Nestler,
1997). In this study the mice that expressed naloxone-
precipitated morphine withdrawal signs showed remarkably
increased cyclic AMP levels in the thalamus. It can be
hypothesized that the transient decreae in cyclic AMP levels
evoked by acute morphine is one of the initial and most
important molecular steps in the development of opiate
dependence, since rolipram blocked the acute morphine-
induced decrease of cyclic AMP levels. The changes in
adenylate cyclase activity and cyclic AMP levels could
possibly occur via a negative feedback pathway, and serve
to trigger the up-regulation of the cyclic AMP system that is
observed in opiate dependent animals.

In the tail-flick test, rolipram at doses of 0.01-1 mg kg~
which itself does not have any effects on the antinociception,
failed to affect the antinocicepton caused by acute morphine
treatment on the 1st day. This result is consistent with
previous reports that low doses (<3 mg kg=") of rolipram
did not affect the antinociceptive effects of acute morphine
(Nicholson et al., 1991) and the pain thresholds are not
affected by the treatment of cyclic AMP or dibutyryl cyclic
AMP intrathecallly or intracerebroventricularly (Murayama
& Hikino, 1985; Wang et al., 1993). Taken together, cyclic
AMP levels seem to be irrelevant to the pain. Surprisingly,
co-administration of rolipram (1 mg kg~') with morphine
prevented the development of tolerance to the antinociceptive
effects of morphine up to the 3rd day, although vehicle with
morphine developed the tolerance. No significant reduction
of tail-fick latency was observed between the 1st and 5th day
in the mice treated with rolipram (1 mg kg~') and morphine,
suggesting that rolipram inhibits the development of
morphine tolerance. Rolipram has been reported to enhance
the activity of the brain opioid system and increase the

1
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reduction in the cyclic AMP levels induced by acute
morphine prevents the behavioural and biochemical changes
observed in morphine withdrawal in mice. Rolipram has
already been reported to have anti-ischaemic (Kato er al.,
1995; Block et al., 1997) and anti-amnesic (Imanishi et al.,
1997) effects and is used as an antidepressant in the clinical
setting. Additionally, our experiments show that rolipram
may be used to attenuate the development of morphine
dependence in the clinical field.
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