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SILVESTRE, J. S., A. G. FERNANDEZ AND J. M. PALACIOS. Preliminary evidence for an involvement of the
cholinergic system in the sedative effects of rolipram in rats. PHARMACOL BIOCHEM BEHAYV 64(1) 1-5, 1999.—Roli-
pram is a specific cAMP phosphodiesterase type 4 (PDE4) inhibitor in the brain, which induces an increase in the intracellu-
lar levels of cAMP. Rolipram produces characteristic alterations in animal behavior, which have been suggested to be medi-
ated mainly through an intracellular mechanism involving an increase in cAMP. However, specific mechanisms mediating
the sedative effects of this compound have not yet been investigated. Because several lines of evidence indicate that the ace-
tylcholine neural system may be involved in some effects of PDE4 inhibitors, the aim of this study was to elucidate whether
the neurotransmitter acetylcholine is involved in the sedative effects induced by rolipram. The present study assessed the
motor effects of rolipram in an exploratory behavioral test, the open field, in Wistar rats. The results show that rolipram
(0.1-3.0 mg/kg SC) induced potent and dose-dependent hypoactivity, decreasing both locomotion and rearing. Physo-
stigmine (0.03-0.3 mg/kg SC) potentiated a subeffective dose of rolipram (0.03 mg/kg SC), resulting in strong sedation, simi-
lar to that following higher doses of either rolipram or physostigmine alone, whereas the reduction in locomotor activity in-
duced by rolipram (0.3 mg/kg SC) was completely reversed by scopolamine (0.03-0.3 mg/kg SC). These data provide
preliminary evidence suggesting the involvement of the acetylcholinergic system in the sedative effects of rolipram. © 1999
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ROLIPRAM is a selective phosphodiesterase type 4 (PDE4)
inhibitor that preferentially inhibits cyclic adenosine 3',5'-
monophosphate (cAMP) phosphodiesterase in the brain, thus
enhancing the intracellular availability of cerebral cAMP in the
absence of direct stimulation of neurotransmitter receptors
(21,22). The potency of rolipram and other PDE inhibitors for
inhibition of rat brain cAMP phosphodiesterase in vitro is cor-
related with their efficacy in inducing a peculiar behavioral syn-
drome in rats characterized by hypoactivity, head twitches,
forepaw shaking, grooming, and hypothermia (27). Indeed,
these effects are mimicked by systemic administration of cAMP
precursors, but not by precursors of cGMP (27). Hence, it has
been suggested that the characteristic behavioral changes re-
flect the enhanced availability of cAMP in the brain induced in

vivo by these PDE inhibitors. Interestingly, studies with triti-
ated rolipram have demonstrated a high-affinity site for the
drug in rat brain membranes (22), and suggest the possibility
that both the PDE4 catalytic activity site and the high-affinity
binding site for rolipram are located in the same PDE4 enzyme
(26). Although it has not yet been completely established
whether the catalytic site and the binding site mediate the same
pharmacological effect (20,26), a close relationship between be-
havioral responses and in vivo binding has been described for
rolipram and other PDE4 inhibitors (20).

Rolipram exhibits antidepressant properties both in ani-
mals (16,29) and in humans (2,4), which have been proposed
to be mediated by a presynaptic monoaminergic turnover-
increasing effect resulting in enhanced postsynaptic stimula-
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tion (12,29), as well as by an action beyond postsynaptic
monoamine receptors and independent of the availability of
endogenous monoamines (30,31). In addition, recent studies
have suggested a heterogeneity for the effects of rolipram (9)
whereby its different effects could be mediated by different
mechanisms. Furthermore, an effect of rolipram on the syn-
thesis or release of neurotransmitters such as noradrenaline
(12,29) or acetylcholine (1) has been demonstrated.

The involvement of the neurotransmitter acetylcholine in
the pharmacology of rolipram is an interesting possibility, and
there is both direct and indirect experimental evidence sup-
porting this suggestion (1,5,8,13). PDE4 inhibitors have some
cognition-enhancing properties, and they have even been pro-
posed for the treatment of milder forms or the early stages of
dementia (13,14). Also, it has prudently been suggested that
these compounds may produce cognition-enhancing actions via
an enhancement of acetylcholine or dopamine release (13). In-
deed, it has been demonstrated that rolipram is able to attenu-
ate scopolamine-induced impairments in learning and memory
(5,8), as well as to reverse experimentally induced amnesia and
to enhance memory and learning in rodents (8,18), and it ap-
pears that a elevation in cAMP levels alone would be unable to
completely explain these effects (5,8).

Thus, both behavioral (5,8) and biochemical data (1) sug-
gest that acetylcholine could be involved in the behavioral ef-
fects of rolipram. It should be noted that other PDE4 inhibi-
tors, such as denbufylline, are able to increase acetylcholine
release in rat striatum in vivo (10), and in vitro studies have
shown that analogues of cAMP are able to potentiate acetyl-
choline responses (6). In our laboratory it was observed that
high doses of rolipram (10-100 mg/kg PO) produce cholin-
ergic-like effects such as salivation, hypothermia, lacrimation,
trembling, and diarrhoea in rodents (unpublished data).

Thus, although the behavioral effects of rolipram have
been suggested to be mediated mainly by its ability to increase
intracellular cAMP levels, both direct (1,6,10,12) and indirect
(5,8,9,18) evidence strongly suggests the involvement of spe-
cific neurotransmitters, for example, acetylcholine, in some of
the behavioral effects of rolipram and other PDE4 inhibitors.

The hypoactivity and sedative effects of rolipram are well
documented. Acutely administered rolipram consistently de-
creases both locomotor activity and rearing in rats and mice
(7,9,25,27,28). However, the specific mechanisms mediating
these effects have not yet been reported or evaluated. Consid-
ering that an interaction between acetylcholine and dopamine
appears to be involved in locomotor activity (3,15,24), this
study was carried out to investigate the possible role of the
cholinergic system in the sedative effects of rolipram. The ef-
fects of rolipram were assessed using an exploratory behav-
ioral test, the open field (OF) in rats, and the role of acetyl-
choline was examined using the cholinesterase inhibitor
physostigmine and the nonselective muscarinic receptor an-
tagonist scopolamine.

METHOD
Animals

Male Wistar rats (207.3 = 3.4g, Janvier, France) were
housed in groups of six in wire-mesh cages at 21-22°C with a
12-h light:dark cycle (lights on 06:30; off 18:30 h). The animals
had access to food and water ad lib during the 5-day adaptation
period before beginning the study. The experimental protocol
was in compliance with the European Community Council Di-
rective of 24 November 1986 (86/609/EEC) for care and use of
laboratory animals.
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Drugs

Rolipram (synthesized in the Medicinal Chemistry Depart-
ment of Almirall-Prodesfarma) was suspended in a vehicle
composed of 0.5% methylcellulose and 0.1% Tween-80 in dis-
tilled water (TwMc). Physostigmine sulfate (Sigma, St. Louis,
MO) and scopolamine hydrobromide (Sigma) were dissolved
in saline. All doses refer to free-base weights. All injections
were administered subcutaneously (SC) at a volume of 1 ml/kg.

Apparatus

The OF apparatus was a white-walled circular open field,
81.5 cm in diameter and 33.5 cm high. The floor was made up
of white plywood. A slight white fluorescent circular light was
hung 120 cm above the center of the apparatus. The subjects
were placed individually in the center of the OF and locomo-
tor activity (total distance traveled) and rearing (frequency)
were automatically scored for 5 min. The OF apparatus was
placed in an isolated and sound-proofed room contiguous to
the observation room, and cleaned with water after each trial
to remove any trace of odor. The subjects’ behavior was re-
corded with a video camera mounted vertically above the ap-
paratus for automatic and simultaneous analysis by means of
an image analyzer program (SMART, Letica, Spain). Each
animal was tested once only.

Drug Administration Studies

Compounds were administered in single drug studies at the
following doses: rolipram (0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg),
physostigmine (0.03, 0.1, and 0.3 mg/kg) and scopolamine
(0.03, 0.1, and 0.3 mg/kg). All drugs were administered 30 min
prior to testing, independently tested, and compared with their
respective control groups.

In the drug interaction studies, scopolamine (0.03, 0.1, and
0.3 mg/kg) was administered 10 min prior to rolipram (0.3 mg/
kg), which was administered 30 min prior to testing, while phy-
sostigmine (0.03, 0.1, and 0.3 mg/kg) was administered 10 min
before the injection of 0.03 mg/kg of rolipram. Rats were ran-
domly allocated to the following groups: (a) saline + vehicle;
(b) saline + rolipram (0.3 or 0.03 mg/kg); and (c) drug (differ-
ent doses) + rolipram (0.3 or 0.03 mg/kg). All interaction stud-
ies were performed independently of each other.

Statistical Analysis

The Kolmogorov-Smirnov test was used to assess the nor-
mality of the data, and the Cochran and Bartlett tests to assess
homogeneity of variance. An analysis of variance (MANOVA)
with planned between-group contrasts was used to evaluate
treatment effects. The nonparametric Mann-Whitney test was
used to calculate U-values for individual comparisons when the
variables did not present homogeneity of variance, or when
normality was not evident. In addition, correlational analysis
between locomotor activity and rearing was calculated using
the Pearson correlation coefficient (two tailed). The level of
significance was set at p < 0.05.

RESULTS

Rolipram at doses of 0.1, 0.3, 1.0, and 3.0 mg/kg produced a
significant and dose-dependent decrease in locomotor activity
in the OF test, F(1,36) = 8.15, p < 0.01; F(1,36) = 79.26,p <
0.001; F(1, 36) = 160.60, p < 0.001; and F(1,36) = 192.84, p <
0.001, respectively, whereas no effect was observed at the low-
est dose of 0.03 mg/kg (Table 1). All doses of rolipram tested
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TABLE 1

EFFECTS OF ROLIPRAM, PHYSOSTIGMINE, AND
SCOPOLAMINE ON LOCOMOTOR ACTIVITY AND
REARING IN THE OF TEST

Treatment (mg/kg SC) n Locomotor Activity Rearing
Vehicle 7 4110 = 194 181 £ 1.6
Rolipram 0.03 7 3684 = 178 9.2 = 1.6%
0.1 7 2991 + 382+ 53 *+0.7%
0.3 7 1534 = 186% 1.1 £0.4%
1.0 7 1100 = 222% 0.5 = 0.5%
3.0 7 829 + 133% 0.3 = 0.3%
Saline 6 3809 * 154 193 £23
Physostigmine
0.03 6 4122 + 299 18.6 £ 2.7
0.1 6 3264 = 184 6.0 = 0.9%
0.3 6 956 + 126% 0.0 = 0.0%
Saline 6 3950 + 201 162 £24
Scopolamine
0.03 6 4362 + 211 15215
0.1 6 5222 + 338* 9.8 = 1.9%
0.3 6 6684 * 732} 8.3 + 1.8*

Both locomotor activity (total distance traveled expressed in cm)
and rearing (frequency) were automatically scored for 5 min in OF
test. Results are expressed as means = SEM. Significant differences
calculated by MANOVA using planned contrasts or Mann—Whitney
nonparametric test: *p < 0.05, ¥p < 0.01, #p < 0.001 compared to their
respective control group.

(0.03-3.0 mg/kg) produced a significant and dose-dependent
decrease in rearing, F(1, 36) = 23.78, p < 0.001; F(1, 36) =
48.43, p < 0.001; F(1, 36) = 108.44, p < 0.001; F(1, 36) =
188.60, p < 0.001; and F(1, 36) = 192.31, p < 0.001, respec-
tively. On the basis of these data, doses of 0.3 and 0.03 mg/kg
of rolipram were selected for subsequent experiments as ef-
fective and subeffective doses, respectively. Furthermore, a
positive relationship between locomotor activity and rearing
was found, r(40) = 0.61, p < 0.0001.

A significant decrease in locomotor activity was observed
only after administration of the highest dose of physostigmine
(0.3 mg/kg), F(1,20) = 99.7, p < 0.001, whereas no effects on
locomotor activity were detected at the lower doses of 0.03 and
0.1 mg/kg (Table 1). Physostigmine also significantly decreased
rearing at doses of 0.1 and 0.3 mg/kg, F(1, 20) = 26.3, p <
0.001; and F(1, 20) = 55.5, p < 0.001, respectively, but no effect
was detected at the lowest dose. Furthermore, a positive rela-
tionship between locomotor activity and rearing was also
found, r(22) = 0.59, p < 0.01. In agreement with the previous
rolipram dose-response experiment, rolipram administered at
the locomotor activity subeffective dose of 0.03 mg/kg to vehi-
cle-pretreated rats did not affect locomotor activity (Tables 1
and 2), although in this case and in contrast with the previous
results, a decrease in rearing was not observed. In comparison
to the saline + vehicle group, a decrease in both locomotor ac-
tivity and rearing was observed over the whole dose range of
physostigmine administered prior to the subeffective dose of
rolipram (Table 2). Locomotor activity was also decreased
with the previously subeffective dose of 0.1 mg/kg of physostig-
mine as well as with the dose of 0.3 mg/kg when compared to
the rolipram group, F(1, 28) = 14.64, p < 0.01; and F(1, 28) =
203.65, p < 0.001, respectively. However, the effects of physo-
stigmine + rolipram on rearing were also potentiated, al-
though with a similar profile to those observed in the previous
physostigmine experiment (Table 2).

On the other hand, scopolamine, at doses of 0.1 and 0.3
mg/kg, produced a significant and dose-dependent increase in
locomotor activity, F(1, 20) = 4.40, p < 0.05, and F(1, 20) =
20.33, p < 0.01, respectively, whereas rearing was decreased
at doses inducing hyperactivity, F(1, 20) = 5.40, p < 0.05, and
F(1,20) = 5.72, p < 0.05, respectively. The lowest dose of sco-
polamine (0.03 mg/kg) failed to have any significant effect on
either locomotor activity or rearing (Table 1). In addition, a
negative relationship between locomotor activity and rearing
was detected, r(22) = —0.45, p < 0.05, when scopolamine was
administered alone. In the drug interaction experiment (Table
2), in accordance with prior experiments, 0.3 mg/kg of rolip-
ram after saline pretreatment decreased locomotor activity,
F(1,35) = 61.18, p < 0.001, an effect that was significantly re-
versed by pretreatment with scopolamine at doses of 0.03, 0.1,

TABLE 2

EFFECTS OF PHYSOSTIGMINE ON A SUBEFFECTIVE DOSE OF ROLIPRAM
(0.03 mg/kg) AND EFFECTS OF SCOPOLAMINE ON SEDATIVE EFFECTS OF ROLIPRAM
(0.3 mg/kg) ON LOCOMOTOR ACTIVITY AND REARING IN THE OF TEST

Treatment (mg/kg SC) n Locomotor Activity Rearing
Saline + vehicle 8 4220 = 152 18313
Saline + ROL 0.03 8 3882 £ 162 142 =09
Physostigmine 0.03 + ROL 0.03 8 3460 = 1758 11.7 = 1.8§
0.1 + ROL 0.03 8 3020 = 1891# 8.3 = 1.6%#
0.3 + ROL 0.03 8 668 + 94i# 0.0 = 0.14#
Saline + vehicle 8 4219 = 180 175+14
Saline + ROL 0.3 8 1961 =+ 123# 3.8 = 1.1#
Scopolamine 0.03 + ROL 0.3 8 2975 + 237+# 4.8 £ 0.94
0.1 + ROL 0.3 8 3981 =+ 247% 7.1 = 1.4%#
0.3+ ROL 0.3 8 4006 = 210% 3.1 £ 0.54

Both locomotor activity (total distance traveled expressed in cm) and rearing were automati-
cally scored for 5 min in OF test. Results are expressed as means = SEM. Significant differences
calculated by MANOVA using planned contrasts or Mann—Whitney nonparametric test: *p <
0.05, ¥p < 0.01, £p < 0.001 compared to saline + rolipram groups (saline + ROL); and §p < 0.01,

#p < 0.001 compared to saline + vehicle groups.



and 0.3 mg/kg, F(1, 28) = 11.68, p < 0.01; F(1, 28) = 47.56,
p < 0.001, and F(1, 28) = 46.44, p < 0.001, respectively. As
previously observed, rearing was also decreased by 0.3 mg/kg
of rolipram, F(1, 35) = 70.99, p < 0.001; in contrast to locomo-
tor activity, prior administration of scopolamine did not sig-
nificantly affect the decrease in rearing induced by rolipram
(Table 2), although some reversal was observed at the inter-
mediate dose of 0.1 mg/kg, F(1, 28) = 4.66, p < 0.05.

DISCUSSION

Rolipram displayed a clear sedative effect in the OF test,
as illustrated by the consistent and dose-dependent de-
crease in both locomotor activity and rearing. Our results
agree with previously published data on the sedative prop-
erties of rolipram in both rats and mice (7,9,25,27,28).
Also, in accordance with previous studies (15,19,24), sco-
polamine increased while physostigmine decreased locomo-
tor activity in a dose-dependent manner. Furthermore, our re-
sults show that physostigmine at subeffective doses interacts
with subeffective dose of rolipram, resulting a potentiation of
hypoactivity. On the other hand, coadministration of scopola-
mine at a subeffective dose partially reversed and at higher
doses completely annulled the effects of rolipram on locomotor
activity (Table 2); however, no potentiation of the effect on
rearing was observed. This could, in part, be an expected find-
ing because scopolamine-induced rearing reduction may be due
to its characteristic pattern on locomotor activity observed by
scopolamine in the present study, as shown by means of a statis-
tically significant locomotor activity and rearing relationship (r =
—0.45, r = 0.61, and r = 0.59 by scopolamine, rolipram, and
physostigmine, respectively). Thus, the distinct nature of rear-
ing reduction induced by either rolipram, via a general activity
reduction, or scopolamine, via a substitution from locomotor
activity, would in part explain that result.

The present results show that subeffective doses of physo-
stigmine and scopolamine are able to potentiate and to re-
verse, respectively, a subeffective and a sedative dose of ro-
lipram. Taken together, these data indicate an interaction
for rolipram with agents exerting opposite effects on the
cholinergic system, which suggests that rolipram may pro-
duce hypoactivity in rats at least partially through the en-
hancement of cholinergic transmission in the brain.

The involvement of acetylcholine in the effects of rolipram
has previously been suggested because rolipram was able to at-
tenuate scopolamine-induced impairments in learning and
memory in rodents (5,8) as well as to enhance the tremolors-
induced in mice by the muscarinic agonist oxotremorine (5).
Egawa and co-workers (5) have recently suggested that these ef-
fects of rolipram might result from the indirect potentiation of
various transmitters, including cholinergic and noradrenergic
systems, by an increase in cAMP via inhibition of PDE4 (5).
Thus, although the behavioral effects of rolipram are thought to
be mediated mainly through an intracellular mechanism involv-
ing an increase in cAMP (27,31), an extracellular action of rolip-
ram cannot be ruled out. It is worth noting that recent studies
have suggested the heterogeneity of the effects of rolipram
whereby the various behavioral symptoms could be mediated by
different mechanisms; for example, rolipram failed to potentiate
head twitches, sniffing, and grooming induced by methamphet-
amine, whereas methamphetamine-induced hyperactivity and
rearing were dose dependently suppressed by rolipram (9). In-
terestingly, it has recently been shown that repeated treatment
with rolipram increases striatal choline acetyltransferase (ChAT)
activity and decreases hippocampal cholinesterase activity in
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young adult rats (1). This study also showed that repeated treat-
ment with rolipram in older rats increased both presynaptic
ChAT activity and postsynaptic M; muscarinic receptor binding
in frontal cortex and hippocampus, which were lower than those
observed in young adult control rats. Furthermore, Asanuma
and co-workers (1) also reported the potential of rolipram for
increasing hippocampal acetylcholine contents.

It is well known that dopamine is the major neurotransmit-
ter involved in the regulation of locomotor activity. However,
there is no evidence for a direct effect of rolipram on dopamine
transmission. Behavioral studies demonstrated that amphet-
amine, an indirect dopamine agonist, and imipramine, a tricy-
clic antidepressant, were unable to substitute for rolipram in a
drug discrimination paradigm (23). Moreover, it has been dem-
onstrated that rolipram does not affect central serotonergic
transmission in rats (17). Hence, neither dopamine nor seroto-
nin appear to be directly involved in the actions of rolipram.

Our results agree with previous studies showing that sys-
temic administration of scopolamine induces hyperactivity
(19). Likewise, it has been shown that physostigmine decreases
locomotor activity and reverses scopolamine-induced hyperac-
tivity (15,24). It has been suggested that there is a tonic inhibi-
tion of locomotor activity mediated by cholinergic neurons,
which is attenuated when cholinergic activity is blocked by
muscarinic receptor antagonists such as scopolamine (15). Fur-
thermore, because scopolamine-induced hyperactivity is blocked
by dopamine D; and D, receptor antagonists (24), it is as-
sumed that acetylcholine acting at muscarinic receptors exerts
an inhibitory effect on dopaminergic neurotransmission in the
striatum (4). Similarly, it has been proposed that the cholin-
ergic system could be involved in the regulation of the impulse
flow of dopamine neurones in the substantia nigra and the
ventral tegmental area (32).

Because PDE4 inhibitors are able to increase cerebral ace-
tylcholine levels (1) and enhance acetylcholine release (10)
and synthesis (1) in the brain, it can be assumed that some of
the pharmacological and behavioral effects of rolipram are
mediated by this neurotransmitter. Moreover, because acetyl-
choline appears to interact with dopamine in the regulation of
locomotor activity, it is suggested that rolipram-induced hypo-
activity may result from an indirect positive action on the
dopaminergic system via the potentiation of cholinergic trans-
mission. Furthermore, autoradiography reveals high rolipram
binding site densities in the rat brain, largely in structures of
the limbic system as well as in striatum (11). Thus, the brain
location of the rolipram binding site, together with neuro-
chemical data, suggests again that rolipram may affect acetyl-
choline release and/or functionality, and that its hypoactivity-
inducing effects are probably mediated through an inhibition
of striatal dopamine release by acetylcholine.

In conclusion, our results indicate that a relationship may
exist between rolipram and the cholinergic system because: (a)
subeffective doses of physostigmine, when combined with a
subeffective dose of rolipram, were able to produce a strong
hypoactivity; and (b) scopolamine prevented the rolipram-
induced hypoactivity. The present results are the first behav-
ioral evidence that rolipram-induced hypoactivity in rats may
be modulated by the cholinergic system. However, considering
both the complex nature of PDE4 inhibition by rolipram,
which can be expected to exert a broad spectrum of actions in
the brain, and the limited number of compounds tested in the
present study, it will be necessary to study a wide range of cho-
linergic receptor agonists and antagonists to define the role of
acetylcholine in the behavioral effects of rolipram and other
PDE#4 inhibitors.
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