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Abstract

Rationale Withdrawal symptoms stand as a core feature of
alcohol dependence. Our previous results have shown that
inhibition of phosphodiesterase-4 (PDE4) decreased ethanol
seeking and drinking in alcohol-preferring rodents. However,
little is known about whether PDE4 is involved in ethanol
abstinence-related behavior.

Objective The objective of this study was to characterize the
role of PDE4 in the development of anxiety- and depressive-
like behavior induced by abstinence from ethanol exposure in
different animal models.

Methods Using three rodent models of ethanol abstinence, we
examined the effects of rolipram, a prototypical, selective
PDE4 inhibitor, on (1) anxiety-like behavior induced by re-
peated ethanol abstinence in the elevated plus maze test in
fawn-hooded (FH/Wjd) rats, (2) anxiety-like behavior in the
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open-field test and light-dark transition test following acute
ethanol abstinence in C57BL/6J mice, and (3) anxiety- and
depressive-like behavior induced by protracted ethanol absti-
nence in the elevated plus maze, forced-swim, and tail-
suspension tests in C57BL/6J mice.

Results Pretreatment with rolipram (0.1 or 0.2 mg/kg) signif-
icantly increased entries and time spent in the open arms of the
elevated plus maze test in rats with repeated ethanol absti-
nence. Similarly, in mice with acute ethanol abstinence, ad-
ministration of rolipram (0.25 or 0.5 mg/kg) dose-dependently
increased the crossings in the central zone of the open-field
test and duration and transitions on the light side of the light-
dark transition test, suggesting anxiolytic-like effects of
rolipram. Consistent with these, chronic treatment with
rolipram (0.1, 0.3, or 1.0 mg/kg) increased entries in the open
arms of the elevated plus maze test; it also reduced the in-
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creased duration of immobility in both the forced-swim and
tail-suspension tests in mice after protracted ethanol absti-
nence, suggesting antidepressant-like effects of rolipram.
Conclusions These results provide the first demonstration for
that PDE4 plays a role in modulating the development of
negative emotional reactions associated with ethanol absti-
nence, including anxiety and depression. PDE4 inhibitors
may be a novel class of drugs for treatment of alcoholism.

Keywords Phosphodiesterase-4 (PDE4) - Rolipram - Ethanol
abstinence - Anxiety - Depression - Behavior - Rodents -
Mei-Fang Gong, Rui-Ting Wen, and Ying Xu contributed
equally to this work.

Introduction

Withdrawal symptoms, in response to the reduction or termi-
nation of alcohol exposure, are considered as the core feature
of alcohol dependence (American Psychiatric Association
2013; De Witte et al. 2003). The negative affective states
associated with alcohol withdrawal, such as anxiety and de-
pression, represent motivating factors for excessive alcohol
consumption and may account for the relapse of alcohol use
and abuse (Koob 2003; Pandey 2003). In preclinical studies,
animals exhibited similar alcohol abstinence symptoms with
those observed in human. The anxiety- and depressive-like
behavior in rodent models mimics human dysphoric emotion
related to alcohol abstinence and may aid in testing the thera-
peutic potential of promising agents for alcoholism (Kim et al.
2017; Pandey et al. 2003).

Phosphodiesterase 4 (PDE4), an enzyme belonging to the
PDE superfamily (PDE1-11), specifically catalyzes the hy-
drolysis of cyclic AMP (cAMP) and plays a critical role in
controlling its intracellular levels. PDE4 has been previously
reported by our laboratories to modulate ethanol-drinking and
ethanol-seeking behavior in alcohol-preferring rodents (Hu
et al. 2011; Wen et al. 2012). Systemic administration of the
selective PDE4 inhibitor rolipram or Ro 20-1724 decreases
ethanol intake in C57BL/6J (C57) mice and reduces both eth-
anol consumption and oral self-administration in fawn-
hooded (FH/Wjd) rats. Consistent with our studies, other lab-
oratories also have demonstrated that, in addition to rolipram,
other PDE4-specific inhibitors, namely piclamilast, CDP840,
and mesopram, are all able to suppress ethanol intake in C57
mice (Blednov et al. 2014). In addition, the nonspecific PDE
inhibitor ibudilast, which inhibits PDE4 and other PDEs such
as PDE3, PDEI10, and PDE11, reduces ethanol consumption
in C57 mice, P rats, and HAD rats (Bell et al. 2015). However,
compared to the role of PDE4 in ethanol-drinking and
ethanol-seeking behaviors, little is known about the regulation
of PDE4 in ethanol abstinence-induced behaviors, including
anxiety- and depressive-like behavior.
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In earlier studies, PDE4 inhibitors have been demonstrated
for potential treatment for depressive disorders for more than
3 decades (Wachtel 1983; Zhang 2009). The antidepressant
efficacy of rolipram has been confirmed in both preclinical
researches (Mizokawa et al. 1988; Wachtel 1983) and clinical
trials (Fleischhacker et al. 1992; Hebenstreit et al. 1989; Zeller
et al. 1984). Besides, inhibition of PDE4 is also shown to
produce anxiolytic-like effects in rodents (Li et al. 2009;
Silvestre et al. 1999). To some extent, the antidepressant-
and anxiolytic-like effects of PDE4 inhibitors may share sim-
ilar neurobiological mechanisms (Li et al. 2009).

Based on these findings, we hypothesized that PDE4 may
play a role in the negative emotional states related to absti-
nence from ethanol drinking. To test this hypothesis, we ex-
amined the effects of rolipram on anxiety- and depressive-like
responses to cessation of chronic ethanol drinking in alcohol-
preferring FH/Wjd rats and C57 mice, which are successfully
used in behavioral and neurochemical studies of alcohol de-
pendence (Overstreet et al. 2007; Rezvani et al. 2007;
Yoneyama et al. 2008). The whole study consisted of three
experiments. First, effects of rolipram pretreatment were
assessed on anxiety-like behavior induced by repeated ethanol
abstinence in FH/Wjd rats (experiment 1). Second, acute
rolipram administration was tested in anxiety-like behavior
induced by acute ethanol abstinence in C57 mice (experiment
2). Finally, chronic rolipram treatment was examined on
anxiety- and depressive-like behavior induced by protracted
ethanol abstinence in C57 mice (experiment 3). It was found
that rolipram attenuated anxiety- and depressive-like behavior
induced by ethanol abstinence in both rats and mice. This was
the first demonstration for the role of PDE4 in the mediation
of ethanol abstinence symptoms.

Methods
Animals

Male FH/Wjd rats as described previously (Wen et al. 2012)
were used at 3 months of age (220-300 g) in experiment 1;
adult male C57BL/6J mice (20-25 g) purchased from
Laboratory Animal Center of Southern Medical University
(Guangzhou, China) and Animal Center of Chinese
Academy of Sciences (Shanghai, China) were used in exper-
iment 2 and experiment 3, respectively. Male rodents were
simply used in all the experiments in order to avoid the poten-
tial influence of menstrual cycles on behavior in female ani-
mals and to make the data comparable to our previous studies
(Huetal. 2011; Wen et al. 2012). All the animals were housed
in local animal facilities at a controlled temperature
(22 £ 1 °C) and a relative humidity (50 + 10%) with a 12:12
light/dark cycle (lights on from 08:00 AM to 08:00 PM). They
were allowed to acclimatize to the housing environment for at
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least 5 days prior to experiments. Water and food were avail-
able ad libitum in their home cages. All experiments were
conducted in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 1996) and were
approved by local committees on animal care and use.

Drugs

Ethanol solutions (v/v) were prepared with water using anhy-
drous ethanol (Beijing Chemicals Works, Beijing, China).
Rolipram was purchased from Sigma-Aldrich (St. Louis,
MO) and dissolved in saline (NS) containing 5% dimethyl
sulfoxide (DMSO) freshly prepared before each testing ses-
sion. Rolipram or vehicle was administered via subcutaneous
(s.c.) or intraperitoneal (i.p.) injections for FH/Wjd rats and
C57 mice, respectively.

Experiment 1: effects of rolipram on anxiety-like behavior
following repeated ethanol abstinence in FH/Wjd rats

Ethanol and drug treatment procedures

Repeated ethanol abstinence has been shown to sensitize
anxiety-like behavior in rats (Wills et al. 2009; Knapp et al.
2007). In previous experiments, we found that FH/Wjd rats
with prior ethanol abstinence experience exhibited anxiety-
like behavior with a shorter duration than rats withdrawn from
ethanol for the first time. Thus, repeated ethanol abstinence
procedures were applied in this study to determine the role of
PDEA4 in the regulation of anxiety-like behavior in response to
ethanol abstinence. FH/Wjd rats were individually housed in
hyaline plastic cages and randomly divided into three groups:
control, ethanol non-abstinent, and ethanol abstinent. Rats in
the control group had only access to water, while rats in the
ethanol-non-abstinent and -abstinent groups were given ac-
cess to both 5% (v/v) ethanol and water via two-bottle free-
choice paradigm. The positions of the two bottles were
switched daily to control for side preference. Ethanol and
water consumption was measured and calculated for a daily
average per week. After 3-week ethanol drinking, the ethanol
bottles were removed on day 22 for 24 h in the ethanol-
abstinent group of rats and placed back on day 23 for another
week. On day 29, abstinence was induced in the ethanol-
abstinent group by removing the ethanol bottles again at the
onset of the dark cycle (08:00 PM). Liquids provided in the
other groups remained unchanged. At the same time, vehicle
or rolipram (0.2 mg/kg for the control and ethanol groups; 0.1
and 0.2 mg/kg for the ethanol-abstinent group) was adminis-
tered to rats in each group. The dose of rolipram was selected
based on our previous results (Wen et al. 2012). Three hours
later, anxiety-like behaviors were analyzed in the elevated
plus maze (EPM) test.

EPM test

The EPM apparatus was made of hard plastic material and
elevated to a height of 70 cm. It consisted of two open arms
(50 x 10 cm) and two enclosed arms (50 x 10 cm with 40-cm-
high walls) arranged opposite to each other. The junction of
the four arms formed a central square area (10 x 10 cm). At the
beginning of each session, the test rat was placed in the center
of the maze facing an open arm. The number of entries into
and time spent in both open and enclosed arms were recorded
by the SMART system (Panlab Harvard Apparatus, Spain) for
5 min. The anxiety level of rats was measured by the mean
percentage of open-arm entries and time spent in open arms as
previously described (Pandey et al. 2005). The general motor
activity of each rat was determined by calculating the total
number of arm entries (open- plus enclosed-arm entries) in
the EPM.

Experiment 2: effects of rolipram on anxiety-like behavior
induced by acute ethanol abstinence in C57 mice

Ethanol and drug treatment procedures

C57 mice were individually housed and randomly assigned
into two groups: the control group had only access to water,
and the ethanol group received two-bottle choice drinking for
both 10% (v/v) ethanol and water. The positions of the two
bottles were switched daily to prevent side preference. After
3-week ethanol drinking, the ethanol-abstinent group of mice
was withdrawn from ethanol for 12 h. Rolipram (0.25, 0.5 mg/
kg) or vehicle was administered 30 min before open-field and
light-dark transition tests. The dose and injecting time of
rolipram were selected based on the previous report in our
laboratory (Hu et al. 2011).

Open-field test

Locomotor activity of C57 mice was examined as described
previously (Zhang et al. 2014). Line crossings (with all four
paws into a new square) were recorded for 5 min in the
40 x 40 x 15-cm test chamber with the floor divided into
5 x 5-cm identical squares. The central 16 squares were de-
fined as the central zone. Crossings into the central zone were
used to evaluate the level of anxiety of animals, while total
crossings were considered as general activity.

Light-dark transition test

Each mouse was placed in the dark compartment (15 % 23 cm)
of the light-dark chamber. The latency to cross through the
hole (8 x 6 cm) into the light compartment (30 x 23 cm; illu-
minated with a 60-W bulb positioned 50 cm above), the time
spent in the light side, and transitions from the dark to light
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compartments were recorded for 5 min as described previous-
ly (Zhang et al. 2008).

Experiment 3: effects of rolipram on behavior following
protracted ethanol abstinence in C57 mice

Ethanol and drug treatment procedures

Mice were individually housed and randomly assigned into
the control and ethanol-abstinent groups. The control group of
mice had only access to water, and the ethanol-abstinent group
received three-bottle choice drinking for water, 5% (v/v) eth-
anol, and 20% (v/v) ethanol. The positions of the bottles (100-
ml plastic centrifuge tubes) were changed daily to exclude
position bias. The daily intake of three types of liquid was
measured to calculate the percentage of preference as the vol-
ume of each type liquid divided by total volume of liquid
intake. After 6-week ethanol drinking, mice were withdrawn
from ethanol for 14 consecutive days. Rolipram (0.1, 0.3, or
1.0 mg/kg) or vehicle was administered daily from the begin-
ning of ethanol abstinence. EPM, forced-swim, and tail-
suspension tests were performed on days 1, 13, and 14 after
abstinence from ethanol exposure, respectively.

EPM test

Mice were placed individually in the center of the maze
(40 cm above the floor) facing an open arm. The number of
entries and time spent in both open arms (30 x 5 c¢cm) and
enclosed arms (30 x 5 cm with 15-cm-high walls) were re-
corded for 5 min as previously described (Zhang et al., 2008).
The percentages of entries and time spent in open arms were
calculated as open-arm entries and time divided by total arm
entries and total time, respectively.

Forced-swim test

The test was carried out as described previously (Porsolt et al.
1978; Zhang et al. 2002). Mice were placed individually in a
plastic cylinder (45 cm high % 20 cm diameter) filled with
water (23-24 °C; 28 cm in depth), allowing for free swim-
ming. The duration of immobility, which was defined as float-
ing in an upright position without additional movement other
than that necessary for the animal to keep its head above the
water, was recorded during the last 4 min of the 6-min test
period.

Tail-suspension test
Each mouse was suspended 40 cm above the floor using ad-

hesive tape placed 1 cm from the tip of the tail, as described
previously (Steru et al. 1985; Zhang et al. 2002). The duration
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of immobility was recorded for 6 min. Mice were considered
immobile only when they hung motionless.

Statistical analysis

Data presented are expressed as means + SEM. All data were
analyzed using one-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc analysis. An independent
sample ¢ test was used where it was appropriate in experiment
3. A significance level of p < 0.05 was used throughout the
tests.

Results

Effects of rolipram on anxiety-like behavior induced
by repeated ethanol abstinence in FH/Wjd rats

To determine whether PDE4 is involved in the development of
ethanol abstinence-related anxiety-like behavior, we first ex-
amined the effects of rolipram on the performance of FH/Wjd
rats with repeated ethanol abstinence in EPM test. The rats
exhibited high levels of ethanol intake (>3.9 mg/kg) and pref-
erence (>80%) during the 4-week two-bottle drinking para-
digm (Fig. 1a). On day 29, rats in the ethanol-abstinent group
were withdrawn from ethanol for 3 h after the prior ethanol
abstinence on day 22 for 24 h. In the EPM test, ethanol-
abstinent rats showed a significant reduction in the percentage
of open-arms entries (F' (4, 25) =4.656, p < 0.01; Fig. 1b), and
the percentage of time spent in the open arms (F (4,
25) = 10.051, p < 0.001; Fig. lc), compared to the control
and ethanol-non-abstinent rats. Rolipram (0.1, 0.2 mg/kg,
s.c.) administered at the beginning of abstinence from ethanol
significantly and dose-dependently inhibited the anxiogenic-
like responses in ethanol-abstinent rats, as revealed by in-
creased number of entries and time spent in open arms com-
pared to ethanol-abstinent rats that received vehicle adminis-
tration (Fig. 1b, c). Rolipram (0.2 mg/kg) had no effect on
behavior in the EPM in the control and ethanol-non-
abstinent rats (data not shown). Moreover, neither rolipram
treatment nor ethanol abstinence altered total arm entries in
these experiments (data not shown), indicating the general
motor activity of the rats remained unaffected. These results
suggest that PDE4 may play a role in anxiety-like behavior
induced by abstinence from ethanol exposure.

Effects of rolipram on anxiety-like behavior induced
by acute ethanol abstinence in C57 mice

To further clarify whether rolipram had an effect on
established anxiety-like behavior, we used C57 mice with 3-
week ethanol exposure using two-bottle choice. As there was
no difference in the measurement of anxiety-like behavior
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Fig. 1 Pretreatment with rolipram suppressed anxiety-like behavior
induced by repeated ethanol abstinence in FH/Wjd rats. The rats
exhibited stable ethanol consumption and preference (a) during 4-week
ethanol two-bottle choice drinking. Rolipram (0.1, 0.2 mg/kg)
significantly reversed the decreased percentages of entries (b) into and
time (¢) spent in the open arms in the EPM test 3 h after abstinence from
ethanol. The values are expressed as means + SEM. * p < 0.05, ***
p < 0.001 compared to control; $ p < 0.05, $$$ p < 0.001 compared to
ethanol; # p < 0.05, ## p < 0.01, ### p < 0.001 compared to abstinence;
n=6-7

between the control and ethanol-non-abstinent groups of rats
in experiment 1, we used mice with access to water as the only
control group in the following experiments. Mice with 12-h
ethanol abstinence exhibited significant decreases in crossings
into the central zone of the open-field test compared to the
control (F (3,35) = 13.167, p < 0.001; Fig. 2a). Rolipram
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<« Fig. 2 Acute administration of rolipram decreased anxiety-like behavior
induced by acute ethanol abstinence in C57 mice. Rolipram (0.5 mg/kg)
significantly attenuated the decreased percentage of crossings in the
central zone in the open-field test (a). It also reversed the decreased
duration (b) and transitions (c) in the light compartment in the light-
dark transition test 12 h after abstinence from ethanol exposure. Values
shown are means + SEM. * p < 0.05, *** p < 0.001 compared to control
(simply water, without ethanol exposure); # p < 0.05, ## p < 0.01
compared to the vehicle-treated ethanol-abstinent group; n = 8—10

(0.25, 0.5 mg/kg) administered 30 min before behavioral test-
ing dose-dependently attenuated the decreased crossings in
the central zone with statistical significance at the dose of
0.5 mg/kg (p < 0.01). The general activity was similar among
different treatment groups as there was no difference in total
horizontal crossings among these mice (data not shown).

In the light-dark transition test, mice with acute ethanol
abstinence showed significant decreases in the time spent in
the illuminated chamber (F (3,35) = 3.143, p < 0.05; Fig. 2b)
and the transitions from the dark compartment to the light side
(F(3,35)=5.362, p < 0.01; Fig. 2¢), but the latency to the light
side remained unaffected (data not shown). These data further
support that PDE4 is involved in the expression of ethanol
abstinence-induced anxiety-like behavior.

Effects of rolipram on depressive- and also anxiety-like
behavior induced by protracted ethanol abstinence

To determine whether PDE4 is involved in depressive-like
behavior induced by abstinence from ethanol drinking, we
tested the antidepressant-like effects of rolipram in C57 mice
using a protracted ethanol abstinence protocol. Mice with 6-
week access to ethanol in three-bottle choice exhibited prefer-
ence to ethanol at the higher concentration (20%) during the 4
consecutive days before abstinence from ethanol (data not
shown). The anxiety- and depressive-like behavior was
assessed using EPM, forced-swim test (FST), and tail-
suspension test (TST) on days 1, 13, and 14, respectively, after
the beginning of ethanol abstinence. After 24-h ethanol absti-
nence, mice exhibited decreases the percentages of entries and
time spent in open arms in the EPM test (Fig. 3a, b). Rolipram
(0.1, 0.3, 1.0 mg/kg) produced significant increases in the
former and a tendency to increase the time spent in open arms
although no statistical significance was observed for the latter
compared to the vehicle-treated ethanol-abstinent mice. These
data confirmed the results in experiments 1 and 2 and further
proved the role of PDE4 in anxiety-like behavior related to
different patterns of ethanol abstinence.

On day 13 after abstinence from ethanol, abstinent mice
showed significant increases in duration of immobility in the
FST compared to the control group of mice (¥ (4,43)=3.172,
p < 0.05; Fig. 3c); this was attenuated by rolipram (0.1, 0.3,
1.0 mg/kg) in a dose-dependent manner compared to the
vehicle-treated ethanol-abstinent mice.
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On day 14 after ethanol abstinence, similar to the FST,
abstinent mice showed significant increases in duration of
immobility in the TST compared to the control group of mice
(F (4, 39) =3.555, p < 0.05; Fig. 3d); this was attenuated by
rolipram (0.1, 0.3, 1.0 mg/kg), although no statistical signifi-
cance was observed compared to the vehicle-treated ethanol-
abstinent mice. The results in the FST and TST suggest that
PDE4 may also play a role in the depressive-like behavior in
response to protracted ethanol abstinence.

Discussion

In the present study, we demonstrated that inhibition of PDE4
via acute or chronic rolipram administration attenuated
anxiety- and depressive-like behavior in different animal
models of ethanol abstinence, suggesting that PDE4 contrib-
utes to the development of the negative affective status asso-
ciated with cessation of chronic ethanol exposure. The results
provide a promising demonstration for the important role of
PDE4 in the mediation of alcoholism. To our knowledge, this
is the first study investigating the role of PDEs in regulating
the development of ethanol abstinence-related behavior.

Using the repeated ethanol abstinence protocol, we aimed
to determine the potential role of PDE4 in the induction phase
of ethanol abstinence-related anxiety-like behavior; this was
achieved via rolipram administration at the beginning of ab-
stinence from ethanol drinking. The repeated abstinence pro-
cedure we used was a little different from that previously
published (Overstreet et al. 2005; 2002), but was also effective
and efficient in inducing anxiety-like behavior in FH/Wjd rats.
Since rolipram produces sedation in the first 1 h after admin-
istration as shown in our previous studies (Hu et al. 2011), we
performed the EPM test 3 h after administration of rolipram
and the beginning of ethanol abstinence in order to avoid the
potential influence of the sedative effect of rolipram on its
anxiolytic activity. At this time point, rolipram selectively de-
creased anxiety-like behavior of ethanol-abstinent rats without
altering their general motor activity.

To verify the anxiolytic-like effect of rolipram in FH/Wjd
rats with repeated abstinence from ethanol drinking, acute
ethanol-abstinent C57 mice were used in experiment 2.
Similar to the observations in rats, rolipram suppressed
anxiety-like behavior produced 12 h after abstinence from
ethanol exposure, as evidenced by reversing ethanol
abstinence-induced decreases in crossings into the central
zone in the open-field test and duration in and transitions into
the illuminated compartment in the light-dark transition test. It
was noted that rolipram failed to produce a significant effect
on the time spent in the central zone in the open-field test (data
not shown), which occurred likely due to the behavioral var-
iation of mice in response to rolipram at the testing doses. This
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could be clarified in future studies using optimized doses of
rolipram or modified ethanol abstinence procedures.

The anxiolytic-like effects of rolipram were verified in C57
mice with abstinence from ethanol using three-bottle choice.
Similar to the two-bottle choice paradigm, ethanol abstinence
also produced anxiety-like behavior in mice under ethanol
three-bottle choice, as evidenced by decreased percentages
of entries and time spent in the open arms of the EPM, both
of which were attenuated by rolipram, although the latter was
not statistically significant. Since depressive-like behavior oc-
curs 2 weeks after abstinence from ethanol (Stevenson et al.
2009), we used the protracted ethanol abstinence protocol in
C57 mice in order to identify the role of PDE4 in ethanol
abstinence-related depressive-like behavior. This cannot be
achieved using FH/Wjd rats given their innately highly de-
pressive properties (Rezvani et al. 2002). Ethanol
abstinence-induced depressive-like behavior was attenuated
by rolipram in both the FST and TST, although the latter
lacked statistical significance. While it is not clear what
caused the different responses to the FST and TST, it has been
noted that the TST appears not as sensitive as the FST in
testing the responses of mice to inhibition of PDE4, in partic-
ular PDE4B, which is involved in anxiety-like behavior
(Zhang et al. 2008) and most likely contributes to ethanol-
drinking behavior based on its predominant expression in

Rolipram (mg/kg)

the striatum and amygdala (Cherry and Davis 1999; Pérez-
Torres et al. 2000). In addition, it was noted that a higher dose
(1.0 mg/kg) of rolipram was required to block ethanol
abstinence-induced anxiety- and depressive-like behaviors
probably due to the involvement of neurogenesis.
Abstinence from ethanol decreases hippocampal neurogenesis
while causing depressive-like effects (Stevenson et al. 2009).
Rolipram at a dose of above 1.0 mg/kg produces
antidepressant-like effects via increased adult neurogenesis
(Li et al. 2009).

The downstream targets of cAMP signaling, which is crit-
ically regulated by PDE4, have been well proven to act as
molecular substrates for anxiety-like behavior related to etha-
nol abstinence (Pandey et al. 2003) as well as the development
and maintenance of ethanol-dependent process (Pandey
2004). Decreased phosphorylation of cAMP-response ele-
ment binding (CREB) protein in the amygdala is associated
with innate or ethanol abstinence-induced anxiety-like behav-
ior in rodents (Pandey et al. 2003; Pandey et al. 2005).
Normalization of the decreased phosphorylated CREB
(pCREB) levels reduces ethanol intake (Pandey et al. 2005)
and prevents anxiety-like behavior induced by abstinence
from ethanol (Pandey et al. 2003), while downregulation of
pCREB in normal animals provokes anxiety-like behavior and
increases ethanol intake and preference (Pandey et al. 2003;
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Pandey et al. 2005). Thus, it is possible that rolipram
decreased anxiety- and depressive-like behavior in
ethanol-abstinent rodents via increasing CREB phosphor-
ylation in brain regions closely related to negative emo-
tional reactions and ethanol dependence, such as the
amygdala, although the precise mechanisms underlying
the anxiolytic- and antidepressant-like effects of rolipram
remain to be further elucidated. This is supported by our
previous studies showing that rolipram produces
anxiolytic- and antidepressant-like effects via increased
pCREB in the brain (Li et al. 2009).

In addition to modulating ethanol-dependent behavior,
PDE4 has been demonstrated to play a role in the dependent
process of other abused drugs in earlier studies. Inhibition of
PDE4 by rolipram prevents methamphetamine- and cocaine-
induced behavioral sensitization (Iyo et al. 1996; Iyo et al.
1995; Janes et al. 2009), suppresses self-administration to co-
caine and heroin (Knapp et al. 1999; Lai et al. 2014), inhibits
morphine- and cocaine-induced conditional place preference
(Liddie et al. 2012; Thompson et al. 2004; Zhong et al. 2012),
and attenuates morphine withdrawal symptoms (Gonzalez-
Cuello et al. 2007; Hamdy et al. 2001; Nunez et al. 2009) in
rodents. These results indicate that PDE4 may be involved in a
common route by which drugs of abuse exert their rewarding/
reinforcing actions and trigger neuro-adaptational changes in
the brain.

While it is categorized as a legal drug in most countries,
alcohol is among the most commonly abused substances and
considered more harmful than heroin and cocaine (Lee and
Forsythe 2011; Nutt et al. 2010). The development of alcohol
dependence can be attributable not only to the rewarding and
reinforcing properties of alcohol but also to the negative af-
fective states related to pre-existing conditions or alcohol
withdrawal (Koob and Le Moal 1997; Moonat et al. 2010;
Pandey 2004). Based on our previous findings, we hereby
expanded the modulatory role of PDE to negative emotional
reactions to ethanol abstinence, which may act as a negative
reinforce for alcohol abuse. Inhibition of PDE4 provides a
novel approach to relieving the negative symptoms following
ethanol abstinence. PDE4 inhibitors with less side effects may
represent a novel and promising class of drugs for the treat-
ment of alcoholism.
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