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Abstract

Rationale—Cyclic AMP (cAMP)-protein kinase A (PKA) signaling has been implicated in the
regulation of ethanol consumption. Phosphodiesterase-4 (PDE4) specifically hydrolyzes cAMP
and plays a critical role in controlling intracellular cCAMP levels in the brain. However, the role of
PDE4 in ethanol consumption remains unknown.

Objective—To examine whether PDE4 was involved in regulating ethanol intake.

Methods—The two-bottle choice paradigm was used to assess intake of ethanol, sucrose, and
quinine in C57BL/6J mice treated with the selective PDE4 inhibitor rolipram or Ro 20-1724;
locomotor activity was also monitored using the open-field test in mice treated with rolipram.

Results—Administration (i.p.) of either rolipram (0.25 and 0.5 mg/kg) or Ro 20-1724 (10
mg/kg) reduced ethanol intake and preference by 60-80%, but did not alter total fluid intake. In
contrast, rolipram even at the higher dose of 0.5 mg/kg was not able to affect intake of sucrose or
quinine, alcohol-induced sedation, or blood ethanol elimination. At 0.5 mg/kg, rolipram did
decrease locomotor activity, but the effect only lasted for approximately 40 min, which did not
likely affect behavior of ethanol drinking.

Conclusions—These results suggest that PDE4 is a novel target for drugs that reduce ethanol
intake; PDE4 inhibitors may be used for treatment of alcohol dependence.
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Introduction

It is established that cAMP-PKA signaling regulates ethanol intake in animal models (Misra
and Pandey 2006; Pandey et al. 2004, 2005; Thiele et al. 2000). Stimulation of cAMP-PKA
signaling decreases, whereas inhibition of this signaling pathway increases ethanol intake,
although the actions appear to be brain region-specific (Misra and Pandey 2006; Pandey et
al. 2005). Consistent with these, null mutation of the regulatory 11 subunit of PKA
decreases cAMP-stimulated PKA activity and increases ethanol intake in mice (Thiele et al.
2000). These results suggest that cAMP-PKA signaling plays an important role in the
regulation of ethanol intake.

Phosphodiesterases (PDESs), a superfamily of enzymes that hydrolyze cAMP and/or cGMP,
have 11 families, which are encoded by 21 different genes (Conti and Beavo 2007). PDE4 is
the major PDE family in the control of intracellular cAMP levels (Houslay and Adams
2003). However, it is not known whether PDE4 is involved in the regulation of ethanol
intake. There are four PDE4 subtypes (PDE4A, PDE4B, PDE4C, and PDE4D) in mammals,
which are encoded by four distinct genes (Zhang 2009). While PDEAC is primarily
distributed in peripheral tissues, PDE4A, PDE4B, and PDE4D are abundantly expressed in
the brain (Cherry and Davis 1999; Perez-Torres et al. 2000). Specifically, PDE4B is
predominantly expressed in the striatum and amygdala, whereas PDE4A and PDE4D are
primarily expressed in the hippocampus and cerebral cortex. This distribution pattern
appears to contribute to different roles of PDE4 subtypes in the central nervous system
(CNS) functions. For instance, PDE4D is the major PDE4 subtype in the mediation of
antidepressant activity (Zhang et al. 2002) and is important in the mediation of synaptic
plasticity and memory (Rutten et al. 2008; Burgin et al. 2010); PDE4B is involved in the
regulation of anxiety-like behavior (Zhang et al. 2008) and mediation of antipsychotic
activity and striatal function (Siuciak et al. 2007, 2008).

Ethanol preference has been an important subject for studies in alcohol abuse and
dependence (Green and Grahame 2008; Tabakoff et al. 2008). Oral ethanol consumption is
widely used to investigate the genetic and neurobiological basis for high ethanol preference
(Murphy et al. 2002; Tabakoff et al. 2008). The quantity of ethanol consumption is usually
measured using the two-bottle choice test; animals are given a choice of either ethanol or
water in their home cages and ethanol preference is determined based on the intake of
ethanol and water (Green and Grahame 2008; Yoneyama et al. 2008). Although a great deal
of effort has been made to investigate the neurobiology of ethanol preference, it remains a
topic not well understood.

We hypothesized that PDEA4, as a critical controller of intracellular cAMP signaling, should
play a substantial role in regulating ethanol consumption. To test this hypothesis, we
examined the effects of rolipram and Ro 20-1724, two selective PDE4 inhibitors, on ethanol
intake and preference using the two-bottle choice paradigm in C57BL/6J mice, a strain of
mice that drink a large amount of ethanol (Yoneyama et al. 2008). We found that both PDE4
inhibitors profoundly decreased ethanol intake without altering total fluid consumption.
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Materials and methods

Animals

Adult male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME), 3-6 months old, were
used for the experiments. Animals were housed in a temperature-controlled room with a 12-
h light/dark cycle (lights on from 6:00 through 18:00) and had access to food and water ad
libitum. Four batches of C57BL/6J mice were used for drug tests in order to minimize the
potential interaction between drug treatments. The first batch of mice was used to test the
effect of rolipram (0.5 mg/kg x 2 times/day; A.G. Scientific, San Diego, CA) on ethanol
intake and preference; these mice were later used for the sucrose intake test. The second
batch was used to test the effects of 0.1 and 0.25 mg/kg rolipram on ethanol intake and
preference; the mice were later used for the quinine intake test and ethanol metabolism
assay. The third batch of mice was used to examine the effect of Ro 20-1724 (Sigma-
Aldrich, St. Louis, MO) on ethanol intake and preference. The fourth batch of mice was
used to study the effects of rolipram on locomotor activity and ethanol-induced hypnosis.
Animals were allowed 1-2 w for washout between experiments if they were used repeatedly
for different tests.

All experiments were carried out according to the ‘NIH Guide for the Care and Use of
Laboratory Animals’ (NIH Publications No. 80-23, revised 1996). The procedures were
approved by the Animal Care and Use Committee of West Virginia University Health
Sciences Center.

Ethanol two-bottle choice test

Ethanol consumption was measured by the two-bottle choice paradigm as described
previously (Pandey et al. 2004). Mice were individually housed in standard clear plastic
cages with wire lids holding the food and water/ethanol bottles (50 ml glass centrifuge
tubes). The metal tubes attached to the stoppers for the glass tubes were long enough to
allow animals to access to the liquid easily. Standard bedding (Bed-o-cobs) was used.
Animals had ad libitum access to water in two bottles, from which animals were habituated
to water drinking for up to 2 w. Bottle positions were switched daily to exclude position
bias. Mice were provided with the ethanol solution (7%; v/v) in one bottle and water in the
other bottle for 4 consecutive days; the ethanol concentration was then increased to 9% for 3
d, followed by 12% for another 3 d. Fresh ethanol solutions were provided every other day.
During the test, mice were i.p. injected with vehicle [saline containing 5% dimethyl
sulfoxide (DMSO)] or different doses (0.1, 0.25, and 0.5 mg/kg) of rolipram, which was
dissolved in saline containing 5% DMSO, at 9 am and 6 pm each day. Consumption of
ethanol and water was measured by weighing the bottles daily right before the 6 pm
injections. The average daily intake of ethanol or water for each ethanol concentration was
calculated from the drinking volumes starting from day 1. Leakage from the bottles was
estimated by placing two of the same water bottles in empty cages without animals. The
average volume depleted from these “control” bottles was subtracted from the daily drinking
volume of ethanol or water.
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In a separate experiment using naive animals, Ro 20-1724, another selective PDE4 inhibitor,
was used to verify the effect of PDE4 inhibition on ethanol intake and preference. Similar to
rolipram, Ro 20-1724 (10 mg/kg, dissolved in saline containing 1% Tween 80, which was
used as vehicle) or vehicle was injected two times a day. In addition, we simply tested the
median concentration (9%) of ethanol given the purpose of confirming the effect of rolipram
on ethanol intake. Ethanol and water intake was measured using the two-bottle choice test as
described above.

Sucrose or quinine intake

To determine whether the effect of rolipram on ethanol intake was related to taste
preference, we measured consumption of sucrose or quinine in mice using the same two-
bottle choice paradigm. Mice were provided with the sucrose solution (2%) in one bottle and
water in the other bottle for 3 consecutive days before the sucrose concentration was
increased to 4% for additional 3 d. Rolipram (0.5 mg/kg) or vehicle was injected twice a day
following the procedures described above. Similarly, in the quinine intake test, 0.03 mM
quinine was first provided for 3 d, followed by 0.1 mM quinine for another 3 d. Average
daily intake of sucrose or quinine was calculated from all the three days of drinking.

Locomotor activity

This was measured by recording disruption of infrared photo beams (16 x 16) using the
automated activity monitoring system PAS-Open Field (41 x 41 x 38 cm; San Diego
Instruments, San Diego, CA). The experiment was performed between 6:00-10:00 pm the
next day after 20-min habituation to the open-field chambers. Specifically, mice were
injected with either rolipram (0.5 mg/kg) or its vehicle (saline containing 5% DMSO) and
immediately placed into the chambers with the room lights off. The two treatment groups of
animals were matched in the habituation and open-field test. Locomotor activity expressed
as beam breaks was recorded every 10 min for 4 h.

Ethanol-induced sedation

This was carried out between 9:00 am - 12:00 pm as described previously (Radcliffe et al.
2005). Mice received rolipram (0.5 mg/kg) or its vehicle followed immediately by i.p.
injections of 3.8 g/kg ethanol (20% wi/v in 0.9% saline). The mice were then placed on a V-
shaped trough once they became ataxic. Ethanol-induced sedation was calculated as the time
interval between loss and regaining of righting reflex. Mice were considered to have
regained their righting reflex when they were able to right themselves three times within 1
min.

Blood ethanol metabolism

To determine whether ethanol metabolism affected rolipram-induced reduction of ethanol
intake, the blood ethanol concentration (BEC) was examined 2 w after the quinine intake
test. The mice of the second batch were injected with vehicle or rolipram (0.5 mg/kg),
followed 30 min later by ethanol. A lower dose (2 g/kg, i.p.) of ethanol was used given that
the BEC is usually low in the two-bottle choice test (Belknap et al. 1977). Blood samples
(25 pl) were collected from retro-orbital sinus at 15, 30, 60, and 120 min after the ethanol
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injection. Blood ethanol concentrations were determined with yeast alcohol dehydrogenase
(ADH), which is a reliable enzyme assay for determination of ethanol contents (Lundquist,
1959). Yeast ADH catalyzes the oxidation of ethanol to acetyldehyde with the simultaneous
reduction of nicotinamide adenine dinucleotide (NAD) to NADH. The consequent increase
in absorbance at 340 nm measured by spectrophotometry is directly proportional to the
ethanol concentration in the sample. Four mice in each group were used for this experiment.

Data analysis

Results

Data were analyzed using two-way repeated measures ANOVA followed by post hoc
Dunnett's tests. Statistical significance was considered when p < 0.05. Data shown are
means £ SEM.

Effects of PDE4 inhibitors on ethanol intake

To determine whether PDE4 was involved in the regulation of ethanol intake and
preference, we examined the effects of PDE4 inhibitors rolipram and Ro 20-1724 on ethanol
consumption in the two-bottle choice test in C57BL/6J mice, a strain that naturally drinks a
large amount of alcohol (Yoneyama et al. 2008). The data were analyzed using two-way
repeated measures ANOVA, followed by Dunnett's post hoc analysis. With regard to ethanol
intake, rolipram treatment, ethanol concentration, and their interaction were all significant
[treatment: A3 4g) = 27.2, £< 0.001; ethanol concentration: A g5) = 66.9, < 0.001;
interaction: A, g5) = 12.9, £<0.001; Fig. 1]; with regard to alcohol preference, both
treatment and the interaction of treatment x ethanol concentration were significant [~z 4g) =
22.4, P<0.001 and Fg, g5) = 2.68, P < 0.05, respectively], while ethanol concentration was
not [F2, 95) = 0.64, P> 0.05; Fig. 2]. Rolipram (0.1 - 0.5 mg/kg) decreased ethanol intake
and ethanol preference in a dose-dependent manner. Specifically, although ineffective at 0.1
mg/kg, rolipram at higher doses (0.25 and 0.5 mg/kg) profoundly reduced ethanol intake
compared to the vehicle control, regardless of the variation of ethanol concentrations,
including 7%, 9%, and 12% (P < 0.05 or A< 0.001; Fig. 1). Ethanol preference was also
decreased by rolipram treatment in a similar pattern (P< 0.01 or < 0.001; Fig. 2). In
addition, the higher ethanol concentration (e.g., 12%) was associated with more ethanol
intake (A2, 95) = 66.9, £< 0.001; Fig. 1), but not higher ethanol preference (/, 95) = 0.64, P
> 0.05; Fig. 2). Rolipram did not change total fluid intake from the two bottles (£ > 0.05;
Table 1).

The body weights of animals were also monitored during the tests. All the vehicle-treated
mice (n = 26) weighed on average 27.9 + 0.7 g and 27.5 + 0.6 g before and after two-bottle
choice, respectively, while rolipram-treated mice weighed 28.8 + 0.9 gand 27.9+0.7 g
before and after the testing (all the mice treated with different doses of rolipram were
combined since their body weights were not different between groups; n = 26). Overall, the
body weights were not significantly changed, regardless of the presence or absence of
rolipram (P> 0.05); no difference was observed between vehicle and rolipram treated
animals (P> 0.05), suggesting changes in ethanol intake are independent of body weights or
food consumption.

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 October 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hu et al.

Page 6

To confirm the role of PDE4 in regulating ethanol intake, we examined the effect of Ro
20-1724, another selective PDE4 inhibitor that is 15-30 times less potent compared to
rolipram (Wachtel, 1983), on ethanol (9%) intake also in the two-bottle choice paradigm.
Consistent with the results from rolipram treatment, mice treated with Ro 20-1724 at 10
mg/kg (i.p., twice a day), a dose equivalent to 0.33-0.67 mg/kg of rolipram, displayed
profound decreases in ethanol intake (P < 0.001; Fig. 3A) and ethanol preference (£ < 0.001;
Fig. 3B). The extent of reduction in ethanol intake was similar to that from 0.5 mg/kg
rolipram. In comparison with vehicle treatment, Ro 20-1724 did not change total fluid intake
(3.71+£0.31 mlvs. 3.23 £ 0.48 ml; n=7; P> 0.05).

Effect of rolipram on sucrose or quinine intake

Taste preference may influence ethanol consumption (Carroll et al. 2008). To determine
whether PDE4 inhibitor-induced decreases in ethanol intake were related to taste preference,
we tested the effect of rolipram at the highest dose (0.5 mg/kg, twice a day) on sucrose
(sweet) and quinine (bitter) intake in mice. As shown in Fig. 4, vehicle-treated mice drank
daily on average 143 and 269 ml/kg of 2% and 4% sucrose solutions, respectively, and the
preference ratios were 0.88 + 0.02 and 0.94 + 0.01, respectively; these were not changed by
rolipram treatment (2> 0.05; Fig. 4A, preference ratios: 0.84 + 0.05 for 2% and 0.96 + 0.01
for 4% sucrose). Water intake was not altered either (£> 0.05; Fig. 4B). We also found that
animals drank much less quinine solutions: vehicle-treated mice drank daily on average 50
and 32 ml/kg of 0.03 and 0.1 mM quinine solutions, respectively, and the preference ratios
were 0.51 = 0.03 and 0.32 + 0.03, respectively; (Fig. 4C); rolipram did not change intake of
either quinine at any of the concentrations (P> 0.05; preference ratios: 0.49 + 0.07 for 0.03
mM and 0.35 £ 0.08 for 0.1 mM quinine); it did not alter water intake either (£ > 0.05; Fig.
4D). These results suggest that rolipram does not affect taste preference at doses decreasing
ethanol intake, although animals overall prefer the sweet taste and avoid the bitter taste.

Effect of rolipram on locomotor activity

Rolipram has been reported to cause sedation when administered acutely in rodents
(Wachtel 1983). To examine this effect of rolipram, mice were injected i.p. with 0.5 mg/kg
rolipram or its vehicle, immediately after which locomotor activity expressed as beam
breaks was recorded every 10 min for 4 h using the open-field test. Two-way repeated
measures ANOVA showed that time was significant [F3 230) = 7.84, £< 0.001; Fig. 5],
while treatment approached significance [A, 230) = 4.83, £=0.05]. There was a significant
interaction between treatment and time [F23, 230) = 2.67, £< 0.001]. Post hoc Tukey
analysis revealed that rolipram reduced locomotor activity only within 40 min of treatment
(P<0.05); it did not alter locomotor activity since 50 min after the injection (Fig. 5).

Effect of rolipram on ethanol-induced sedation

The cAMP/PKA signaling cascade has been shown to affect ethanol-induced sedation
(Thiele et al. 2000). To determine whether PDE4 was also involved in ethanol-induced
sedation, the sleep time was examined in mice treated with vehicle or rolipram (0.5 mg/kg)
right before the injection of ethanol (20%, w/v) at the dose of 3.8 g/kg, which was chosen
based on the significant sedation of ethanol at this dose in C57BL/6J mice (Fee et al. 2004).
Ethanol-treated mice slept for 129 + 9 min; this was not changed by administration of
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rolipram (129 + 11 min; n = 8; P> 0.05), suggesting that rolipram does not alter ethanol-
induced sedation.

Effect of rolipram on ethanol metabolism

To determine whether rolipram affected ethanol metabolism, we examined blood ethanol
concentrations in mice treated with rolipram (0.5 mg/kg) or vehicle at 15, 30, 60, or 120 min
after the injection of 2 g/kg ethanol. During this period, the blood ethanol concentrations
were gradually decreased over time, regardless of the treatment (Fig. 6). However, there was
no difference between the rolipram treatment and vehicle control groups (P> 0.05),
indicating that rolipram does not alter blood ethanol elimination.

Discussion

In the present study, we demonstrated that inhibition of PDE4 by rolipram reduced ethanol
consumption in C57BL/6J mice; this was independent of changes in the sweet or bitter taste.
The effect of rolipram was verified by using Ro 20-1724, another selective PDE4 inhibitor,
which decreased ethanol intake and preference to a similar extent as rolipram. Given that
treatment with rolipram increases CAMP and phosphorylated cAMP response-element
binding protein (pCREB) in the brain (Li et al. 2009 2011; Schneider 1984) and that cAMP
signaling plays an important role in the regulation of ethanol preference (Misra and Pandey
2006; Pandey et al. 2004; Thiele et al. 2000), these results suggest that pharmacological
inhibition of PDE4 and subsequent increases in cAMP signaling in the brain may be
responsible for the reduction of ethanol preference. To our knowledge, this is the first study
to investigate the role of PDEs in regulating ethanol consumption.

Since rolipram has been shown to cause sedation in rodents (Griebel et al. 1991; Smith

1990; Wachtel 1983), it is necessary to rule out the potential contribution of sedation to
decreased ethanol intake after rolipram treatment. Our results did show that rolipram at 0.5
mg/kg reduced locomotor activity within 40 min after administration. This time course
appears to be in agreement with our previous study, in which rolipram reverses
scopolamine-induced memory deficit within 60 min after treatment (Zhang and O'Donnell
2000). The results are consistent with those in an earlier study (Smith, 1990), in which
rolipram reduces locomotor activity as measured 30 min after administration for 10 min in
C57BL/6J mice, although the dose (2 mg/kg) is much higher compared to that used in the
present study. Regardless, rolipram-induced sedation appears not to contribute to decreased
ethanol intake in rolipram-treated mice. This is because that the volume of ethanol drinking
was measured before, instead of after, the rolipram injection. In addition, decreases in
ethanol intake and preference produced by PDE4 inhibitors were accompanied by
proportionate increases in water intake, leading to unaltered intake of total fluid, which
indicates independence of sedation. Further, neither rolipram nor Ro 20-1724 affected
sucrose intake. Finally, rolipram did not affect ethanol-induced hypnosis. Together, these
results suggest that the sedative effect of rolipram is not involved in reduction of ethanol
intake after rolipram treatment; other CNS effects rather than sedation may have caused the
decrease in ethanol intake induced by PDE4 inhibitors. Nevertheless, we reduced the dose of
rolipram to 0.5 mg/kg, twice a day, to minimize the potential sedative effect while sustaining
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the effect of rolipram on ethanol intake as long as possible. This treatment strategy was
based on our and other studies showing that repeated administration of rolipram at 1.25
mg/kg once per day produces reliable behavioral and neurochemical effects in mice (Li et al.
2009 2011; Nakagawa et al. 2002), although the half-life of rolipram is only 1-3 h (Krause
and Kuhne 1988). No tolerance was or has been observed with repeated rolipram treatment.

It was noted that C57BL/6J mice drank low volumes of total fluid in the present study
(Table 1), leading to a relatively low baseline of ethanol intake even in the vehicle-treated
animals, compared to the baseline published elsewhere using the same strain of mice
(Yoneyama et al. 2008). Further reduction of ethanol intake by rolipram may cause fairly
low blood ethanol concentrations (BECs), which would raise the concern of the interaction
of rolipram and ethanol in the CNS. However, while the present study did not provide direct
demonstrations to clarify this, it was most likely that rolipram reduced ethanol intake
through the CNS. First, the mice displayed a high ethanol preference ratio (about 0.6), which
falls to the ratio range of 0.4-0.8 (for 9-10% ethanol solutions) as published elsewhere
focusing on the interaction between ethanol and cAMP signaling components in the brain
(Pandey et al. 2004; Thiele et al. 2000; Yoneyama et al. 2008). Second, the volume of
ethanol intake in the present study was comparable to that in some studies published earlier.
For instance, Dole and Gentry have found that C57BL/6J mice voluntarily drink an average
of 5 g/kg ethanol from a 10% (v/v) ethanol solution during a 24-hr period (Dole and Gentry
1984); 80% of the ethanol drinking occurs during the night. Consistent with this, the BECs
rise to pharmacologically significant levels every night, although fluctuated and not for
extended periods of time (Dole and Gentry 1984). Therefore, the levels of ethanol intake
(e.g., about 5 g/kg from 9% ethanol) in the present study, although relatively low, should
have provided BECs high enough during night for interaction with rolipram in the CNS.
Third, rolipram did not affect ethanol elimination, suggesting that its effect on ethanol
drinking is independent of ethanol metabolism. This is consistent with the finding that
cAMP/PKA signaling is not likely involved in the regulation of ethanol metabolism (Fee et
al. 2004; Pandey et al. 2004).

It has been shown that cAMP signaling in the brain is negatively correlated with ethanol
intake; higher levels of cAMP-PKA signaling in the brain, especially in the nucleus
accumbens (NAc) and amygdala, can cause lower levels of ethanol preference in animals
(Misra and Pandey 2006; Pandey et al. 2004, 2005; Thiele et al. 2000). Rolipram, at doses
(0.25 and 0.5 mg/kg) that reduced ethanol intake, increases CAMP levels in various brain
regions, especially in the striatum (Schneider 1984), which has been shown important for
ethanol drinking (Misra and Pandey 2006). In addition, studies have shown that rolipram
may also reduce the use of other abused drugs such as cocaine, morphine, and
methamphetamine (lyo et al. 1996; Knapp et al. 1999; Mamiya et al. 2001; Thompson et al.
2004). For example, rolipram inhibits cocaine self-administration in animal models (Knapp
et al. 1999) and cocaine- or morphine-induced conditioned place preference (Thompson et
al. 2004), prevents methamphetamine-induced behavioral sensitization (lyo et al. 1996), and
blocks the development of morphine dependence (Mamiya et al. 2001). Therefore, it is
possible that PDE4 inhibitors decrease ethanol intake and preference via increases in CAMP
signaling in drug addiction-related brain regions such as the striatum and amygdala. Further
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studies are needed to examine the effects of PDE4 inhibitors on ethanol motivational
(rewarding and aversive) properties.

Given the importance of cCAMP-PKA in general drug abuse, for which the mesolimbic
dopamine system is critical (Self 2004), reduction of ethanol intake in response to PDE4
inhibition may also be regulated by dopaminergic neurotransmissions. Rolipram, perfused
into the jugular vein, decreases the firing of dopaminergic neurons in the ventral tegmental
area (Scuvee-Moreau et al. 1987). It also enhances dopamine release and/or biosynthesis in
the cultured mesencephalic neurons (Yamashita et al. 1997) and in the striatum in vivo
(Nishi et al. 2008). At high doses such as 3 mg/kg, rolipram has been shown to reduce the
binding of dopamine D1 and D2 receptors as well as muscarinic cholinergic receptors to
their ligands in the brain, probably by changing cAMP-PKA signaling and protein
phosphorylation (Hosoi et al. 2002, 2003). However, it is not known whether rolipram at
much lower doses as used in the present study is able to produce similar effects on
dopaminergic neurons.

While there is no evidence for the involvement of PDE4 subtypes in ethanol intake, PDE4B
may be the PDE4 subtype of interest given that it is the predominant subtype expressed in
the striatum, amygdala, and hypothalamus and the only PDE4 isoform expressed in the
NAcC, as evidenced by studies using in situ hybridization and immunohistochemistry (Cherry
et al. 1999; Engels et al. 1995; Perez-Torres et al. 2000). These brain regions are involved in
drug reinforcement (Koob and Volkow 2010) and stress-related processes (Shin and
Liberzon 2010). In addition, mice deficient in PDE4B display more anxiety-like behavior
and less exploration (Zhang et al. 2008). Novelty seeking or exploratory behaviors appear
positively associated with ethanol intake or drug use (Davis et al. 2008; Nadal et al. 2002),
although there are different observations (Bienkowski et al. 2001; Kliethermes et al. 2007).
Furthermore, chronic ethanol exposure increases LPS-inducible expression of PDE4B in
monocytes/macrophages (Gobejishvili et al. 2008); incubation of bovine bronchial epithelial
cells with ethanol increases PDE4 activity (Forget et al. 2003). Further studies using mice
deficient in PDE4B will help identify the role of PDE4B in the regulation of ethanol intake.

Overall, it has been established that cAMP signaling is importantly involved in alcohol
dependence. We expanded this finding to PDE4, an enzyme that critically control
intracellular cAMP levels, by providing promising demonstrations that pharmacological
inhibition of PDE4 in the brain profoundly reduces ethanol intake and preference in mice.
The results suggest that PDE4 may be a useful target for drugs to reduce ethanol
consumption and that PDE4 inhibitors may be a novel class of drugs for treatment of alcohol
dependence.
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Fig. 1.

Rolipram reduced ethanol intake in the two-bottle choice paradigm in C57BL/6J mice.
Animals were provided with one bottle containing the ethanol solution at the concentration
of 7%, 9%, or 12%, each for 3-4 d and another bottle containing water. Rolipram (0.1, 0.25,
or 0.5 mg/kg) or vehicle was injected twice daily. Ethanol intake (g) was adjusted by body
weight (kg). Data were analyzed with two-way repeated measures ANOVA, followed by
Dunnett's post hoc analysis. Rolipram at either 0.25 or 0.5 mg/kg profoundly reduced
ethanol intake, while at 0.1 mg/kg it did not have a significant effect. Data shown are means
+ SEM; n = 8 — 10 except for the vehicle control group (n = 26); * P < 0.05, *** £< 0.001
vs. corresponding vehicle.

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 October 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hu et al.

EtOH preference

Fig. 2.

Page 14

] 7% EtOH
B3 9% EtOH
ea 12% EtOH

2"

*%k

e e e e " e

e

0.0

S0P OO0 D
Q‘Q Q"\ Q‘}Qo‘) Q‘Q Q"\ Q‘}Qo‘) Q‘Q

7,
0
. e@
%

Rolipram (mg/kg)

Rolipram reduced ethanol preference in the two-bottle choice paradigm in C57BL/6J mice.
Animals were provided with one bottle containing the ethanol solution at the concentration
of 7%, 9%, or 12%, each for 3-4 d, and another bottle containing water. Rolipram (0.1, 0.25,
or 0.5 mg/kg) or vehicle was injected twice daily. Ethanol preference = ethanol intake/
(ethanol intake + water intake). Data were analyzed with two-way repeated measures
ANOVA, followed by Dunnett's post hoc analysis. Rolipram at either 0.25 or 0.5 mg/kg
profoundly reduced ethanol preference, while at 0.1 mg/kg it did not have a significant
effect. Data shown are means + SEM; n = 8 - 10 except for the vehicle control group (n =
26); ** P < 0.01, *** P<0.001 vs. corresponding vehicle.
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Fig. 3.
The PDE4 inhibitor Ro 20-1724 reduced ethanol intake (A) and preference (B) in the two-

bottle choice paradigm in C57BL/6J mice. Mice were provided with an ethanol (9%) bottle
and a water bottle for 3 d. Ro 20-1724 (10 mg/kg) was administered (i.p.) twice a day. Data
shown are means = SEM; n = 7; *** P< 0.001 vs. corresponding vehicle.
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Fig. 4.
Rolipram did not change intake of sucrose, quinine, or water. (A) Intake of sucrose at the

concentrations of 2% and 4%; (B) water intake while the sucrose solution was provided; (C)
intake of quinine at the concentrations of 0.03 or 0.1 mM; (D) water intake while the quinine
solution was provided. The sweet (sucrose) or bitter (quinine) taste was tested for 3 d for
each concentration also using the two-bottle choice paradigm in C57BL/6J mice. Rolipram
(0.5 mg/kg) or vehicle was injected twice daily. Both vehicle- and rolipram-treated mice
preferred 2% and 4% sucrose, while they avoided 0.1 mM quinine; however, there was no
difference between the two treatment groups (P> 0.05). Data shown are means + SEM; n =
8 - 10.
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Effect of rolipram on locomotor activity in the open-field test in C57BL/6J mice. Animals
were injected with vehicle or rolipram (0.5 mg/kg) immediately before the test; locomotor
activity expressed as beam breaks was recorded every 10 min for 4 h using the PAS-Open
Field (see text). Rolipram reduced locomotor activity only within 40 min of treatment. Data
shown are means = SEM; n = 6. * £< 0.05 vs. corresponding vehicle.
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Fig. 6.
Rolipram did not affect ethanol elimination. Rolipram (0.5 mg/kg) or vehicle was injected

30 min prior to the ethanol (2 g/kg) injection. Blood ethanol concentrations (mM) from the
retro-orbital sinus were examined 15, 30, 60, and 120 min after the ethanol injection using
an enzymatic assay (see the text). Data shown are means + SEM; n = 4.
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Table 1

Rolipram did not affect total fluid intake in the two-bottle choice test in mice.

Treatment (mg/kg) | H20 + 7% EtOH (ml) | H20 + 9% EtOH (ml) | H20 + 12% EtOH (ml)
Vehicle 2.83+0.14 297+0.14 2.98+0.13
Rolipram 0.1 2.75+0.20 295+0.13 3.09+0.14
Rolipram 0.25 2.95+0.28 3.11+0.38 2.96 +0.35
Rolpram 0.5 2.80+0.30 2.70+0.26 2.65+0.19

Animals were provided with one bottle containing the ethanol solution at the concentration of 7%, 9%, or 12%, each for 3-4 d, and another bottle
containing water. Rolipram (0.1, 0.25, or 0.5 mg/kg) or vehicle was injected twice daily. Total fluid intake, which was calculated as the sum of
intake from both bottles, was not changed by rolipram at any of the three doses (p > 0.05). Data shown are means + SEM; n = 8 - 10.
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