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Abstract

Background—Alcohol dependence is a complex psychiatric disorder demanding development 

of novel pharmacotherapies. Since the cyclic AMP (cAMP) signaling cascade has been implicated 

in mediating behavioral responses to alcohol, key components in this cascade may serve as 

potential treatment targets. Phosphodiesterase 4 (PDE4), an enzyme that specifically catalyzes the 

hydrolysis of cAMP, represents as a key point in regulating intracellular cAMP levels. Thus, it 

was of interest to determine whether PDE4 was involved in the regulation of alcohol use and 

abuse.

Methods—Male Fawn-Hooded (FH/Wjd) rats were tested for 5% (v/v) ethanol and 10% (w/v) 

sucrose operant oral self-administration following treatment with the selective PDE4 inhibitor 

rolipram (0.0125, 0.025, or 0.05 mg/kg, s.c.); rolipram at higher doses (0.05, 0.1, and 0.2 mg/kg, 

s.c.) was tested to determine its impact on the intake of ethanol, sucrose, or water using the two-

bottle choice drinking paradigm. Subsequent open-field testing was performed to evaluate the 

influence of higher doses of rolipram on locomotor activity.

Results—Acute administration of rolipram dose-dependently reduced operant self-administration 

of 5% ethanol, but had no effect on 10% sucrose responding. Time-course assessment revealed 

significant decreases in ethanol consumption after rolipram (0.1, 0.2 mg/kg) treatment in 

continuous- and intermittent-access to ethanol at 5% or 10%, respectively. Moreover, chronic 

rolipram treatment time-dependently decreased 5% ethanol consumption and preference during 

treatment days and after the termination of rolipram administration. Rolipram at the highest doses 

(0.1 and 0.2 mg/kg) did decrease locomotor activity, but the effect lasted only 10 and 20 min, 

respectively, which did not likely alter long-term ethanol drinking.
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Conclusions—These results suggest that PDE4 plays a role in alcohol seeking and consumption 

behavior. Drugs interfering with PDE4 may be a potential pharmacotherapy for alcohol 

dependence.

Keywords

Cyclic AMP Signaling; Phosphodiesterase-4 (PDE4); Rolipram; FH/Wjd Rat; Ethanol Intake

INTRODUCTION

Alcohol dependence is a complex psychiatric disorder, to which more effective therapeutic 

approaches remain to be developed (Jupp and Lawrence, 2010). A better understanding of 

the biological basis of this disease may aid in the development of novel pharmacotherapies. 

Primarily for this purpose, a variety of alcohol-preferring animal models have been 

established for exploring potential pharmacological targets and agents that may be involved 

in the regulation of alcohol drinking behavior. Among them, the inbred Fawn-Hooded (FH/

Wjd) rat strain, which exhibit innate high alcohol preference, has been increasingly utilized 

in this research area (Overstreet et al., 2006, 2007). FH/Wjd rats voluntarily consume large 

amounts of alcohol, become dependent and will work for alcohol reward. All these 

characteristics render them a suitable animal model of alcoholism (Overstreet et al., 2007; 

Rezvani et al., 2002).

Alcohol use and abuse behaviors have been shown to cause neuroadaptive changes related to 

dysregulation of cellular signaling systems (Koob et al., 1998; Nestler, 2001; Pandey, 2004). 

It has been demonstrated that the intracellular cyclic AMP (cAMP)/protein kinase A (PKA)/

cAMP responsive element binding protein (CREB) signaling pathway mediates behavioral 

responses to alcohol exposure (Moonat et al., 2010; Newton and Messing, 2006; Pandey, 

2004; Pandey et al., 2001b). Lower levels of downstream cAMP signaling function are 

observed in specific brain structures of alcohol-preferring rodents compared with their 

control strains (Misra and Pandey, 2003; Pandey et al., 1999a). Normalization of this 

decreased signal transduction by PKA activator leads to decreases in alcohol intake (Pandey 

et al., 2005), while pharmacologically decreased cAMP signaling in the corresponding brain 

regions produces increased alcohol intake and preference in normal animals (Misra and 

Pandey, 2006; Pandey et al., 2003). These findings suggest that decreased function of 

intracellular cAMP signaling may be a causative factor in alcohol drinking behavior.

As a trigger point of cAMP signal transduction, the intracellular levels of cAMP are 

regulated by the rates of synthesis and hydrolysis, which are catalyzed by adenylate cyclases 

(AC) and cAMP-phosphodiesterases (PDEs), respectively (Soderling and Beavo, 2000). 

PDE4, one of the 11 PDE families described to date, specifically hydrolyzes cAMP and 

plays a crucial role in modulating its intracellular levels (Li et al., 2011; O’Donnell and 

Zhang, 2004; Zhang, 2009). As the predominant PDE enzyme in brain neuronal cells, PDE4 

has proven to be of particular importance in central nervous system functions. 

Pharmacological inhibition of PDE4 by rolipram, a selective PDE4 inhibitor, activates brain 

cAMP signaling and produces antidepressant- (Zhang, 2009; Zhang et al., 2002, 2006), 

anxiolytic-like (Li et al., 2009; Silvestre et al., 1999a), and memory-enhancing (Li et al., 
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2011; Zhang et al., 2000, 2004, 2005) effects in rodents. Most recently, a study by Zhang 

and co-workers has demonstrated that PDE4 inhibitors decrease ethanol intake in C57BL/6J 

mice (Hu et al., 2011). However, the role of PDE4 in alcohol use and abuse remains largely 

unknown.

In the present study, we expanded the existing findings by investigating the role of PDE4 in 

ethanol-mediated behaviors in FH/Wjd rats, a reliable rodent model of alcoholism 

(Overstreet et al., 2007; Rezvani et al., 2002). First, with the use of operant self-

administration procedures, we tested the influence of rolipram on ethanol-seeking behavior 

and determined the selectivity of rolipram effect via similar assessment of nature reward 

seeking (sucrose reinforcement). Since opiate antagonists have been shown to produce the 

most consistent effects in terms of reducing alcohol seeking and intake (Cowen et al., 1999; 

Hyytia and Sinclair, 1993; Volpicelli et al., 1992), the effect of rolipram was compared with 

that of naloxone in ethanol and sucrose self-administration. Second, the current study 

examined acute and chronic effects of rolipram in the two-bottle choice drinking paradigm. 

Time-course assessments of ethanol and sucrose drinking were performed to evaluate the 

effects of acute rolipram administration, while daily ethanol consumption was measured 

under chronic rolipram treatment to view its long-term action. Finally, in this study we 

sought to figure out whether concomitant changes in locomotor activity were involved in the 

reduction of ethanol seeking and intake. Overall, this was the first study in determining the 

role of PDE4 in ethanol consumption and seeking behaviors in alcohol-preferring rats.

MARERIALS AND METHODS

Animals

Fawn-Hooded breeding stocks were obtained from Florey Neuroscience Institutes 

(University of Melbourne, Australia) and rats were bred in the Department of Laboratory 

Animal Science (Peking University Health Science Center). All rats were housed in hyaline 

plastic cages and maintained in a temperature- and humidity-controlled room with 12-h 

light/dark cycle (lights on at 08:00 a.m.). Animals were given time to acclimatize to the 

housing condition before the start of the experiments. Food and water were available ad 

libitum, except for the initial period of operant self-administration training as described 

below. All procedures were approved by the Local Committee on Animal Care and Use; 

animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals (NIH Publications No. 80–23, revised 1996).

Drugs

Ethanol (v/v) and sucrose (w/v) solutions were prepared in tap water using anhydrous 

ethanol or sucrose (Beijing Chemicals Works, Beijing, China). Rolipram and naloxone were 

purchased from A.G. Scientific (San Diego, CA) and Sigma (St. Louis, MO), respectively. 

The drugs were dissolved in normal saline (NS) and administered in a volume of 1 ml/kg via 

subcutaneous (s.c.) injection. All drug solutions were prepared freshly before each testing 

session.
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Operant Oral Self-Administration

Self-administration sessions were conducted in the WS-1 operant self-administration system 

developed by National Institute on Drug Dependence, Beijing, China (Jing et al., 2009). The 

system consisted of six operant conditioning chambers with connection to a computer. Each 

chamber (29.5 × 25.5 × 25 cm) was enclosed in a ventilated, sound-attenuating cubicle with 

house light. The left and right walls of each chamber were equipped with one retractable 

lever (5 cm above the grid floor), respectively. Liquids were maintained in small glass 

bottles and 10-ml syringes (for ethanol/sucrose solutions and water, respectively) mounted 

on programmable pumps, which delivered 0.03ml liquid per activation into a stainless steel 

trough located next to each lever. The placement of ethanol/sucrose solutions and water was 

alternated daily to control side preferences. Stimulus lights were present above each lever. A 

tone-emitting hummer activated by lever presses was equipped on the right wall above the 

light. Upon each lever press, the stimulus light above the pressed lever blinked for 3 s, 

accompanied by a 3-s tone to reinforce availability of liquid reward in the corresponding 

trough. All the operant conditioning chambers were interfaced to the computer, which was 

programmed to record all lever presses and liquid deliveries.

Training of the FH/Wjd rats (n=25; 140 ± 30 g) began with a free choice between 10% 

sucrose solution and water on a fixed ratio 1 (FR1) reinforcement schedule throughout 30-

min sessions. Rats were deprived of water for 15 h before each session to facilitate the 

acquisition of operant responding for fluid reward. A reliable level of lever-pressing 

occurred in 7 days. Water was then freely available in home cages during all subsequent 

sessions. In rats with no water deprivation, an obvious preference for sucrose began to shape 

and became reliable after 4-week training. One rat was excluded from the experiment for no 

acquired lever responses at the end of training. Once a baseline of lever-pressing and sucrose 

preference was established, 5% ethanol was introduced to the 10% sucrose solution in a 

stepwise manner with ethanol concentration increasing from 0% to 5% and sucrose fading 

out to eventually yield 5% ethanol alone. Two training sessions were conducted at each 

concentration (ethanol/sucrose concentration: 0%/10%, 1%/8%, 2%/6%, 3%/4%, 4%/2%, 

5%/0%). After 1-week training for ethanol reinforcement, 24 rats were divided into ethanol 

and sucrose groups according to ethanol lever responses: 12 rats with high ethanol responses 

(> 20 rewards/30 minutes) were included in the ethanol group for 5% ethanol responding; 

the other 12 rats with low ethanol responses (< 15 rewards/30 minutes) were included in the 

sucrose group and trained to respond for 10% sucrose solution again. The concentrations of 

ethanol were selected based on our preliminary studies, which indicate that FH/Wjd rats 

exhibited higher preference for 5% ethanol (Jing et al., 2009). The presence of 10% sucrose 

was set as a natural reward seeking to determine the degree of drug selectivity in affecting 

ethanol self-administration. Original sucrose lever-presses were not significantly different 

between ethanol and sucrose groups of rats.

Drug administration began once responding to ethanol/sucrose was stable after 2-week 

maintenance sessions. Rolipram (0.0125, 0.025, or 0.05 mg/kg), naloxone (0.025, 0.05, or 

0.1 mg/kg) and NS were administered in a random order throughout a 4-week period. 

Baseline responding was re-established between tests, with a minimum of three training 

sessions conducted between treatments. All injections were performed 30 min prior to the 
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beginning of each session. The mean body weights of rats were 304 ± 34 g and 297 ± 30 g 

for ethanol and sucrose groups, respectively, at the first drug test session.

Two-Bottle Choice Drinking Paradigm

Rats were individually housed in plastic cages. All fluids were presented in identical 

drinking bottles in front of each cage, with one bottle always containing water and a second 

bottle containing 5% ethanol solution or subsequently, 10% ethanol or 2% sucrose solutions. 

The placement of ethanol/sucrose and water bottles was switched daily to control for side 

preference. NS or rolipram was administered 30 min before the onset of drinking sessions. 

All drinking bottles were weighed using an electronic scale at certain time points after the 

fluids were presented. The body weights and food consumption of each rat were also 

measured each day to observe the daily changes and to normalize fluid or food consumption 

by body weights.

The effects of rolipram on voluntary ethanol consumption were measured initially in 

continuous-access two-bottle choice drinking paradigm. After 2-week habituation to two-

bottle drinking of 5% ethanol and water, 32 rats weighing 324 ± 32 g were selected for drug 

testing based on stable ethanol preference (> 70%). This criteria was set up given that rats 

with the preference lower than 70% were observed to show high variability (>10%) in 

ethanol preference and consumption across drinking sessions. Consumption data of the last 3 

days were analyzed before rats were assigned to NS- or rolipram- treated groups. The effect 

of rolipram (0.05, 0.1, and 0.2 mg/kg) was tested for 30 min after the onset of the drinking 

session. The mean body weight was 356 ± 33 g at rolipram test session. A following time-

course assessment for the effect of rolipram (0.1 and 0.2 mg/kg) was performed for the first 

30min and every single hour for 6 consecutive hours after the onset of drinking.

To evaluate the effect of rolipram on high ethanol drinking behavior, we subsequently 

utilized the intermittent-access two-bottle choice drinking paradigm following the 

procedures described previously (Steensland et al., 2007; Wise, 1973). After acclimatization 

to drinking of 5% ethanol and water, 18 rats showing stable ethanol preference were given 

access to one bottle of 10% ethanol and another bottle of water. After 24 h, the ethanol 

bottle was removed with only the water bottle left for the next 24 h. This pattern was 

repeated until a stable baseline of 10% ethanol drinking was established. After that, rats 

were divided into NS- or rolipram-treated groups according to liquid consumption during 

the last 3 days. Time-course of the effect of rolipram (0.1, 0.2 mg/kg) was observed at 30 

min and every single hour for 6 h after the onset of drinking. The mean body weight was 

342 ± 39 g at the rolipram test session.

The effect of rolipram on 2% sucrose intake was also examined using the same procedures 

as for the time-course assessment of ethanol intake. After habituation to drinking of 2% 

sucrose solution and water, rats were assigned into the NS- or rolipram-treated group 

according to the last 3 days’ consumption data. NS or 0.2 mg/kg rolipram was administered 

30 min before the beginning of the drinking session. The bottle weights were measured at 

the initial 30 min and every single hour for 6 h after the onset of the drinking session.
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By using the two-bottle choice drinking test, the effects of chronic rolipram treatment were 

also measured in 16 rats, which had maintained stable drinking levels (> 4.5 g/kg/day) and 

preference (> 70%) of 5% ethanol solution for 4 weeks. Rats were assigned into the NS- or 

rolipram-treated group according to their last 3 days’ consumption data. During the first 3 

days, their daily ethanol/water intake, food consumption, and body weights were recorded as 

the normal baseline levels. NS or 0.2 mg/kg rolipram was then administered t.i.d. at 07:30 

p.m., 01:30 a.m. and 07:30 a.m. for 4 consecutive days. The time points and interval of drug 

treatment were determined according to the effective duration of rolipram observed in time-

course assessment and the drinking habit of FH/Wjd rats (Jing et al., 2009). Data in the first 

3 days after the last rolipram administration were recorded as the post-treatment baseline 

levels. The mean body weight was 295 ± 25 g at the beginning of this experiment.

Locomotor Activity Test

Locomotor activity was examined using the open field test to determine whether the effects 

of rolipram were associated with non-specific effects on general motor ability. The 

horizontal distances traveled were measured in four identical chambers (49 × 49 × 54 cm) 

using DigBehv spontaneous activity monitors (DigBehv-LG, Shanghai Jiliang Software 

Technology Co. Ltd, China) and analyzed using the DigBehv software (Version 2.0, Jiliang, 

China). Thirty minutes after the administration of rolipram (0.05, 0.1, or 0.2 mg/kg) or NS, 

rats were placed into test chambers to monitor locomotor activity at 10-min intervals for 60 

min.

Statistical Analysis

The data are expressed as mean ± SEM. A significance level of p < 0.05 was used 

throughout the tests. Data of response measures in the operant test, consumption variables in 

the acute rolipram experiment of two-bottle choice drinking, and overall locomotor activity 

were analyzed by one-way ANOVA (factor: Dose). For the analysis of consumption 

variables in the chronic rolipram experiment and for time-course assessment of locomotion, 

two-way repeated measures ANOVA (factors: Dose, Time) were conducted, with Time as 

the repeated factor. Bonferroni post hoc analysis or independent-samples t-test was used 

when a significant overall main effect was revealed (p < 0.05) or where it was appropriate.

RESULTS

Effects of Rolipram on Ethanol and Sucrose Self-Administration

The effect of rolipram on ethanol drinking and reward seeking behaviors was initially 

evaluated using the operant self-administration procedure. Treatment with rolipram (0.0125, 

0.025, and 0.05 mg/kg) had a significant main effect on operant self-administration of 5% 

ethanol [F (3, 20) = 7.249, p < 0.01] (Fig. 1A), but showed no overall effects on lever 

responses for water [F (3, 20) = 1.773, p > 0.05] (Fig. 1C). Post-hoc analysis revealed 

significant inhibition in ethanol responding by rolipram at the doses of 0.025 and 0.05 

mg/kg compared with NS control. In contrast, rolipram treatment did not affect the operant 

self-administration of 10% sucrose [F (3, 20) = 0.116, p > 0.05] (Fig. 1B) or water [F (3, 20) 

= 1.328, p > 0.05] (Fig. 1D), suggesting the effect of rolipram was ethanol-specific.
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As a comparison with the effect of rolipram, naloxone (0.025, 0.05, and 0.1 mg/kg) 

treatment had an overall main effect on operant self-administration of 5% ethanol [F (3, 20) 

= 5.890, p < 0.01] (Fig. 2A), but did not affect 10% sucrose responding [F (3, 20) = 1.283, p 

> 0.05] (Fig. 2B). Significant inhibition was observed only at the highest dose (0.1 mg/kg) 

as revealed by post hoc analysis. Lever presses for water were not affected by naloxone in 

either 5% ethanol [F (3, 20) = 0.700, p > 0.05] (Fig. 2C) or 10% sucrose [F (3, 20) = 0.772, 

p > 0.05] (Fig. 2D) trained rats. Therefore, rolipram appears to inhibit ethanol seeking 

behavior in a way similar to naloxone, but with much lower effective dose, indicating a 

greater contribution of PDE4 to the modulation of ethanol rewarding properties.

Effects of Acute Rolipram Administration on Two-bottle Choice Drinking

By using the continuous-access two-bottle choice drinking paradigm, we first examined the 

effect of rolipram on moderate ethanol (5%) drinking. Rolipram (0.05, 0.1, and 0.2 mg/kg) 

treatment exhibited an overall main effect on 30-min ethanol intake [F (3, 28) = 7.123, p < 

0.01] (Fig. 3A) after the start of drinking session, but had no effect on water consumption [F 

(3, 28) = 0.143, p > 0.05] (Fig. 3B). Ethanol and water consumptions were not affected 24 h 

or 24–48 h after rolipram administration (data not shown), suggesting that the effect of 

rolipram is somewhat transient and rolipram treatment may not lead to a rebound increase in 

ethanol consumption. Moreover, daily food consumption and body weights of rats were not 

altered after single rolipram exposure (data not shown). Thus, a time course assessment was 

adopted to determine the effective duration of rolipram efficacy. One-way ANOVA revealed 

a significant main effect of rolipram on ethanol consumption for up to 5 consecutive hours 

[30 min: F (2, 15) = 28.641, p < 0.001; 1 h: F (2, 15) = 22.657, p < 0.001; 2 h: F (2, 15) = 

16.698, p < 0.001; 3 h: F (2, 15) = 7.226, p < 0.01; 4 h: F (2, 15) = 8.498, p < 0.01; 5 h: F 

(2, 15) = 7.533, p < 0.01; 6 h: F (2, 15) = 1.464, p > 0.05], and post hoc analysis showed that 

rolipram significantly decreased ethanol intake for 2 h at the dose of 0.1 mg/kg and 5 h at 

0.2 mg/kg, compared with NS (Fig. 4A). In contrast, rolipram at the same doses did not 

significantly affect water intake during the 6-hour observation [30 min: F (2, 15) = 1.618, p 

> 0.05; 1 h: F (2, 15) = 1.777, p > 0.05; 2 h: F (2, 15) = 0.250, p > 0.05; 3 h: F (2, 15) = 

0.605, p > 0.05; 4 h: F (2, 15) = 0.397, p > 0.05; 5 h: F (2, 15) = 0.311, p > 0.05; 6 h: F (2, 

15) = 0.178, p > 0.05] (Fig. 4B). Ethanol and water intake, food consumption, and body 

weight at the 24-h time point were not altered (data not shown).

The effect of rolipram on high ethanol drinking behavior was also measured via the 

intermittent-access two-bottle drinking of 10% ethanol and water. Rolipram (0.1 and 0.2 

mg/kg) showed a significant main effect on ethanol intake for 5 consecutive hours after the 

onset of drinking session [30 min: F (2, 15) = 19.200, p < 0.001; 1 h: F (2, 15) = 5.924, p < 

0.05; 2 h: F (2, 15) = 7.190, p < 0.01; 3 h: F (2, 15) = 4.016, p < 0.05; 4 h: F (2, 15) = 7.048, 

p < 0.01; 5 h: F (2, 15) = 4.687, p < 0.05; 6 h: F (2, 15) = 3.392, p > 0.05]; post hoc analysis 

indicated significant reduction in ethanol intake for 2 and 5 h by rolipram at 0.1 and 0.2 

mg/kg, respectively, as compared with NS (Fig. 5A). Water consumption was not 

significantly affected during the same period [30 min: F (2, 15) = 1.769, p > 0.05; 1 h: F (2, 

15) = 3.005, p > 0.05; 2 h: F (2, 15) = 2.223, p > 0.05; 3 h: F (2, 15) = 0.472, p > 0.05; 4 h: 

F (2, 15) = 0.931, p > 0.05; 5 h: F (2, 15) = 0.998, p > 0.05; 6 h: F (2, 15) = 0.318, p > 0.05] 
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(Fig. 5B). Fluid/food consumption and body weights were not affected at the 24-h time point 

(data not shown).

A subsequent time course assessment of 2% sucrose drinking was performed to determine 

whether rolipram at higher doses exhibited nonselective inhibition of natural reward 

consumption. Independent sample t-test revealed no significant difference in the intake of 

either sucrose (Fig. 6A) or water (Fig. 6B) between NS- and rolipram (0.2 mg/kg)-treated 

groups through the corresponding 6-h time course assessment. Sucrose and water intake, 

food consumption, and body weights at the 24-h time point were not altered (data not 

shown). Thus, the effect of rolipram appeared to be specific to ethanol.

Effects of Chronic Rolipram Administration on Two-bottle Choice Drinking

To evaluate the long-term effect of rolipram, daily liquid and food consumption was 

measured after chronic treatment with NS or rolipram (0.2 mg/kg). Two-way repeated 

measure ANOVA revealed significant main effect on ethanol/water consumption and 

ethanol preference [ethanol: F (1, 14) = 9.813, p < 0.01; water: F (1, 14) = 10.550, p < 0.01; 

preference: F (1, 14) = 12.347, p < 0.01] and time × treatment interaction [ethanol: F (9, 

126) = 7.272, p < 0.001; water: F (9, 126) = 5.541, p < 0.001; preference: F (9, 126) = 

6.693, p < 0.001]. An independent-samples t-test indicated that ethanol consumption and 

preference were significantly decreased from the second day of rolipram treatment to the 

third day after termination of rolipram (Fig. 7A, C), while significant increases in water 

consumption were observed on the second treatment day and lasted for 4 days (Fig. 7B). 

Meanwhile, significant decrease in daily food consumption [F (1, 14) = 22.405, p < 0.001] 

and a time × treatment interaction [F (9, 126) = 5.541, p < 0.001] were also observed during 

the 4 days of treatment (Fig. 7D). The animals displayed a slight fluctuation in body weights 

but with no significant changes (data not shown). Taken together, chronic administration of 

rolipram produced time-dependent and long-lasting decreases in ethanol consumption and 

preference.

Effect of Rolipram on Locomotor Activity

Rolipram (0.05, 0.1, and 0.2 mg/kg) dose-dependently reduced horizontal distance traveled 

during the 60-min session, but statistical significance was absent as compared to the NS-

treated control (Inset of Fig. 8). To determine the duration and time course of rolipram 

impact on activity, a subsequent analysis of horizontal distance traveled per 10-min interval 

was conducted. Two-way repeated measures ANOVA revealed no main effect of rolipram 

treatment [F (1, 24) = 2.391, p > 0.05], but a significant dose × time interval interaction [F 

(15, 120) = 8.050, p < 0.001]. Post hoc analysis indicated that 0.1 and 0.2 mg/kg rolipram 

significantly reduced the distance traveled throughout the first one and two 10-min intervals, 

respectively (Fig. 8). This hypolocomotor effect of rolipram dissipated during 20–60 min of 

locomotor assessment.

DISCUSSION

In the present study, we demonstrated that systemic administration of the selective PDE4 

inhibitor rolipram decreased ethanol self-administration and consumption in FH/Wjd rats. 
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Parallel evaluations of the natural reinforcer sucrose revealed the selectivity of rolipram 

impact on suppressing ethanol reward seeking and intake. These results suggest that PDE4 

plays a role in the modulation of ethanol reward seeking and consumption behavior, which 

is supported by the recent finding that PDE4 inhibitors decreases ethanol intake in 

C57BL/6J mice (Hu et al., 2011).

In the operant oral self-administration paradigm, rolipram produced a behavioral profile 

similar to that of opioid antagonist naloxone but with greater potency. As sucrose and water 

responses were not altered, it can be inferred that rolipram at doses below 0.05 mg/kg did 

not significantly affect locomotor activity and natural reward seeking. The selective 

reduction in ethanol self-administration by rolipram is likely attributable to alteration of the 

consummatory and/or rewarding properties of ethanol. However, rolipram at the same doses 

were not effective in decreasing ethanol intake in two-bottle choice drinking. Given that 

central side effects, especially sedation (Silvestre et al., 1999b) and emetic-like behavior 

(Rock et al., 2009), reportedly occur in rats treated with rolipram at doses above 0.3 mg/kg, 

we chose a ceiling dose of 0.2 mg/kg in the two-bottle choice test. While rolipram at the 

highest doses (0.1 and 0.2 mg/kg) decreased locomotion, this appeared not to contribute as a 

main factor to the overall reduction in ethanol consumption, since the hypolocomotor effect 

lasted only 10–20 min as measured 30 min after rolipram administration, and water intake 

was not affected. This is consistent with the similar result in the latest study of C57BL/6J 

mice (Hu et al., 2011), which shows that rolipram at the dose of 0.5 mg/kg decreases 

locomotor activity, lasting for 50 min immediately after administration. In addition, non-

significant changes in sucrose and water intake between rats treated with NS and 0.2 mg/kg 

rolipram also supported this hypothesis. Taken together, these results suggest that inhibition 

of PDE4 by rolipram produces promising decreases in ethanol seeking, intake and 

preference, although the specific role of PDE4 in the modulation of rewarding properties 

and behavioral responses to ethanol still need to be fully elucidated.

To verify the effect of acute rolipram treatment on ethanol intake, we set 6 hours as the 

administration interval for chronic rolipram treatment. Rolipram (0.2 mg/kg) was 

administered 3 times starting from 07:30 p.m. in each treatment day. Interestingly, chronic 

administration of rolipram altered ethanol consumption and preference in a time-dependent 

manner, and these effects continued even after termination of rolipram treatment. This is not 

likely attributable to the potential accumulation of rolipram because of its short half-life (1–

3 h) (Krause and Kuhne, 1988) and the relatively low doses used in the present study. 

Moreover, rolipram-induced decreases in food consumption rebounded to the control level 

immediately after rolipram termination. Thus, in addition to the acute pharmacological 

effect, neuroadaptive changes in response to repeated administration of rolipram may also 

contribute to rolipram-induced decreases in ethanol intake and preference.

As a psychoactive agent, ethanol may be consumed due to its reinforcing effect on brain 

mesocorticolimbic dopamine pathway. This pathway mainly consists of dopaminergic 

afferents innervating the NAc from the ventral tegmental area (VTA) (Koob, 1992), which 

represents a primary regulator of reward properties of most abused drugs (Chao and Nestler, 

2004; Hyman and Malenka, 2001; Robbins and Everitt, 1996). Rolipram-induced decreases 

in ethanol seeking and consumption suggest a possible influence of PDE4 on the 
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mesocorticolimbic system. This is supported by two lines of evidence. First, inhibition of 

PDE4 enhances brain dopamine release (Nishi et al., 2008; Schoffelmeer et al., 1985), 

leading to increased dopaminergic neurotransmission, which plays a critical role in the 

mediation of drug abuse (Franken et al., 2005; Gardner, 2011). Second, activated cAMP 

signaling in NAc is crucial for the promotion of drug abuse (Pandey, 2004). Elevated cAMP 

levels in NAc by rolipram alter brain stimulation reward thresholds for various drugs of 

abuse (Knapp et al., 1999; Mamiya et al., 2001; Thompson et al., 2004).

Previous evidence suggests that chronic ethanol exposure leads to neuroadaptive changes via 

the cAMP signaling pathway in different brain structures (Yang et al., 1996, 1998a, b). As a 

critical downstream target of cAMP signaling, CREB has been suggested to be a potential 

molecular switch in the development of alcoholism due to its particular role in long-term 

synaptic plasticity and addiction (Alberini, 2009; Carlezon et al., 2005; McPherson and 

Lawrence, 2007; Pandey, 2004). A series of early studies demonstrated that acute ethanol 

exposure produces rapid increases in phosphorylated CREB (pCREB) in rat cerebellum 

(Yang et al., 1996). This effect can be attenuated by chronic ethanol treatment (Yang et al., 

1996, 1998a, b), leading to unchanged CREB phosphorylation and CRE-DNA binding 

ability. However, ethanol withdrawal causes significant decreases in both pCREB levels and 

CRE-DNA binding in cortical regions (Pandey et al., 1999b, 2001a). Thus, chronic ethanol 

drinking behavior appears to be a neuroadaptive process, whose initiation and cessation 

involve functional changes in cAMP signaling to reach new balances. Since chronic 

treatment with rolipram produces neuroadaptive changes, such as increased neurogenesis (Li 

et al., 2009, 2011; Nakagawa et al., 2002), it is possible that the time-dependent and 

continuing effect of rolipram on ethanol intake may relate to the establishment of a new 

neuroadaptive balance. Further studies are needed to understand the precise mechanisms 

responsible for such adaptive processes.

While rolipram has been suggested to exert its effects mainly through PDE4 inhibition and 

cAMP signaling activation, decreased ethanol seeking and intake in response to rolipram 

may also be regulated by acetylcholine (ACh) neurotransmissions. ACh levels in VTA and 

NAc have been demonstrated to modulate alcohol consuming and withdrawal behaviors 

(Larsson et al., 2005; Rada et al., 2004). Repeated administration of rolipram enhances 

presynaptic ACh synthesis and postsynaptic receptor binding (Asanuma et al., 1993). High 

doses of rolipram (10–100 mg/kg, p.o.) produce cholinergic-like effects (Silvestre et al., 

1999b). In addition, behavioral effect of rolipram can be potentiated by cholinesterase 

inhibitor physostigmine and be reversed by muscarinic receptor antagonist scopolamine 

(Silvestre et al., 1999b). However, it still needs to be elucidated about whether rolipram-

induced ACh transmission is caused by direct interaction with its receptors or indirect 

mechanisms.

In conclusion, modulating cAMP signaling transduction via pharmacological targeting of its 

key components remains a potential strategy for decreasing ethanol consumption. The 

results of our present study suggest that pharmacological inhibition of PDE4, the enzyme 

that specifically controls intracellular cAMP levels, produces inhibitory modulation of 

ethanol reward seeking and consumption behavior. While the mechanisms underlying these 

effects remain to be fully examined, PDE4 may serve as a therapeutic target for the 
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treatment of alcohol dependence. Further studies are required to identify the role of 

individual PDE4 subtypes in ethanol reinforcement and consumption, which may lead to 

more effective pharmacotherapies and preventive approaches.
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Fig. 1. 
Rolipram decreased self-administration of ethanol, but not sucrose or water. Rolipram 

(0.0125–0.05 mg/kg, s.c.) was administered 30 min before the start of the session. Rolipram 

at 0.025 and 0.05 mg/kg significantly reduced lever presses for 5% ethanol (A), but not 

those for 10% sucrose (B). Rolipram at any of the doses did not affect water responses when 

ethanol (C) or sucrose (D) was provided. The data are expressed as mean lever presses ± 

SEM (one-way ANOVA followed by Bonferroni post hoc test). *, p < 0.05; **, p < 0.01 

compared to with NS (0 mg/kg rolipram); n = 6.
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Fig. 2. 
Naloxone decreased ethanol self-administration, but not sucrose or water. Naloxone (0.025–

0.1mg/kg, s.c.) was administered 30 min before the start of the session. Naloxone at 0.1 

mg/kg significantly inhibited lever presses for 5% ethanol (A), but not those for 10% 

sucrose (B). Naloxone at any of the doses did not affect water responses when ethanol (C) or 

sucrose (D) was provided. The data are expressed as mean lever presses ± SEM (one-way 

ANOVA followed by Bonferroni post hoc test). *, p < 0.05 compared with NS (0 mg/kg 

naloxone); n = 6.
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Fig. 3. 
Rolipram significantly decreased ethanol (5%) consumption in FH/Wjd rats. Rolipram 

(0.05–0.2 mg/kg, s.c.) was administered 30 min before the start of the drinking session. 

Rolipram at 0.1 and 0.2 mg/kg significantly decreased ethanol consumption 30min after the 

onset of drinking (A), but had no effect on water intake (B). The values are expressed as 

mean consumption (g/kg) of ethanol or water ± SEM (one-way ANOVA followed by 

Bonferroni post hoc test). *, p < 0.05; **, p < 0.01 compared with NS (0 mg/kg rolipram); n 

= 8.
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Fig. 4. 
Rolipram selectively decreased ethanol consumption for 5 consecutive hours in FH/Wjd rats 

having continuous access to 5% ethanol. Rolipram (0.1, 0.2 mg/kg, s.c.) was administered 

30 min before the start of the drinking session; it significantly decreased ethanol 

consumption for 2h (at 0.1 mg/kg) or 5h (at 0.2 mg/kg) after the onset of drinking (A), but 

had no effect on water intake (B). The values are expressed as mean consumption (g/kg) of 

ethanol or water ± SEM (two-way repeated measures ANOVA followed by Bonferroni post 

hoc test). *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with NS (0 mg/kg rolipram); n 

= 6.
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Fig. 5. 
Rolipram selectively decreased ethanol consumption for 5 consecutive hours in FH/Wjd rats 

having intermittent access to 10% ethanol. Rolipram (0.1, 0.2 mg/kg, s.c.) was administered 

30 min before the start of the drinking session; it significantly decreased ethanol 

consumption for 2h (at 0.1 mg/kg) or 5h (at 0.2 mg/kg) after the onset of drinking (A), but 

had no effect on water intake (B). The values are expressed as mean consumption (g/kg) of 

ethanol or water ± SEM (two-way repeated measures ANOVA followed by Bonferroni post 
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hoc test). *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with NS (0 mg/kg rolipram); n 

= 6.
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Fig. 6. 
Rolipram had no effect on sucrose or water consumption during the 6 consecutive hours of 

testing in FH/Wjd rats. Rolipram (0.2 mg/kg, s.c.) was administered 30 min before the start 

of the drinking session; it did not affect consumption of either 2% sucrose (A) or water (B). 

The values are expressed as mean consumption (g/kg) of sucrose or water ± SEM (two-way 

repeated measures ANOVA followed by student t-test); n = 7.

Wen et al. Page 30

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 February 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Wen et al. Page 31

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 February 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Wen et al. Page 32

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 February 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7. 
Chronic administration of rolipram decreased ethanol consumption and preference in rats 

having continuous access to 5% ethanol. (A) Treatment schedule for chronic rolipram 

dosing experiment. Rolipram (0.2 mg/kg, s.c.) or NS was administered three times a day 

from day 4 to day 7, while data observed in day 1–3 and day 8–10 were set as normal and 

post-treatment baseline, respectively. Rolipram significantly decreased ethanol consumption 

(B) and preference (D) from the second treatment day to the third post-treatment day 

compared with NS control. Water consumption was significantly increased from the second 

treatment day till the first day after termination of rolipram treatment (C). Food consumption 

was decreased only during rolipram treatment (E). The values are expressed as mean 

consumption (g/kg) of fluid or food ± SEM (two-way repeated measures ANOVA followed 

by student t-test). *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with NS (0 mg/kg 

rolipram); n = 8.

Wen et al. Page 33

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 February 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 8. 
Effects of rolipram on spontaneous locomotor activity in the open field test. Horizontal 

distance traveled (mm) subsequent to rolipram (0.05–0.2 mg/kg s.c.) treatment is illustrated 

as both the total 1-hour session or per 10-min interval. Rolipram were administered 30 min 

prior to testing. The values are expressed as mean distance traveled (mm) ± SEM (one-way 

ANOVA or two-way repeated measures ANOVA followed by Bonferroni post hoc test). *, p 

< 0.05; **, p < 0.01 compared with NS (0 mg/kg rolipram); n = 7.
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