
Adolescent psychosocial stress enhances sensitization to 
cocaine exposure in genetically vulnerable mice

Takatoshi Hikidaa,b,*, Makiko Moritaa,b, Mahomi Kuroiwac, Tom Macphersona,b, Takahide 
Shutoc, Naoki Sotogakuc, Minae Niwad,1, Akira Sawad, Akinori Nishic

aLaboratory for Advanced Brain Functions, Institute for Protein Research, Osaka University, 
Japan

bMedical Innovation Center, Kyoto University Graduate School of Medicine, Japan

cDepartment of Pharmacology, Kurume University School of Medicine, Japan

dDepartment of Psychiatry, Johns Hopkins University School of Medicine, USA

Abstract

Development of drug addictive behaviors is modulated by both genetic and environmental risk 

factors. However, the molecular mechanisms remain unknown. To address the role of adolescent 

stress in the development of drug addiction, we combined a transgenic mouse model in which a 

putative dominant-negative form of DISC1 under expressional control of the prion protein 

promoter is used as a genetic risk factor and adolescent social isolation stress as a gene-

environmental interaction (GXE). Repeated cocaine exposure induced greater locomotion in the 

GXE group than in the other groups. In a conditioned place preference (CPP) test, GXE mice 

exhibited a significant place preference to the cocaine-conditioned area compared with the other 

groups. In the nucleus accumbens (NAc) of GXE mice, we found increased enzyme activity of 

phosphodiesterase-4 (PDE4), predominantly located in NAc D2-receptor-expressing neurons, and 

enhanced effects of the PDE4 inhibitor rolipram, but not the D1 agonist SKF81297, on the 

phosphorylation of DARPP-32 and GluA1 at PKA sites. Rolipram injection before cocaine 

exposure completely inhibited cocaine-induced hyperlocomotion and CPP in the GXE group. 

These results indicate that GXE enhances sensitivity to repeated cocaine exposure via an increase 

in PDE4 activity in NAc D2-recptor-expressing neurons, leading to the development of cocaine 

addictive behaviors.
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INTRODUCTION

Development of drug addiction is modulated by both genetic and environmental risk factors 

(Enoch, 2012; Rovaris et al., 2015). However, the molecular mechanisms of these gene-

environment interactions (GXE) in behaviors associated with substance abuse and drug 

addiction are still largely unknown. Substance use disorders are commonly comorbid with 

various psychiatric disorders including schizophrenia, and adolescence is a critical period for 

the onset of substance use disorders as well as that of mood disorders, schizophrenia, and 

anxiety disorders (Paus et al., 2008).

DISC1 has emerged as an important contributor to molecular pathways underlying the 

pathophysiology of various psychiatric conditions, most notably schizophrenia, bipolar 

disorder, and major depression, as well as substance/alcohol abuse (Sawamura et al., 2005; 

Brandon and Sawa, 2011; Niwa et al., 2016b). DISC1 signaling in the nucleus accumbens 

(NAc) is important for cocaine self-administration (Gancarz et al., 2016). Accordingly, mice 

incorporating a putative dominant-negative mutation of DISC1 (DISC1-DN) under the 

αCaMKII promoter exhibit an elevated acute methamphetamine-induced locomotor 

response compared with control groups (Hikida et al., 2007; Jaaro-Peled et al., 2013). We 

have previously reported that social isolation stress imposed during adolescence in DISC1 

mutant mice that have a transgenic DISC1-DN under the prion protein promoter (DISC1-

DN-Tg-PrP) further increased acute methamphetamine-induced locomotion (Niwa et al., 

2013). In the present study, we validated socially isolated DISC1-DN-Tg-PrP mice as a 

GXE mouse model in the pathophysiology of repeated cocaine abuse.

Phosphodiesterase-4 (PDE4) is an important factor in the DISC1 interactome (Millar et al., 

2005; Carlyle et al., 2011; Hikida et al., 2012; Gamo et al., 2013). PDE4 regulates cyclic 

adenocine monophosphate (cAMP) and many of the actions of dopamine through signal 

transduction pathways that involve DARPP-32 (dopamine- and cAMP-regulated 

phosphoprotein of Mr 32 kDa) (Greengard et al., 1999; Svenningsson et al., 2004; Nishi and 

Snyder, 2010; Heckman et al., 2016). When DARPP-32 is phosphorylated by cAMP-

dependent protein kinase (PKA) on Thr34, it is converted into a potent inhibitor of protein 

phosphatase-1, and thereby controls the phosphorylation state and activity of many 

downstream physiological effectors, including various neurotransmitter receptors and 

voltage-gated ion channels. We have reported that pharmacological inhibition of PDE4 with 

rolipram enhances cAMP/PKA/DARPP-32 signaling in striatal medium spiny neurons as 

well as prefrontal cortex neurons (Nishi et al., 2008; Kuroiwa et al., 2012). In this study, we 

investigated whether PDE4 is involved in alterations of cAMP/PKA signaling in GXE mice. 

Finally, we investigated whether rolipram, a PDE4 inhibitor previously shown to reduce 

schizophrenia-associated phenotypes in another DISC1 mutant mouse model (Lipina et al., 

2012), can ameliorate behaviors associated with cocaine addiction in our mouse model.
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MATERIALS AND METHODS

Animals

Male DISC1 dominant-negative transgenic mice under the control of the prion protein 

promoter (DISC1-DN-Tg-PrP) and their male littermate WT mice were used (Niwa et al., 

2013). We reported similar changes in the phenotypes between male and female mice in a 

previously published study (Niwa et al., 2013), although we acknowledge sex-specific 

effects of DISC1 and adolescent stress in other animal models (Weiss et al., 2004; Leussis 

and Andersen, 2008; Pletnikov et al., 2008; Ayhan et al., 2011; Kercmar et al., 2011; Kuroda 

et al., 2011; Hong et al., 2012; Holley et al., 2013; Abazyan et al., 2014; Nakai et al., 2014). 

Other labs have also reported no sex-specific findings in a DISC1 animal model (Koike et 

al., 2006; Clapcote et al., 2007). Mice were group-housed in wire-topped clear plastic cages 

(21×32×13 cm) or isolated in wire-topped opaque polypropylene cages (12.5×20×11 cm) 

from 5 weeks of age continuously with free access to food and water (Niwa et al., 2013). All 

animal handling procedures were performed in accordance with the NIH Guide for the Care 

and Use of Laboratory Animals, and approved by the animal research committees of Osaka 

University Institute for Protein Research, Kyoto University Graduate School of Medicine, 

and Kurume University.

Drug injections and behavioral tests

Cocaine (Shionogi, Osaka, Japan) was dissolved in saline. Cocaine injections and behavioral 

analyses were started after 8 weeks of age.

Locomotor activity was assessed for a 10-min period with an infrared activity monitor 

(Coulbourn Instruments, Holliston, MA) immediately after i.p. injection of saline or cocaine 

(Hikida et al., 2001). Mice received saline once a day and were then habituated in a novel 

chamber for 3 days. Then, saline or cocaine (10 mg/kg) was injected once a day from day 1 

(Acute) to day 5 (Repeated). On day 6, mice that underwent repeated saline treatment 

received a challenge injection of cocaine (10 mg/kg). In a separate set of experiments, mice 

also received repeated saline or rolipram (0.1 mg/kg; TOCRIS bioscience, Minneapolis, 

MN) injections administered 20 mins prior to saline or cocaine injections on Days 1–5.

The Conditioned Place Preference (CPP) test was carried out in a three-chamber apparatus 

consisting of a small middle chamber that connected the two large side chambers (MED 

Associates, Fairfax, VT). The two large chambers differed in floor and wall conditions. On 

day 0, mice were allowed to move freely in the three chambers for 20 min. On days 1–3, 

mice were confined to one large chamber for 15 min immediately after they had received 

saline. Four hours later, they received cocaine (10 mg/kg, i.p.) and were confined to the other 

side chamber for 15 min. Rolipram (0.1 or 0.5 mg/kg) or saline was injected 20 min before 

the cocaine injection. At day 4, mice were placed in the middle chamber without injection of 

rolipram or cocaine, and allowed to move freely in the three chambers for 20 min. The time 

difference was calculated by subtracting the time mice spent in the saline-paired side from 

the time mice spent in the cocaine-paired side (Hikida et al., 2001).
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mRNA isolation, cDNA synthesis and quantitative PCR

NAc, prefrontal cortex (PFC), and ventral tegmental area (VTA) were isolated from 1 mm-

thick brain coronal slices by punching (1.5 mm diameter) and cutting out, respectively 

(Paxinos and Franklin, 2013). Total RNA was isolated using an miRNeasy mini kit (Qiagen, 

Valencia, CA) and cDNA were synthesized using ReverTra Ace qPCR RT master mix with 

gDNA remover (TOYOBO, Osaka, Japan) according to the manufacturer’s protocol. 

Quantitative PCR was conducted using a TaqMan Gene Expression Assay (Applied 

Biosystems, Waltham, MA) and THUNDERBIRD Probe qPCR Mix (TOYOBO, Osaka, 

Japan) and the reaction was performed using a StepOnePlus™ Real-Time PCR System (Life 

Technologies, Calsbad, CA). All data were calculated using the ΔΔCt method normalized 

with β-actin as the endogenous control gene. The TaqMan gene expression assays used 

were: Mm01253862_m1 (PDE4B), Mm00456879_m1 (PDE4D), and Mm00607939_s1 (β-
actin).

Immunoblotting

Brain tissue was homogenized in RIPA buffer (Santa Cruz Biotechnology, Dallas, TX) 

containing 2 mM PMSF, 1 mM sodium orthovanadate, and protease inhibitor cocktail. The 

homogenate was then centrifuged at 25,000g for 5 min at 4 °C and the supernatant was used 

as whole lysates. Protein concentrations were determined by the Pierce BCA protein assay 

method. Equal amounts of protein (20 μg) were loaded onto 4–15% polyacrylamide BIS-

Tris gels (Bio-Rad), separated by electrophoresis, and then transferred to PVDF membranes 

(0.45 μm) (Merck-Millipore, Darmstadt, Germany).

Antibodies were generated against PDE4B1 (N-15; 1:200 dilution; Santa Cruz 

Biotechnology, Dallas, TX), PDE4D (H-69; 1:200; Santa Cruz Biotechnology, Dallas, TX), 

and β-actin (AC-15; 1:10000; Sigma-Aldrich, St. Louis, MO). Membrane signals were 

detected using an LAS3000mini image analyzer (GE Healthcare, UK) and quantified using 

NIH ImageJ software. For each experiment, values obtained from PDEs were normalized by 

values from β-actin, respectively.

PDE4 activity

PDE4 activity was assayed by PDE-Glo™ Phosphodiesterase Assay (Promega, Madison, 

WI) according to the manufacturer’s protocol. Briefly, the NAc, PFC, and VTA were 

homogenized in KHEM buffer ([in mM] 50 KCl, 10 EGTA, 1.92 MgCl2, 1 DTT, and 50 

HEPES, pH 7.2) containing protease inhibitor cocktail (nacali tesque, Kyoto, Japan) and 

PhosSTOP (Roche, Mannheim, Germany), centrifuged, and the supernatant fractions were 

pre-incubated with 10 μM rolipram or DMSO. cAMP at a final concentration of 2 μM was 

used as a substrate. PDE-Glo termination buffer containing PDE inhibitor IBMX (Sigma-

Aldrich, St. Louis, MO) was added to inhibit most PDEs. After the addition of PDE-Glo 

detection solution and kinase-Glo reagent, luminescence was measured using a plate-reader. 

PDE4 activity was designated as the remainder after subtracting the value of PDE activity in 

the presence of rolipram from that in the presence of DMSO.
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Preparation and incubation of brain slices

At 8 weeks old, mice were killed by decapitation. The brains were rapidly removed and 

placed in ice-cold, oxygenated Krebs-HCO3− buffer [(in mM) 124 NaCl, 4 KCl, 26 

NaHCO3, 1.5 CaCl2, 1.25 KH2PO4, 1.5 MgSO4, and 10 D-glucose, pH 7.4]. Coronal slices 

(350 μm) were prepared using a vibrating blade microtome (Leica Microsystems, Wetzlar, 

Germany), as described previously (Nishi et al., 2005). Slices of the NAc were dissected 

from coronal slices in ice-cold Krebs-HCO3− buffer. The slices were preincubated at 30 °C 

under constant oxygenation with 95% O2/5% CO2 for 60 min. The slices were treated with 

10 μM of rolipram for 60 min, or 1 μM of SKF81297 for 10 min (Nishi et al., 2008). After 

drug treatment, the NAc was frozen on dry ice.

Frozen tissue samples were sonicated in boiling 1% SDS and boiled for an additional 10 

min. Protein concentrations were determined by the Pierce BCA protein assay method 

(Thermo Scientific, Waltham, MA). Equal amounts of protein (40 μg) were loaded onto 4–

12% polyacrylamide Bis-Tris gel (Bio-Rad, Hercules, CA), separated by electrophoresis, 

and then transferred to nitrocellulose membranes (0.2 μm) (Sigma-Aldrich, St. Louis, MO).

The membranes were immunoblotted using phosphorylation-state-specific antibodies raised 

against phospho-peptides: phospho-Thr34 DARPP-32, a site phosphorylated by PKA 

(D29E8 and D27A4; 1:4,000 dilution; Cell Signaling Technology, Danvers, MA); phospho-

Ser845 GluA1, a site phosphorylated by PKA (p1160–845; 1:250 dilution; 

PhosphoSolutions, Aurora, CO, USA). Antibodies generated against DARPP-32 (C24–5a; 

1:40,000 dilution) and GluA1 (E-6; 1:250 dilution; Santa Cruz Biotechnology, Dallas, TX), 

which are not phosphorylation-state-specific, were used to determine the total amount of 

proteins. None of the experimental manipulations used in the present study altered the total 

levels of specific phosphoproteins.

The membrane was incubated with a goat anti-mouse or rabbit Alexa 680-linked IgG 

(1:5000 dilution; Life Technologies, Calsbad, CA) or a goat anti mouse or rabbit IRDye800-

linked IgG (1:5000 dilution; Rockland Immunochemicals Inc., Limerick, PA). Fluorescence 

at infrared wavelengths was detected by the Odyssey infrared imaging system (LI-COR Inc., 

Lincoln, NE) and quantified using Odyssey software.

Statistical and Data Analysis

All data are expressed as the means ± SEM. Statistical analyses were performed using 

GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) and SPSS 22.0 (IBM Corporation, 

NY) software. Statistical differences among three groups/factors or more were determined 

using a two-way or three-way analysis of variance (ANOVA) followed by post hoc tests with 

Bonferroni correction or where appropriate using student’s t-tests. We checked normality 

and homogeneity of variance with Mauchly’s test of sphericity. There were no significant 

differences between all data in Mauchly’s test of sphericity; thus, we evaluated p values 

without corrections by degrees of freedom. Statistical significance was set at p <0.05.
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RESULTS

Enhanced locomotor response to cocaine in GXE mice

Locomotor sensitization is frequently used as a behavioral paradigm to model neuroplastic 

changes associated with repeated drug use (Kalivas and Stewart, 1991). We therefore began 

by exploring cocaine-induced locomotor sensitization in four groups of mice: wild-type 

mice without isolation (CTL group); wild-type mice with social isolation stress (E group); 

DISC1-DN-Tg-PrP mice without isolation (G group); and DISC1-DN-Tg-PrP mice with 

social isolation stress (GXE group). There were no significant differences between the four 

groups in locomotion after habituation with saline injections for 3 days (Fig 1a, b; Day 0) 

and after an acute cocaine injection (Fig 1a; Day 1, b; Day 6). Similarly, there were no 

differences in locomotion between the four groups following daily injections of saline from 

days 1−5 (Fig 1b; no significant interactions between time and genotype, F6, 96 = 1.67, p = 

0.14; between time and environment, F6, 96 = 0.61, p = 0.72; and between time, genotype, 

and environment; F6, 96 = 1.06, p = 0.39). In contrast, following repeated treatment with 

cocaine GXE mice demonstrated a significantly augmented locomotor sensitization (Fig 1a; 

significant interactions between time and genotype, F5, 140 = 2 .82, p = 0.018; between time 

and environment, F5, 140 = 2.33, p = 0.046; and between time, genotype, and environment; 

F5, 140 = 3.08, p = 0.011). These data indicate that the GXE mouse model is hypersensitive 

to the effects of repeated cocaine exposure.

Increased NAc PDE4 activity in GXE mice.

We next evaluated molecular changes in the NAc, PFC, and VTA, which were highlighted as 

regions of interest for molecular investigation due to their established role in controlling 

reward and addiction-related behaviors (Di Chiara and Imperato, 1988), as well as evidence 

of molecular abnormalities in these structures in socially isolated DISC1-DN-Tg-PrP mice 

(Niwa et al., 2013). PDE4 has four isoforms PDE4A-D, of which PDE4B and PDE4D 

isoforms interact with the DISC1 protein (Millar et al., 2005; Murdoch et al., 2007). mRNA 

and protein analyses revealed that expression of PDE4B and PDE4D isoforms were 

unaltered in the NAc, PFC, and VTA of all experimental groups (Fig 2a–2l). In contrast, 

PDE4 activity was increased within the NAc (Fig 3a, significant main effect of genotype, 

F1, 12 = 4.82, p = 0.049, and significant interaction between genotype and environment, 

F1, 12 = 9.62, p = 0.0092), but not the PFC (Fig 3b) and VTA (Fig 3c), of GXE mice when 

compared with controls.

Enhanced effects of rolipram on the phosphorylation of DARPP-32 and GluA1 at PKA sites 
in the NAc of GXE mice.

We then investigated the effect of rolipram treatment on intracellular cAMP/PKA signaling 

cascades downstream of PDE4. Phosphorylation of DARPP-32 and GluA1 in the NAc were 

chosen as targets due to their involvement in neuroplastic changes associated with cocaine 

addiction (Shuto et al., 2013). The basal levels of phospho-Thr34 DARPP-32 (Fig 4a, 

control) and phospho-Ser845 GluA1 (Fig 4b, control) in the NAc were similar among the 

four groups of mice. In the NAc, treatment of slices with rolipram (10 μM for 60 min) 

increased the levels of phospho-Thr34 DARPP-32 (Fig 4a, Rolipram) and phospho-Ser845 

GluA1 (Fig 4b, Rolipram) in all groups. The increases in DARPP-32 and GluA1 
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phosphorylation induced by rolipram were significantly larger in GXE mice (Fig 4a, 

DARPP-32, significant main effects of genotype, F1, 25 = 5.26, p = 0.031, environment, 

F1, 25 = 5.67, p = 0.0025, and the interaction between genotype and environment, F1, 25 = 

4.61, p = 0.042; Fig 4b, GluA1, significant main effects of genotype, F1, 28 = 7.38, p = 

0.011, environment, F1, 28 = 9.38, p = 0.0048, and the interaction between genotype and 

environment, F1, 29 = 19.48, p = 0.0001). Thus, activation of cAMP/PKA signaling and 

subsequent phosphorylation of DARPP-32 and GluA1 induced by the inhibition of PDE4 

with rolipram might be enhanced in the NAc of GXE mice. This analysis with the PDE4 

inhibitor suggested the alteration of cAMP/PKA signaling and/or the phosphorylation/

dephosphorylation balance of PKA-substrates due to upregulation of PDE4 activity in the 

NAc under GXE conditions.

We also examined phosphorylation of DARPP-32 and GluA1 in the NAc after treatment 

with the D1 agonist SKF81297. In the NAc, treatment of slices with SKF81297 (1 μM for 10 

min) increased the levels of phospho-Thr34 DARPP-32 and phospho-Ser845 GluA1 in all 

groups (Supplementary Fig a&b). However, the increases in DARPP-32 and GluA1 

phosphorylation induced by SKF81297 were not significantly changed in GXE mice 

(Supplementary Fig a, DARPP-32, no significant main effects of genotype, F1, 20 = 0.48, p = 

0.50, environment, F1, 20 = 0.42, p = 0.53, and no significant interaction between genotype 

and environment, F1, 20 = 0.52, p = 0.48; Supplementary Fig b, GluA1, no significant main 

effects of genotype, F1, 20 = 0.34, p = 0.57, environment, F1, 20 = 0.40, p = 0.54, and no 

significant interaction between genotype and environment, F1, 20 = 0.04, p = 0.85).

Increased sensitivity to rolipram in cocaine-induced locomotor sensitization and CPP.

Given the increased PDE4 signaling in GXE mice and the effects this has on intracellular 

signaling cascades, we questioned whether inhibition of PDE4 activity with rolipram could 

alter cocaine-induced locomotor sensitization and cocaine-induced CPP in these mice. A low 

dose (0.1 mg/kg) of rolipram blocked the augmentation of cocaine-induced locomotor 

sensitization (Fig 5a, significant main effects of genotype, F1, 24 = 6.03, p = 0.022; 

environment, F1, 24 = 6.62, p = 0.017; and drug, F1, 24 = 7.15, p = 0.013; and significant 

interaction between genotype, environment, and drug, F2, 23 = 5.51, p = 0.011). Similarly, in 

a CPP test, GXE mice exhibited a greater preference for a cocaine-paired location when 

compared to other groups (Fig 5b, Saline). However, when 0.1 mg/kg rolipram was 

administered alongside cocaine during place conditioning, cocaine-induced CPP was 

completely inhibited in GXE mice, but not the other groups (Fig 5b; no significant main 

effects of genotype, F1, 16 = 0.69, p = 0.42; or environment, F1, 16 = 0.29, p = 0.60; but 

significant main effect of drug, F1, 16 = 93.7, p < 0.001; and significant interaction between 

genotype, environment, and drug F2, 15 = 11.87, p = 0.001). A higher dose (0.5 mg/kg) of 

rolipram blocked cocaine-induced CPP in all groups (cocaine-paired side minus saline-

paired side: CTL, 28.60 sec ± 38.31; E, 30.84 sec ± 54.89; G, 26.39 sec ± 33.56; GXE, 

10.75 sec ± 34.98, n = 5 each), indicating that sensitivity to rolipram is upregulated in GXE 

mice in response to increased PDE4 activity in the NAc under GXE conditions. Alongside 

the locomotor sensitization findings, these data suggest that PDE4 activity modulates 

behaviors related to cocaine reward.
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DISCUSSION

Previously we have reported that social isolation during adolescence in DISC1-DN-Tg-PrP 

mice resulted in behavioral and neurochemical alterations (Niwa et al., 2013; Hayashi et al., 

2016; Matsumoto et al., 2017). Here for the first time we present evidence that the published 

model with cocaine exposure demonstrates augmentation of addictive behaviors in DISC1-

DN-Tg-PrP mice with social isolation stress (GXE mice). In the current experiments, while 

all groups demonstrated sensitization of locomotor activity following repeated cocaine 

administration, this sensitization was significantly more pronounced in GXE mice. GXE 

mice have epigenetic changes in several genes such as Th, Bdnf, and Fkbp5 (Niwa et al., 

2013; Niwa et al., 2016a). Epigenetic mechanisms are known to trigger enduring gene 

regulation that contribute to cellular alterations influencing the development of addiction 

(Nestler, 2014).

In this study, we chose to investigate PDE4, an enzyme that regulates cAMP signal 

transduction and is reported to interact with the DISC1 gene (Millar et al., 2005; Murdoch et 

al., 2007) as an adolescent stress-dependent regulator of drug addiction. While we found no 

changes to the total concentrations of PDE4B or PDE4D in the NAc, PFC, or VTA in all 

groups, GXE mice demonstrated increased PDE4 activity in the NAc. Phosphorylation 

analyses of DARPP-32 and GluA1 revealed that the increased PDE4 activity in GXE mice 

resulted in alteration of downstream cAMP/PKA signaling cascades. DISC1 interacts with 

PDE4 in resting cells and triggers its release in activated cells with high cAMP levels, 

resulting in activation of PDE4 and inhibition of cAMP signaling (Millar et al., 2005; 

Murdoch et al., 2007). DISC1-DN dominant-negatively interacts with wild-type DISC1 

(Kamiya et al., 2005) and may activate PDE4 in the NAc (Tanaka et al., 2017). The 

mechanisms underlying stress-induced molecular changes in adolescents remain unclear, but 

adolescent stress likely potentiates the interaction of DISC1-DN with endogenous DISC1, 

leading to further activation of PDE4. Such mechanisms may be influenced by pathway-

specific epigenetic changes in GXE mice (Niwa et al., 2013; Niwa et al., 2016a).

At a low dose, repeated co-administration of rolipram, a PDE4 inhibitor, was able to 

completely block the acquisition of cocaine CPP as well as the increase in locomotor 

sensitization to cocaine in GXE mice, while producing no effect in control groups. 

Interestingly, repeated intra-VTA co-administration of a larger dose of rolipram in wild-type 

rats has also been shown to block cocaine-induced CPP (Zhong et al., 2012), and repeated 

systemic co-administration of high-dose rolipram was able to reduce cocaine-induced 

locomotor sensitization in wild-type mice (Janes et al., 2009). In agreement, we also 

observed an inhibitory effect of high-dose rolipram on cocaine-induced CPP in CTL mice. 

Thus, cocaine sensitization and CPP in GXE mice are highly sensitive to rolipram, 

presumably due high PDE4 activity.

In NAc projection neurons, PDE4 is predominantly located in dopamine D2-receptor-

expressing neurons, rather than in dopamine D1-receptor-expressing neurons (Nishi et al., 

2008). Transient neural inhibition of dopamine D2-receptor-expressing neurons in the dorsal 

striatum facilitates behavioral sensitization (Ferguson et al., 2011). Taken together with our 

data reveal that the PDE4 inhibitor rolipram, but not the D1 agonist SKF81297, had 
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significant effects on cAMP/PKA signaling in the NAc of GXE mice, increased PDE4 

activity may selectively suppress the activity of the dopamine D2-receptor-expressing 

neurons in GXE mice, resulting in high sensitivity to repeated cocaine treatment. PDE4 is 

also located at the terminal of dopaminergic neurons (Nishi et al., 2008), and increased 

PDE4 activity may contribute to high cocaine sensitivity via changes in dopamine release. 

Taken together, these findings implicate PDE4 activity as a critical determinant of high 

cocaine sensitivity in GXE mice.

These data indicate that the GXE mouse model may be important in further analyzing 

epigenetic factors contributing to the development of drug addiction and stress-associated 

psychiatric disorders. These findings also add to a growing literature demonstrating the role 

of PDE4 in modulating psychiatric conditions, including schizophrenia (Millar et al., 2005), 

chronic stress (Plattner et al., 2015), and addiction to drugs of abuse (Janes et al., 2009; 

Zhong et al., 2012; Lai et al., 2014), and highlight the potential therapeutic benefit of PDE4 

inhibitors in the treatment of cocaine addiction and stress-associated disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NAc nucleus accumbens

PDE4 phosphodiesterase-4
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PKA cAMP-dependent protein kinase

VTA ventral tegmental area
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Highlights

• ∙ Behavioral sensitization to cocaine was enhanced by GXE.

• ∙ PDE4 activity was increased in the nucleus accumbens of GXE mice.

• Effects of rolipram on the phophrylation of DARPP-32 and GluA1 was 

enhanced by GXE.

• Rolipram inhibited enhanced behavioral sensitization to cocaine in GXE 

mice.
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Figure 1. 
Cocaine-induced locomotor activity in GXE mice. (a) Locomotor activity in four groups of 

mice are shown when mice were injected with saline on Day 0 and with cocaine (10 mg/kg, 

i.p.) on Days 1–5. Repeated cocaine exposure induced a greater increase in locomotor 

activity in GXE mice. ** p < 0.01, Bonferroni post hoc tests, GXE vs WT, G, or E at the 

same day. CTL, n = 7; E, n = 6; G, n = 10; GXE, n = 9. (b) Locomotor activity in four 

groups of mice are shown when mice were injected with saline on Days 0–5, and an acute 

administration of cocaine (10 mg/kg) on Day 6. No differences between the groups were 

seen following repeated saline administration (Days 0–5) or during the cocaine challenge 

(Day 6). n = 5 each.
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Figure 2. 
mRNA and protein levels of PDE4 isoforms in the nucleus accumbens (NAc), prefrontal 

cortex (PFC), and ventral tegmental area (VTA). Expression of PDE4B and PDE4D mRNA 

(a-f) and protein (g-l) were unaltered in the NAc, PFC, or VTA of GXE, G, and E mice when 

compared to CTL mice. CTL, n = 5; E, n = 5; G, n = 6; GXE, n = 6.
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Figure 3. 
Activity levels of PDE4 in the NAc, PFC, and VTA. (a) PDE4 activity was elevated in the 

NAc of GXE mice. *p < 0.05. n = 4 each. (b, c) There were no significant differences in 

PDE4 activity in the PFC (b) or VTA (c) of GXE, G, and E mice when compared with CTL 

mice. CTL, n = 5; E, n = 5; G, n = 4; GXE, n = 6.
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Figure 4. 
Phosphorylation levels of DARPP-32 and GluA1 in the NAc. Brain slices of the NAc were 

assessed for phosphorylation levels of DARPP-32 and GluA1 using 10 μM rolipram. Effects 

of rolipram were measured by phosphorylation levels at Thr34 of DARPP-32 (a) and Ser845 

of GluA1 (b), which are PKA sites. (a) Phosphorylation levels at Thr34 of DARPP-32 in the 

NAc were significantly elevated by treatment with rolipram. The effect of rolipram was 

significantly greater in the GXE group compared with other groups. * p < 0.05. CTL, n = 8; 

E, n = 7; G, n = 7; GXE, n = 7. (b) Phosphorylation levels at Ser845 of GluA1 in the NAc 

were significantly elevated by treatment with rolipram. The effect of rolipram was 

significantly greater in GXE mice when compared with G, E, and CTL mice. ** p < 0.01. 

CTL, n = 9; E, n = 8; G, n = 8; GXE, n = 7.
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Figure 5. 
Effects of rolipram or saline on cocaine-related behaviors (a, b) Rolipram (0.1 mg/kg, i.p.) or 

saline was administered 20 min before cocaine (10 mg/kg) injections. (a) Repeated cocaine 

produced a significantly greater sensitization of locomotor activity in GXE mice than CTL, 

E, and G mice (Saline). Co-administration of rolipram blocked the augmentation of cocaine-

induced locomotor sensitization in GXE mice (Rolipram). ** p < 0.01. n = 7 each. (b) In a 

CPP test, preference for the cocaine-paired side was significantly elevated in GXE mice 

when compared with CTL, E, and G mice (Saline). Co-administration of rolipram 

completely blocked cocaine-induced conditioned place preference in GXE, but not CTL, E, 

or G mice (Rolipram). * p < 0.05, ** p < 0.01. n = 5 each.
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