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Exchange protein directly activated by cAMP (Epac) and protein kinase A (PKA) are intracellular receptors for cAMP. Although PKA and
its downstream effectors have been studied extensively in the context of drug addiction, whether and how Epac regulates cellular and
behavioral effects of drugs of abuse remain essentially unknown. Epac is known to regulate AMPA receptor (AMPAR) trafficking.
Previous studies have shown that a single cocaine exposure in vivo leads to an increase in GluA2-lacking AMPARs in dopamine neurons
of the ventral tegmental area (VTA). We tested the hypothesis that Epac mediates cocaine-induced changes in AMPAR subunit compo-
sition in the VTA. We report that a single cocaine injection in vivo in wild-type mice leads to inward rectification of EPSCs and renders
EPSCs sensitive to a GluA2-lacking AMPAR blocker in VTA dopamine neurons. The cocaine-induced increase in GluA2-lacking AMPARs
was absent in Epac2-deficient mice but not in Epac1-deficient mice. In addition, activation of Epac with the selective Epac agonist
8-CPT-2Me-cAMP (8-CPT) recapitulated the cocaine-induced increase in GluA2-lacking AMPARs, and the effects of 8-CPT were mediated
by Epac2. We also show that conditioned place preference to cocaine was impaired in Epac2-deficient mice and in mice in which Epac2
was knocked down in the VTA but was not significantly altered in Epac1-deficient mice. Together, these results suggest that Epac2 is
critically involved in the cocaine-induced change in AMPAR subunit composition and drug-cue associative learning.
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Introduction
The rewarding and reinforcing effects of cocaine are primarily
mediated by enhanced dopaminergic transmission in the me-

solimbic dopamine system (Anderson and Pierce, 2005). Dopa-
mine D1 and D2 receptors are G-protein-coupled receptors, the
activation of which leads to changes in intracellular cAMP levels
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Significance Statement

Addictive drugs, such as cocaine, induce long-lasting adaptions in the reward circuits of the brain. A single intraperitoneal
injection of cocaine leads to changes in the composition and property of the AMPAR that carries excitatory inputs to dopamine
neurons. Here, we provide evidence that exchange protein directly activated by cAMP (Epac), a cAMP sensor protein, is required
for the cocaine-induced changes of the AMPAR. We found that the effects of cocaine were mimicked by activation of Epac but were
blocked by genetic deletion of Epac. Furthermore, cocaine-cue associative learning was impaired in mice lacking Epac. These
findings uncovered a critical role of Epac in regulating the cellular and behavioral actions of cocaine.
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(Neve et al., 2004; Anderson and Pierce, 2005; Tritsch and Saba-
tini, 2012). cAMP activates intracellular effectors: the classic pro-
tein kinase A (PKA) and the recently discovered exchange protein
directly activated by cAMP (Epac; Cheng et al., 2008; Gloerich
and Bos, 2010; Schmidt et al., 2013). PKA and its downstream
effectors have been examined extensively in the context of drug
addiction (Anderson and Pierce, 2005). However, whether and
how Epac regulates cellular and behavioral effects of drugs of
abuse remain essentially unknown. Epac is known to mediate
many physiological and pathological functions, including insulin
secretion, gene transcription, neurotransmitter release, AMPA
receptor (AMPAR) trafficking, integrin-mediated cell adhesion,
cell survival and apoptosis, and hippocampus-dependent learn-
ing and memory (for review, see Gloerich and Bos, 2010). Two
genes, Epac1 and Epac2, encode Epac proteins. Epac2 is expressed
predominately in the brain, whereas Epac1 is expressed ubiqui-
tously in many tissues but its expression in the brain is very low
(Kawasaki et al., 1998; de Rooij et al., 1998). Epac2�/� mice ex-
hibit deficits in social interaction and communication but nor-
mal locomotor activity and working and reference memory
(Srivastava et al., 2012). There is also evidence for functional
redundancy between Epac1 and Epac2, because Epac double
knock-out mice (Epac�/�) show deficits in hippocampal long-
term potentiation (LTP), social interaction, and spatial learning
and memory. However, neither Epac1�/� nor Epac2�/� mice
exhibit these phenotypes (Yang et al., 2012). Given its important
roles in synaptic transmission in learning and memory, Epac is
well positioned to regulate drug-induced synaptic plasticity and
reinforcement learning.

A single cocaine injection in vivo in rats or mice led to an
increase in surface GluA2-lacking AMPARs in ventral tegmental
area (VTA) dopamine neurons ex vivo (Bellone and Lüscher,
2006; Good and Lupica, 2010). GluA2-lacking AMPARs exhibit
higher single-channel conductance and calcium permeability
than GluA2-containing AMPARs (Mameli et al., 2007). A
cocaine-induced increase in GluA2-lacking AMPARs in the VTA
may contribute to the increase in the AMPAR/NMDAR ratio
(Ungless et al., 2001; Borgland et al., 2004; Liu et al., 2005; Bellone
and Lüscher, 2006; Mameli et al., 2007, 2009; Argilli et al., 2008)
and LTP at hyperpolarizing membrane potentials (Mameli et al.,
2011). Repeated cocaine injections render adaptions in the VTA
persistent, which triggers adaptions downstream in the nucleus
accumbens (Kourrich et al., 2007; Conrad et al., 2008; Huang et
al., 2009; Mameli et al., 2009). The cocaine-induced increase in
GluA2-lacking AMPARs depends on neuronal activity, dopa-
mine transporter, and the D1 dopamine receptor (Argilli et al.,
2008; Brown et al., 2010). However, how D1 receptor activation
leads to an increase in GluA2-lacking AMPARs remains poorly
understood. Epac is a downstream effector of D1 receptors
(Woolfrey et al., 2009). Epac2 is coimmunoprecipitated with
GluA2/3 but not with GluA1, and the selective Epac agonist
8-CPT-2Me-cAMP (8-CPT) induces removal of GluA2/3
AMPARs in cultured cortical neurons (Woolfrey et al., 2009).
8-CPT-induced synaptic modification in hippocampal slices was
blocked by an interference peptide that disrupts the interaction
between GluA2 and postsynaptic PDZ proteins (Ster et al., 2009).
We hypothesize that Epac mediates the cocaine-induced increase
in GluA2-lacking AMPARs in VTA dopamine neurons. We
tested this hypothesis by using mice in which one or both of these
genes are deleted (Yang et al., 2012). We show that Epac2, but not
Epac1, is required for the cocaine-induced increase in GluA2-
lacking AMPARs in VTA dopamine neurons. Moreover, we have
found that conditioned place preference (CPP) to cocaine was

impaired in Epac2-deficient mice. Our studies reveal a critical
role of Epac in regulating cocaine-induced long-term synaptic
plasticity and drug-cue associative learning.

Materials and Methods
Animals. Animal maintenance and use were in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the
Medical College of Wisconsin. Epac1 knock-out mice (Epac1�/�), Epac2
knock-out mice (Epac2�/�), and Epac1 and 2 double knock-out mice
(Epac�/�) were generated and maintained on a 129Sv background in the
laboratory of Youming Lu as detailed previously (Yang et al., 2012).
Epac1�/� or Epac2�/� mice were bred to 129Sv wild-type mice at the
Medical College of Wisconsin for at least two generations to generate
heterozygous Epac1�/� or Epac2�/� breeders. Wild-type (Epac�/�),
Epac1�/�, or Epac2�/� knock-out mice were generated by heterozy-
gous � heterozygous breeding, and all experiments were performed in
age-matched littermates of either sex. Epac double knock-out (Epac�/�)
mice were generated by crossing Epac1�/� with Epac2�/� mice. Geno-
typing analysis was performed by using a standard PCR technique on ear
or tail biopsies.

Brain slice preparation. Epac1�/�, Epac2�/�, and Epac�/� mice and
their wild-type littermates (Epac �/�; P20 –P24) of either sex were used
for slice electrophysiology. In some experiments, the mice were given a
single intraperitoneal injection of either saline (0.9% NaCl, 2 ml/kg) or
cocaine (15 mg/kg). In experiments described in Figure 8, adult
Epac2�/� mice and wild-type littermates (9 –10 weeks old at the begin-
ning of the experiments) underwent place conditioning and behavioral
tests (see below, CPP). Twenty-four hours after the injections or behav-
ioral tests, mice were anesthetized by isoflurane inhalation and decapi-
tated. Midbrain slices (200 �m thickness) were cut using a Leica vibrating
slicer VT1200s. Slices were prepared in choline-based solution contain-
ing the following (in mM): 110 choline chloride, 2.5 KCl, 1.25 NaH2PO4,
0.5 CaCl2, 7 MgSO4, 26 NaHCO3, 25 glucose, 11.6 sodium ascorbate, and
3.1 sodium pyruvate. Slices were transferred immediately into the artifi-
cial CSF (ACSF; in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 glucose. All solutions were saturated with
95% O2 and 5% CO2. Slices were allowed to recover at least 1 h before
recording.

Electrophysiology. Whole-cell patch-clamp recordings were made us-
ing patch-clamp amplifiers (Multiclamp 700B) under infrared differen-
tial interference contrast (DIC) microscopy. Data acquisition and
analysis were performed using a DigiData 1440A digitizer and the anal-
ysis software pClamp 10 (Molecular Devices). Signals were filtered at 2
kHz and sampled at 10 kHz. Dopamine neurons in the VTA were iden-
tified by long-duration (�1.5 ms) spontaneous action potentials in cell-
attached configuration (Chieng et al., 2011) and the presence of large Ih

currents (Johnson and North, 1992). For recording of evoked EPSCs,
electrical stimulation was delivered by a bipolar tungsten stimulation
electrode (WPI) that was placed at fixed distance (�150 �m) rostral to
the soma of the recorded dopamine neuron. Unless indicated otherwise,
the stimulation strength was set to 30 – 40 �A, which yielded EPSCs of
20 –30% maximum amplitude. For comparing the paired-pulse ratio
(PPR), input/output (I/O) relationship, and miniature EPSCs (mEPSCs)
in Figure 3, experiments were performed blind to genotypes of the mice.
The GABAA receptor blocker picrotoxin (100 �M) was included in the
ACSF. mEPSCs were recorded in the presence of tetrodotoxin (0.5 �M) to
block action potential firing. For the I/O curves in Figure 3E, we applied
incremental stimulation intensities (from 10 to 90 �A in a step of 10 �A).
The PPR was measured by the amplitude of EPSCs of the second pulse
in relation to the first pulse (20, 40, 100, 200, and 400 ms interpulse
intervals).

Glass pipettes (3–5 M�) were filled with an internal solution contain-
ing the following (in mM): 130 Cs-methanesulfonate, 10 CsCl, 10 HEPES,
1.1 EGTA, 2 MgCl2, 4 MgATP, 0.3 Na2GTP, 10 Na2-phosphocreatine,
and 0.1 spermine, pH 7.2 with CsOH. For the measurement of the cur-
rent–voltage ( I–V) relationship and the rectification index (RI), the
NMDAR antagonist D-(�)-2-amino-5-phosphonopentanoic acid (D-
AP-5; 50 �M) was present in the ACSF. The AMPAR/NMDAR ratio was
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measured based on previously published studies (Saal et al., 2003; Liu et
al., 2005). Neurons were voltage clamped at 40 mV to record dual-
component EPSCs containing both AMPAR- and NMDAR-EPSCs that
were isolated pharmacologically. After a stable baseline recording of total
EPSCs, the NMDAR antagonist D-AP-5 (50 �M) was applied in the bath
for 6 –10 min to isolate fast AMPAR-EPSCs. NMDAR-EPSCs were cal-
culated as the subtraction of AMPAR-EPSCs from the total EPSCs from
the same neuron. An average of 10 –20 consecutive EPSCs was collected
for the each type of EPSCs. The AMPAR/NMDAR ratio was calculated by
dividing the peak of the AMPAR-EPSCs by the peak of the NMDAR-
EPSCs. Series resistance (15–20 M�) was monitored throughout all re-
cordings, and data were discarded if the resistance changed by �20%. All
recordings were performed at 32 � 1°C by using an automatic tempera-
ture controller (Warner Instruments).

Animal surgery and intra-VTA microinjections of adeno-associated
virus. The Epac2–shRNA (corresponding to nucleotides 1236 –1257) and
scramble–shRNA (Woolfrey et al., 2009) were packed into adeno-
associated virus 2 (AAV2) with an EGFP reporter at the University of
Pennsylvania Viral Vector Core. Adult wild-type mice (8 –10 weeks old)
were anesthetized with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg,
i.p.) and placed in a stereotaxic device (David Kopf Instruments). Re-
combinant AAV carrying AAV2.U6.ShR.Epac2.CMV.EGFP.SV40 or
AAV2.U6.ShR.scramble.CMV.EGFP.SV40 (0.3 �l/side) was microin-
jected bilaterally into the VTA via injector cannulae (33 gauge; Plastics
One), which were connected through C313C connectors to 2 �l Hamil-
ton microsyringes. The stereotaxic coordinates for VTA were as follows:
anteroposterior, �3.1 mm; mediolateral, �1.0 mm; dorsoventral, �4.8
mm at a 7° angle (Paxinos and Franklin, 2001). The injection rate was 0.3
�l over 5 min, and the injectors were kept in place for an additional 5 min
to ensure adequate AAV diffusion from the injector tip. After the surgery,
animals received subcutaneous injections of analgesic (buprenorphine,
0.05 mg/kg) three times daily for 2 days. Mice were allowed to recover for
3 weeks before behavioral experiments (see below).

CPP. Cocaine CPP was based on published procedures (Vialou et al.,
2012). Epac �/�, Epac1�/�, Epac2�/�, and Epac�/� mice (2–3 months
old) of either sex were placed into the middle chamber of the three-
chamber conditioning apparatus (Med Associates) and allowed to ex-
plore three chambers freely for 20 min, and time spent in every chamber
was recorded. Mice showing unconditioned side preference (�180 s dis-
parity) were excluded. On days 2 and 3, mice were injected with saline
(0.9% NaCl, 2 ml/kg, i.p.) in the morning (between 8:00 A.M. and 10:00
A.M.) and confined to one chamber for 30 min, and then the mice were
injected with cocaine (15 mg/kg, i.p.) in the afternoon (between 3:00
P.M. and 5:00 P.M.) and confined for 30 min to the other chamber. On
day 4, mice were tested for side preference without treatment for 20 min
(between 12:00 P.M. and 2:00 P.M.).

Immunohistochemistry. Mice were anesthetized by ketamine (90 mg/
kg, i.p.) and xylazine (10 mg/kg, i.p.) and perfused transcardially with
0.1 M sodium PBS, followed by 4% paraformaldehyde in 4% sucrose–
PBS, pH 7.4. After perfusion, the brain was removed, postfixed in the
same fixative for 4 h at 4°C, dehydrated in increasing concentrations of
sucrose (20% and 30%) in 0.1 M PBS at 4°C, and frozen on dry ice.
Coronal VTA sections (20 �m) were cut with a Leica cryostat. VTA
sections were incubated with antibodies against tyrosine hydroxylase
(TH; rabbit, 1:300; Santa Cruz Biotechnology) at 4°C for 24 h. VTA
sections were then incubated in anti-rabbit IgG–Texas Red conjugate
(1:200; Santa Cruz Biotechnology) for 4 h at room temperature in the
dark. Confocal imaging was performed using a Nikon TE2000-U in-
verted microscope equipped with the C1 Plus confocal system (laser light
source for EGFP excitation, 488 nm, C-FL B-2E/C FITC filter cube; laser
light source for Texas Red excitation, 561 nm, C-FL Y-2E/C Texas filter
cube). The images were acquired using 10� CFI Plan 10 � Apochromat
Objective (numerical aperture 0.45) or CFI plan Fluor 40� oil-
immersion objective (numerical aperture 1.4), Nikon D-Eclipse C1 cam-
era, and EZ-C1 software.

Statistics. Data are presented as the mean � SEM. CPP scores were
calculated as the time spent in the cocaine-conditioned chamber minus
that in the saline-conditioned chamber (Zhong et al., 2012; Yu et al.,
2013). The RI was calculated by the current ratio of EPSCs between �70

and �40 mV (RI 	 EPSCs�70 mV/EPSCs�40 mV). Datasets were com-
pared with Student’s t test or one-way or two-way ANOVA, followed by
Tukey’s post hoc analysis. Post hoc analyses were performed only when the
ANOVA yielded a significant main effect or a significant interaction
between the two factors. When there was no significant interaction, we
made planned comparisons to test a priori hypotheses and to determine
whether the two specific groups were significantly different. For statisti-
cal analysis of locomotor activity in CPP chambers, a mixed-design
ANOVA with the between-subjects factors of place conditioning and
genotypes and repeated measures on the conditioning sessions was used.
Results were considered to be significant at p 
 0.05.

Chemicals. Picrotoxin, spermine and all other common chemicals
were obtained from Sigma-Aldrich. D-AP5, 8-CPT-2Me-cAMP sodium
salt, 1-Naphthyl acetyl spermine trihydrochloride (Naspm) trihydro-
chloride, 6-Bnz-cAMP sodium salt, H89 dihydrochloride, Pep2-EVKI,
Pep2-SVKE, SKF86002 dihydrochloride, and SB203580 hydrochloride
were obtained from Tocris Bioscience. Cocaine HCl was provided by the
National Institute on Drug Abuse Drug Supply Program.

Results
Epac2 is required for the cocaine-induced change in AMPAR
subunit composition
GluA2-containing AMPAR-mediated EPSCs show a linear I–V
relationship and are insensitive to polyamine channel blockers,
such as Naspm. In contrast, GluA2-lacking AMPAR-mediated
EPSCs show an inwardly rectifying I–V curve and are sensitive to
blockade by Naspm (Isaac et al., 2007). The insertion, removal,
and replacement of synaptic GluA2-lacking AMPARs, but not
GluA2-containing AMPARs, will alter the RI (see Materials and
Methods) and the sensitivity of EPSCs to polyamine channel
blockers (Bellone and Lüscher, 2006; Isaac et al., 2007). A single
cocaine injection to mice increases the RI and renders EPSCs
sensitive to polyamine blockade in VTA dopamine neurons, sug-
gesting that cocaine exposure causes an increase in GluA2-
lacking AMPARs (Bellone and Lüscher, 2006; Argilli et al., 2008;
Mameli et al., 2009; Brown et al., 2010; Good and Lupica, 2010).
We examined whether the cocaine-induced change in AMPAR
subunit composition in the VTA was altered by genetic deletion
of Epac. During early development (P12–P16), there was a switch
from the expression of GluA2-lacking AMPARs into GluA2-
containing AMPARs in principle neocortical neurons (for re-
view, see Bellone and Lüscher, 2012). GluA2-lacking AMPARs
are expressed in mouse VTA dopamine neurons during the
early postnatal period (P2–P6) but are replaced with GluA2-
containing AMPARs earlier than P14 (Bellone et al., 2011). In the
present study, all electrophysiology experiments were performed
in P20 –P24 mice or adult mice (Fig. 8 only; see Materials and
Methods).

Epac�/� and Epac�/� mice (P20 –P24) were given a single
saline or cocaine injection, and midbrain slices were prepared
24 h later. Whole-cell recordings were made from VTA dopamine
neurons while EPSCs were recorded at various holding potentials
(�70, �40, �20, 0, �20, and �40 mV). Two-way ANOVA
showed that cocaine treatment and genotype had significant ef-
fects on the RI (cocaine, F(1,36) 	 8.9, p 	 0.005; genotype,
F(1,36) 	 6.6, p 	 0.015); there was a significant interaction be-
tween cocaine treatment and genotype (F(1,36) 	 5.9, p 	 0.021;
Fig. 1). Tukey’s post hoc tests indicated that cocaine treatment
significantly increased the RI in Epac�/� slices (p 
 0.001; Fig.
1A,C) but had no significant effect on the RI in Epac�/� slices
(p 	 0.706; Fig. 1B,C).

We determined whether the selective GluA2-lacking AMPARs
blocker Naspm (Tsubokawa et al., 1995) affected EPSCs in mid-
brain slices prepared from Epac�/� and Epac�/� mice that had
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received saline or cocaine injection. Bath application of Naspm
(100 �M) caused significantly greater depression of EPSCs in
slices from Epac�/� mice that received cocaine injection than
those that received saline injection (p 
 0.001; Fig. 2A,C).
Naspm did not significantly affect EPSCs in Epac�/� mice that
received saline or cocaine injection (p 	 0.432; Fig. 2B,C). To-
gether, the increases in the RI and sensitivity to Naspm suggest
that a single cocaine injection in vivo causes an increase in GluA2-
lacking AMPARs in Epac�/� mice but not in Epac�/� mice.

We next examined whether Epac knock-out altered basal
AMPAR-mediated EPSCs in VTA dopamine neurons. mEPSCs
were generated by action potential-independent, quantal gluta-
mate release from presynaptic axonal terminals (Zhu and

Lovinger, 2005). We recorded mEPSCs in VTA dopamine neu-
rons in midbrain slices prepared from Epac�/� and Epac�/�

mice. There was no significant difference in the frequency (t(19) 	
0.7, p 	 0.516) or amplitude (t(19) 	 0.6, p 	 0.573) of mEPSCs
between Epac�/� and Epac�/� slices (Fig. 3A–C). We also mea-
sured the PPR of evoked EPSCs at interpulse intervals of 20 – 400
ms. The change in the PPR suggests a change in presynaptic re-
lease probability (Zucker and Regehr, 2002). The PPR was not
significantly different at all intervals tested between Epac�/� and
Epac�/� slices (20 ms, t(14) 	 0.5, p 	 0.637; 50 ms, t(14) 	 0.8,
p 	 0.442; 100 ms, t(14) 	 0.3, p 	 0.756; 200 ms, t14 	 1.1, p 	
0.285; 400 ms, t(14) 	 1.5, p 	 0.152; Fig. 3D). Finally, we mea-
sured I/O relationships of EPSCs in response to stimuli with

Figure 1. Genetic deletion of Epac blocked the increase in the RI induced by in vivo cocaine exposure. A, In wild-type (Epac�/�) mice, a single cocaine injection in vivo caused inward rectification
of AMPAR-mediated EPSCs in VTA dopamine neurons ex vivo. AMPAR-EPSCs at �40, �20, 0, �20, �40, and �70 mV were normalized to those of �70 mV to generate I--V curves (n 	 10 for
each group). B, In Epac double knock-out (Epac�/�) mice, a single cocaine injection in vivo did not significantly alter the I–V relationship of EPSCs (n 	 8 –9). C, A single cocaine injection in vivo
significantly increased the RI in Epac�/� slices (***p 
 0.001; n 	 10) but not in Epac�/� slices ( p 	 0.706; n 	 8 –9). Cocaine-induced increase in the RI was blocked in Epac�/� mice (**p 	
0.002; n 	 8 –10).

Figure 2. Naspm inhibition of EPSCs indicates that in vivo cocaine exposure increases GluA2-lacking AMPARs in Epac�/� slices but not in Epac�/� slices. A, The selective GluA2-lacking AMPAR
blocker Naspm induced greater depression of EPSCs in slices from Epac�/� mice that received a single cocaine injection compared with those received a single saline injection (***p 
 0.001;
n 	 8 for each group). B, Epac knock-out abrogated the effect of in vivo cocaine injection on Naspm inhibition of EPSCs ( p 	 0.432; n 	 8 –9). C, Summarized data showed the effects of NASPM
on EPSCs in these four groups (**p 	 0.001, n 	 8 – 8; ***p 
 0.001, n 	 8 – 8).
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incremental intensities. There was no significant difference of
the slope of I/O curves between Epac�/� and Epac�/� slices
(t(17) 	 0.5, p 	 0.660; Fig. 3E). Together, these results indi-
cate that genetic deletion of Epac did not significantly alter
basal AMPAR-mediated synaptic transmission in VTA dopa-
mine neurons.

Although Epac2 is the predominant isoform expressed in the
brain (Kawasaki et al., 1998; de Rooij et al., 1998; Ostroveanu et
al., 2010), recent studies indicate functional redundancy of the
two isoforms (Yang et al., 2012). We next determined whether in
vivo cocaine injection altered the RI in Epac1�/� and Epac2�/�

mice. Epac1�/� and Epac2�/� mice received a single saline or

cocaine injection, and midbrain slices were prepared 24 h later. A
two-way ANOVA showed that cocaine treatment (F(1,32) 	 11.4,
p 	 0.002) and genotype (F(1,32) 	 7.2, p 	 0.012) had significant
effects on the RI, and there was a significant interaction between
cocaine treatment and genotype (F(1,32) 	 11.1, p 	 0.002; Fig. 4).
Tukey’s post hoc tests indicated that cocaine treatment signifi-
cantly increased the RI in Epac1�/� slices (p 
 0.001; Fig. 4A,C)
but had no significant effect on the RI in Epac2�/� slices (p 	
0.983; Fig. 4B,C). Thus, Epac2, but not Epac1, is required for the
change in AMPAR subunit composition induced by a single co-
caine injection in vivo.

Figure 3. Epac knock-out did not significantly alter basal AMPAR-mediated EPSCs in VTA dopamine neurons. A, Sample mEPSCs recorded from VTA dopamine neurons in Epac�/� slices and
Epac�/� slices. B, C, Epac knock-out had no significant effects on the frequency ( p 	0.516; n 	9 –11) and amplitude ( p 	0.573; n 	9 –11) of mEPSCs. D, The PPR was not significantly different
at all intervals (20 – 400 ms) tested between Epac�/� and Epac�/� slices ( p � 0.05; n 	 7– 8). E, Epac knock-out (Epac�/�) did not significantly alter the slope of I/O curves compared with
wild-type Epac�/� slices ( p 	 0.660; n 	 8 –10).
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The selective Epac agonist 8-CPT altered AMPAR subunit
composition in the VTA
Having shown that genetic deletion of Epac blocked the cocaine-
induced increase in GluA2-lacking AMPARs, we next deter-
mined whether activation of Epac itself altered AMPAR subunit
composition in the VTA. The cAMP analog 8-CPT is a selective
Epac agonist (Enserink et al., 2002). 8-CPT-containing (100 �M)
or 8-CPT-free internal solution was dialyzed into VTA dopamine
neurons in Epac�/� and Epac2�/� slices for 10 min before EPSCs
were recorded. The two-way ANOVA indicates that 8-CPT
(F(1,34) 	 7.0, p 	 0.013) and genotype (F(1,34) 	 8.4, p 	 0.007)
had significant effects on the RI, and there was a significant inter-
action between 8-CPT and genotype (F(1,34) 	 5.0, p 	 0.033).
Tukey’s post hoc tests indicated that 8-CPT increased the RI in
Epac�/� slices (p 	 0.002; Fig. 5A) but had no significant effect
on the RI in Epac2�/� slices (p 	 0.767; Fig. 5A). We next deter-
mined whether 8-CPT altered the sensitivity of EPSCs to Naspm
in VTA slices prepared from Epac�/� mice. Bath application of
Naspm (100 �M) caused greater attenuation of EPSCs in 8-CPT-
dialyzed neurons compared with that in time-matched control
neurons (t(14) 	 6.3, p 
 0.001; Fig. 5B). Thus, 8-CPT caused an
increase in GluA2-lacking AMPARs in VTA dopamine neurons.
These results suggest that activation of Epac2 by 8-CPT mimics
the effect of a single cocaine exposure in vivo in altering AMPAR
subunit composition.

Binding of cAMP to Epac (but not PKA) activates Rap1 and
Rap2, which are members of the Ras superfamily small GTPases
that cycle between an inactive GDP-bound form and an active
GTP-bound form (Kawasaki et al., 1998; de Rooij et al., 1998).
Epac proteins catalyze the exchange of GDP for GTP and thereby
activate Rap1 and Rap2 (Kawasaki et al., 1998; de Rooij et al.,
1998). Rap can activate p38 mitogen-activated protein kinase
(MAPK) to regulate GluA2 AMPAR trafficking (Zhu et al., 2002;

Ster et al., 2009). To test the possibility that 8-CPT increased the
RI through p38, we examined whether the p38 inhibitors
SB203580 and SKF86002 affected 8-CPT-induced changes in the
RI in VTA dopamine neurons. Slices were perfused continuously
with vehicle, SB203580 (2 �M), or SKF86002 (5 �M). Whole-cell
recordings were made with control internal solution or internal
solution containing 8-CPT (100 �M). A two-way ANOVA
showed that 8-CPT (F(1,61) 	 7.0, p 	 0.011) and the p38 inhib-
itors (F(2, 61) 	 4.4, p 	 0.016) had significant effects on the RI,
and there was a significant interaction between 8-CPT and the
p38 inhibitors (F(2,61) 	 6.3, p 	 0.004). Tukey’s post hoc tests
indicated that, in vehicle-treated slices, 8-CPT significantly in-
creased the RI (p 
 0.001; Fig. 5C). SB203580 or SKF86002 did
not significantly alter the RI compared with the vehicle group
(SB203580 vs vehicle, p 	 0.806; SKF86002 vs vehicle, p 	 0.988)
but blocked the 8-CPT-induced increase in the RI (SB203580 vs
vehicle, p 	 0.002; SKF86002 vs vehicle, p 
 0.001; Fig. 5C).
Thus, it is likely that 8-CPT altered the RI through activation of
p38 MAPK.

We have shown above that 8-CPT increased the RI and ren-
dered EPSCs sensitive to blockade by Naspm (Fig. 5A,B), sug-
gesting an increase in GluA2-lacking AMPARs in VTA dopamine
neurons. Such an increase could be attributed to an insertion of
GluA2-lacking AMPARs on top of existing AMPARs or, alterna-
tively, the replacement of native GluA2-containing AMPARs
with GluA2-lacking AMPARs (Bellone and Lüscher, 2006). The
dominant-negative peptide Pep2-EVKI mimics the C-terminal
sequence of the AMPAR subunit GluA2 and selectively disrupts
the interaction of the subunit with protein interacting with C
kinase (PICK1; Li et al., 1999). PICK1 regulates the removal and
insertion of GluA2 AMPARs from and to the synapses (Gardner
et al., 2005; Liu and Cull-Candy, 2005). We then examined
whether Pep2-EVKI altered the RI in the VTA in Epac�/� slices.

Figure 4. Epac2 but not Epac1 is required for the increase in the RI induced by a single cocaine injection in vivo. A, In Epac1�/� mice, a single cocaine injection in vivo caused inward rectification
of AMPAR-mediated EPSCs in VTA dopamine neurons ex vivo. AMPAR-EPSCs at �40 and �70 mV were normalized to those of �70 mV to generate I--V curves (n 	 8 –9). B, In Epac2�/� mice,
a single cocaine injection in vivo did not significantly alter the I–V relationship of EPSCs (n 	 7–9). C, A single cocaine injection in vivo significantly increase the RI in Epac1�/�slices (***p 
 0.001;
n 	 8 –9) but not in Epac�/� slices ( p 	 0.983; n 	 7–9).
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Pep2-EVKI (100 �M) or the inactive control peptide Pep2-SVKE
(100 �M) was dialyzed into VTA dopamine neurons with or with-
out 8-CPT (100 �M) coapplication for at least 10 min before the
RI was measured. A two-way ANOVA indicated that 8-CPT
(F(1,30) 	 6.4, p 	 0.018) and Pep2-EVKI (F(1,30) 	 6.1, p 	
0.020) had significant effects on the RI; there was a significant
interaction between 8-CPT and Pep2-EVKI (F(1,30) 	 10.0, p 	
0.004). Tukey’s post hoc tests indicated that Pep2-EVKI itself had
no significant effect on the RI (p 	 0.649) but blocked the
8-CPT-induced increase in the RI (p 
 0.001; Fig. 5D). Thus, the
8-CPT-induced change in AMPAR subunit composition re-
quired interaction of the GluA2 subunit with PICK1 that is
known to regulate GluA2 trafficking at synapses (Bellone and
Lüscher, 2006). Together, these results appeared to support a
model in which Epac causes activation of the downstream effec-
tors Rap1 and Rap2, which in turn activate p38 MAPK to remove
GluA2 AMPARs from synapses. PICK1 is required for the re-
moval and insertion of GluA2 AMPARs from and to the excit-
atory synapses onto VTA dopamine neurons (Fig. 5E).

Epac2 knock-out impaired cocaine-induced increase in
AMPAR/NMDAR ratio
Single or repeated cocaine intraperitoneal injections lead to an
increase in the AMPAR/NMDAR ratio in VTA dopamine neu-
rons (Ungless et al., 2001; Borgland et al., 2004; Liu et al., 2005;
Mameli et al., 2009). We examined whether the Epac2 knock-out
altered cocaine-induced changes in the AMPAR/NMDAR ratio
in VTA dopamine neurons. Epac�/� and Epac2�/� mice received
a single intraperitoneal injection of saline or cocaine (15 mg/kg).
Midbrain slices were prepared from these four groups of mice

24 h later. The AMPAR/NMDAR ratio in VTA dopamine neu-
rons was measured as described previously (Zhong et al., 2015).
The two-way ANOVA showed that cocaine (F(1,31) 	 10.2, p 	
0.003) and genotype (F(1,31) 	 18.4, p 
 0.001) had significant
effects on the AMPAR/NMDAR ratio, and there was a significant
interaction between cocaine treatment and genotype (F(1,31) 	
4.7, p 	 0.039; Fig. 6A,B). Tukey’s post hoc tests indicated that
cocaine treatment significantly increased the AMPAR/NMDAR
ratio in Epac�/� slices (p 
 0.001) but not in Epac2�/� slices
(p 	 0.144; Fig. 6A,B). Thus, Epac2 is required for the increase in
the AMPAR/NMDAR ratio induced by a single cocaine injection
in vivo.

We examined whether mEPSCs were altered in Epac�/� and
Epac2�/� mice that received a single cocaine injection. Two-way
ANOVA showed that cocaine and genotype had significant ef-
fects on the frequency (cocaine, F(1,39) 	 7.9, p 	 0.008; genotype,
F(1,39) 	 9.4, p 	 0.004) of and amplitude (cocaine, F(1,39) 	 4.4,
p 	 0.043; genotype, F(1,39) 	 4.9, p 	 0.034) of mEPSCs, and
there was significant interactions between cocaine treatment and
genotype (frequency, F(1,39) 	 6.5, p 	 0.015; amplitude, F(1,39) 	
10.5, p 	 0.003). Tukey’s post hoc tests indicated that cocaine
treatment significantly increased the frequency and amplitude of
mEPSCs in Epac�/� slices (both p 
 0.001) but not in Epac2�/�

slices (frequency, p 	 0.412; amplitude, p 	 0.855; Fig. 6C–E).
The increase in mEPSC amplitude would facilitate the detec-
tion of small mEPSCs that were previously below the threshold
of detection, which might contribute to the increase in the
frequency of mEPSCs. Our results suggest that a single cocaine
injection in vivo led to an increase in AMPAR-mediated
mEPSCs.

Figure 5. The selective Epac agonist 8-CPT increases GluA2-lacking AMPARs via activation of Epac2. A, Intracellular dialysis of 8-CPT increased the RI in VTA dopamine neurons in Epac�/� slices
(**p 	 0.002; n 	 7–10), which was blocked in Epac2�/� slices (***p 
 0.001; n 	 8 –10). B, In Epac�/� slices, the selective GluA2-lacking AMPAR blocker Naspm (100 �M) induced greater
inhibition of EPSCs in 8-CPT-loaded neurons compared with that in control neurons (***p
0.001; n	7– 8). C, Intracellular dialysis of 8-CPT (100 �M) caused an increase in the RI in Epac�/� slices
(***p
0.001; n	11), which was blocked by the p38 inhibitor SB203580 (2 �M; **p	0.002; n	10 –11) or SKF86002 (5 �M; ***p
0.001; n	10 –11). D, The PICK1 active peptide Pep2-EVKI
(100 �M) itself did not alter the RI ( p 	 0.649; n 	 8) but blocked the 8-CPT-induced increase in the RI (***p 
 0.001; n 	 7– 8). E, A model shows how Epac activation leads to the change of
AMPAR subunit composition.
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We determined whether acute activation of Epac or PKA al-
tered the AMPAR/NMDAR ratio in VTA dopamine neurons.
6-Bnz-cAMP is a cAMP analog that selectively activates PKA but
does not affect Epac (Hewer et al., 2011). Control, 8-CPT- (100
�M), 6-Bnz-cAMP- (100 �M), or 8-CPT plus 6-Bnz-cAMP-
containing internal solution was dialyzed into VTA dopamine
neurons in Epac�/� slices for 10 –15 min before the measurement
of the AMPAR/NMDAR ratio. One-way ANOVA showed that

intracellular dialysis of the different activators significantly
changed the AMPAR/NMDAR ratio (F(3,18) 	 9.0, p 
 0.001).
Tukey’s post hoc tests indicated that 6-Bnz-cAMP alone (p 	
0.013) or 8-CPT plus 6-Bnz-cAMP (p 	 0.029) significantly in-
creased the AMPAR/NMDAR ratio in Epac�/� slices, whereas
8-CPT did not significantly change the AMPAR/NMDAR ratio
(p 	 0.916; Fig. 7A). We next examined whether intracellular
dialysis of 8-CPT or 6-Bnz-cAMP altered basal EPSCs in the

Figure 6. Genetic deletion of Epac2 blocked the increase in the AMPAR/NMDAR ratio induced by a single cocaine injection in vivo. Wild-type control and Epac2�/� mice received a single
intraperitoneal injection of saline or cocaine (15 mg/kg). Midbrain slices were prepared from these four groups of mice the next day. A, Representative AMPAR- and NMDAR-mediated evoked EPSCs
recorded from VTA dopamine neurons. B, A single cocaine injection in vivo significantly increased the AMPAR/NMDAR ratio in Epac�/� slices (***p 
 0.001; n 	 8 for each group), although this
increase was blocked in Epac2�/� slices (***p 
 0.001; n 	 8 for each group). C, Representative mEPSCs recorded from VTA dopamine neurons in saline- or cocaine-treated Epac�/� and
Epac2�/� mice. D, E, A single cocaine injection in vivo significantly increased the frequency (***p 
 0.001) and amplitude (***p 
 0.001; n 	 9 –10) of mEPSCs in Epac�/� slices, although these
increases were blocked in Epac2�/� slices (both ***p 
 0.001; n 	 9 –10).
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VTA. 8-CPT caused a gradual and modest decrease in the ampli-
tude of evoked EPSCs in Epac�/� slices but did not significantly
change EPSCs in Epac2�/� slices (Fig. 7B). These results are
mostly consistent with the finding that 8-CPT induced long-term
depression-like synaptic modification in the CA1 region of hip-
pocampal slices (Ster et al., 2009). The modest change of
AMPAR-EPSCs may explain why 8-CPT did not significantly
change the AMPAR/NMDAR ratio. In contrast, intracellular di-
alysis of 6-Bnz-cAMP caused rapid, robust enhancement of
EPSCs in Epac�/� slices, whereas control internal solution (drug-
free) did not significantly change basal EPSCs (Fig. 7C). Thus,
activation of PKA causes enhancement of AMPAR-EPSCs and
the AMPAR/NMDAR ratio in the VTA.

Next we examined whether Epac and PKA agonists altered the
RI in the VTA. Whole-cell recordings were made with control
internal solution or internal solution containing 8-CPT (100 �M)
or 6-Bnz-cAMP (100 �M). 8-CPT is known to activate Epac but
not PKA (Enserink et al., 2002). Nevertheless, we examined
whether PKA was involved in 8-CPT-induced increase in the RI
in Epac�/� slices. Slices were treated with vehicle or the PKA
inhibitor H89 (10 �M) for at least 1 h. We and others have shown
that, under this condition, H89 was effective in blocking PKA-
mediated responses in VTA dopamine neurons (Pan et al., 2008)
and hippocampal slices (Chevaleyre et al., 2007). A two-way

ANOVA showed that intracellular dialysis of different internal
solutions significantly changed the RI (F(2,54) 	 17.5, p 
 0.001),
H89 treatment had no significant effects on RI (F(1,54) 	 0.7, p 	
0.399), and there was no significant interaction between internal
solution and H89 treatment (F(2,54) 	 0.3, p 	 0.753; Fig. 7D). A
priori (planned) comparisons indicate that 8-CPT significantly
increased the RI (p 	 0.002), and H89 did not alter the RI (p 	
0.941) or 8-CPT (p 	 0.347)-induced increase in the RI. 6-Bnz-
cAMP did not alter the RI (p 	 0.276; Fig. 7D). These results
indicate that acute activation of Epac, but not PKA, significantly
changes the RI in the VTA.

Effects of Epac deletion on cocaine CPP, RI, and AMPAR/
NMDAR ratio in the VTA
The dopamine neurons in the VTA and sustantia nigra sense
reward and reward-predicting contextual cues (Schultz, 2002)
and are likely involved in drug-cue associative learning (for re-
view, see Kauer, 2004). We examined whether CPP to cocaine
was regulated by Epac. Epac�/�, Epac1�/�, Epac2�/�, and
Epac�/� mice underwent saline and cocaine conditioning. Five
mice that exhibited unconditioned place preference (�180 s)
during the pretest were excluded from additional experiments.
The remaining mice did not exhibit a significant difference in the
time spent in each chamber (p � 0.05; Fig. 8A). Then, cocaine (15

Figure 7. Effects of activation of Epac or PKA on the AMPAR/NMDAR ratio, basal AMPAR-EPSCs, and RI in VTA dopamine neurons. A, Intracellular dialysis of 6-Bnz-cAMP (6-Bnz; 100 �M; *p 	
0.013; n 	 6) or 6-Bnz � 8-CPT (100 �M; *p 	 0.029; n 	 7) significantly increased the AMPAR/NMDAR ratio in Epac�/� slices, whereas intracellular dialysis of 8-CPT did not significantly change
the AMPAR/NMDAR ratio ( p 	 0.916, n 	 6 –7). B, Intracellular dialysis of 8-CPT caused a slow and graduate decrease in the amplitude of evoked EPSCs in Epac�/� slices but did not significantly
change EPSCs in Epac2�/� slices ( p 	 0.049; n 	 9 –10). C, Intracellular dialysis of 6-Bnz-cAMP caused rapid, robust enhancement of EPSCs in Epac�/� slices, whereas the control internal solution
did not significantly change basal EPSCs ( p 	 0.007, n 	 10 –11). D, 8-CPT increased the RI (**p 	 0.003; n 	 8 –10). The PKA inhibitor H89 (10 �M) did not alter the RI ( p 	 0.941; n 	 8 –10),
nor did it affect the 8-CPT-induced increase in the RI ( p 	 0.347; n 	 10). 6-Bnz-cAMP did not alter the RI ( p 	 0.276; n 	 8 –9).
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mg/kg, i.p.) or saline place conditioning was conducted twice
daily for 2 d (see Materials and Methods). Twenty-four hours
after the last pairing, CPP was tested without any drug or vehicle
administration. Two-way ANOVA revealed that genotype (F(3,76)

	 5.8, p 	 0.001) and cocaine (F(1,76) 	 136.7, p 
 0.001) had
significant effects on the preference score, and there was a signif-
icant interaction between genotype and cocaine conditioning
(F(3,76) 	 5.4, p 	 0.002; Fig. 8B). Tukey’s post hoc tests showed
that, in cocaine conditioning groups, Epac2�/� (p 
 0.001) and
Epac�/� (p 
 0.001) mice, but not Epac1�/� mice (p 	 0.557),
displayed significant decreases in the preference score compared
with the Epac�/� mice. In saline conditioning groups, the pref-
erence score was not significantly different among the four
groups of mice (p � 0.05).

During place conditioning, locomotor activity in the con-
ditioning chambers were tracked by infrared photobeam
breaks. We compared locomotor activity in saline or cocaine
conditioned wild-type and Epac knock-out mice over the 2 d
of cocaine conditioning or corresponding saline conditioning
(i.e., sessions 2 and 4). Locomotor activity were analyzed with
a mixed ANOVA that included between-subjects factors of
place conditioning and genotype and the within-subject factor
of conditioning sessions. Cocaine conditioning significantly
increased locomotor activity over the 2 d of place conditioning
(F(1,153) 	 64.9, p 
 0.001), locomotor activity was not signif-
icantly different among different genotypes (F(3,153) 	 0.7, p 	
0.566), and there was no significant interaction between place
conditioning and genotypes (F(3,153) 	 0.6, p 	 0.637; Fig. 8C).

Thus, cocaine-induced increases in locomotor activity were
not significantly different among different genotypes. These
results suggest that the reduction of CPP scores in Epac2�/�

and Epac�/� mice could not be attributed to the secondary
consequence of changes in locomotor activity.

We have shown previously that a single cocaine injection in
vivo led to changes in the AMPAR/NMDAR ratio and RI in
VTA slices prepared from juvenile mice. Here we examined
whether the AMPAR/NMDAR ratio and RI were changed in
adult Epac�/� and Epac2�/� mice that underwent saline or
cocaine conditioning and the CPP test. One day after the CPP
test, the mice were killed and midbrain slices were prepared.
The AMPAR/NMDAR ratio and RI were measured in VTA
slices prepared from these four groups of mice. We found that
genotype and cocaine conditioning had significant effects on
the AMPAR/NMDAR ratio (genotype, F(1,27) 	 18.3, p 

0.001; cocaine conditioning, F(1,27) 	 15.2, p 
 0.001) and RI
(genotype, F(1,25) 	 7.2, p 	 0.013; cocaine conditioning,
F(1,25) 	 6.4, p 	 0.019). There were significant interactions
between cocaine conditioning and genotype for the AMPAR/
NMDAR ratio (F(1,27) 	 10.4, p 	 0.004; Fig. 8D) and RI
(F(1,25) 	 5.0, p 	 0.035; Fig. 8E). Tukey’s post hoc tests showed
that the AMPAR/NMDAR ratio ( p 
 0.001) and RI ( p 	
0.003) in Epac�/� slices were significantly increased in
the cocaine-conditioned group compared with the saline-
conditioned group, whereas these two parameters in
Epac2�/� slices were not significantly different in the cocaine-

Figure 8. Cocaine CPP was impaired in Epac2- but not Epac1-deficient mice. A, Epac�/�, Epac1�/�, Epac2�/�, and Epac�/� mice exhibited no significant unconditioned preference in each
chamber during pretest ( p �0.05; n 	8 –14). B, Compared with that of wild-type Epac�/� mice, Epac�/� and Epac2�/� mice exhibited significant decreases in the preference score (*p 
0.05,
**p 
 0.01, ***p 
 0.001; n 	 8 –14); there was no significant change of the preference score in Epac1�/� mice ( p � 0.05; n 	 9 –12). C, Compared with saline (Sal), cocaine (Coc) significantly
increased locomotor activity over the 2 d of place conditioning (***p 
 0.001; n 	 8 –14), and the locomotor activity were not significantly different among different genotypes ( p 	 0.566;
n 	 8 –14). D, Cocaine injection in vivo significantly increased the AMPAR/NMDAR ratio in Epac�/� slices (***p 
 0.001; n 	 6 – 8), although this increase was blocked in Epac2�/�

slices (***p 
 0.001; n 	 7– 8). E, Cocaine injection in vivo significantly increase the RI in Epac�/� slices (***p 
 0.001; n 	 6 –7), although this increase was blocked in Epac2�/�

slices (***p 
 0.001; n 	 6 –7).
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conditioned group compared with the saline-conditioned
group ( p � 0.05; Fig. 8 D, E).

We next determined whether Epac2 in the VTA was required
for cocaine CPP. We stereotaxically injected AAV2 carrying
scramble–shRNA or Epac2–shRNA with an EGFP reporter into
the VTA bilaterally in wild-type (Epac�/�) mice. AAV2–scram-
ble–shRNA–EGFP was expressed in 85.1 � 4.6% of TH� dopa-
mine neurons in the VTA, whereas AAV2–Epac2–shRNA–EGFP
was expressed in 84.0 � 7.6% of TH� dopamine neurons, as
shown by colabeling of EGFP with TH, a marker for dopamine
neurons, in the VTA (Fig. 9A,B, n 	 3 mice per group). Approx-
imately 25% of EGFP neurons were not colabeled with TH, sug-
gesting that a substantial number of non-dopamine neurons
were also infected by the AAVs (Fig. 9A). The Western blot of the
VTA indicates that Epac2–shRNA (t(7) 	 6.4, p 
 0.001), but not
scramble–shRNA, significantly reduced Epac2 levels in the VTA
(Fig. 9C,D). Thus, Epac2–shRNA was effective in knocking down
Epac2 in the VTA. We next determined whether knockdown of

Epac2 in the VTA affected cocaine CPP. Three weeks after the
AAV injection, mice underwent cocaine conditioning as de-
scribed above. Mice did not exhibit unconditioned place prefer-
ence during the pretest (p � 0.05; Fig. 9E). Two-way ANOVA
revealed that shRNA (F(1,32) 	 7.3, p 	 0.011) and cocaine con-
ditioning (F(1,32) 	 31.7, p 
 0.001) had significant effects on the
preference score, and there was a significant interaction between
shRNA and cocaine conditioning (F(1, 32) 	 18.4, p 
 0.001; Fig.
9F). Tukey’s post hoc tests showed that Epac2–shRNA knock-
down of Epac2 significantly decreased the preference score com-
pared with the scramble–shRNA group (p 
 0.001; Fig. 9F).
These results indicate that Epac2 signaling in the VTA is involved
in CPP to cocaine.

We compared locomotor activity recorded in the condition-
ing chambers over the 2 d of cocaine conditioning or correspond-
ing saline conditioning (i.e., sessions 2 and 4). Locomotor activity
were analyzed with a mixed ANOVA that included between-

Figure 9. ShRNA knockdown of Epac2 in the VTA in wild-type mice attenuated cocaine CPP. A, Coexpression of TH (dopamine neuron marker, red) and AAV2–Epac2–shRNA–EGFP (green) in the
midbrain. AAVs infected the majority of TH � dopamine neurons in the VTA. Scale bar, 100 �m. B, Summarized data showed the percentage of TH � dopamine neurons infected with AAV2–
scramble–shRNA–EGFP or AAV2–Epac2–shRNA–EGFP (n 	 3 mice per group). C, D, Representative (C) and summarized (D) Western blots data showed that Epac2–shRNA, but not scramble–
shRNA, reduced Epac2 levels in the VTA (***p 
 0.001; n 	 4 mice each group). E, Control mice (without AAV injections) and mice that received intra-VTA injections of AAV2–Epac2–shRNA–EGFP
or AAV2–scramble–shRNA–AAV2-EGFP exhibited no unconditioned place preference during the pretest ( p � 0.05; n 	 8 –9 mice). F, The preference score was significantly decreased in
AAV2–Epac2–shRNA–EGFP-injected mice compared with AAV2–scramble–shRNA–EGFP-injected mice or wild-type mice (***p 
 0.001; n 	 8 –9). G, Cocaine (Coc) significantly increased
locomotor activity over the 2 d of place conditioning (***p 
 0.001; n 	 8 –9), and the locomotor activity was not significant between the Epac2–shRNA and scramble–shRNA groups ( p � 0.05;
n 	 8 –9).
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subjects factors of place conditioning and shRNA and the within-
subject factor of conditioning sessions. Cocaine conditioning
significantly increased locomotor activity over the 2 d of place
conditioning (F(1,65) 	 102.7, p 
 0.001), and locomotor activity
was not significantly different between the Epac2–shRNA and
scramble–shRNA groups (F(1,65) 	 1.3, p 	 0.269). There was no
significant interaction between place conditioning and shRNA
(F(1,65) 	 0.1, p 	 0.984; Fig. 9G). Thus, Epac2 knockdown did
not significantly alter the cocaine-induced increase in locomotor
activity.

Discussion
A single cocaine injection in vivo induces an increase in GluA2-
lacking AMPARs in VTA dopamine neurons (Bellone and
Lüscher, 2006; Argilli et al., 2008; Mameli et al., 2009; Good and
Lupica, 2010), but the downstream mechanisms for cocaine-
induced change in AMPAR subunit composition remains essen-
tially unknown. Here, we have shown that genetic deletion of
Epac2 blocked the cocaine-induced increase in GluA2-lacking
AMPARs in the VTA, whereas the activation of Epac with 8-CPT
mimicked the effect of cocaine in increasing GluA2-lacking
AMPARs. These results suggest that Epac is required for the
cocaine-induced change in AMPAR subunit composition in the
VTA.

Epac2 is required for cocaine-induced change in AMPAR
subunit composition
We showed that a single intraperitoneal cocaine injection led to
an increase in the RI in Epac�/� and Epac1�/� slices ex vivo but
not in Epac�/� and Epac2�/� slices. EPSCs were greatly attenu-
ated by the selective GluA2-lacking AMPAR blocker Naspm in
Epac�/� slices but were not significantly affected by Naspm
in Epac�/� slices. Cocaine CPP also caused an increase in the RI
in Epac�/� mice but not in Epac2�/� mice. Furthermore, the
selective Epac agonist 8-CPT mimicked the effect of the cocaine-
induced increase in GluA2-lacking AMPARs in the VTA, and the
effects of 8-CPT were dependent on Epac2. EPSCs recorded from
8-CPT-filled neurons in Epac�/� slices showed increases in the RI
and sensitivity to Naspm blockade, but such increases were ab-
sent in Epac2�/� slices. Together, these results suggest a critical
role of Epac2 in mediating the cocaine-induced change in
AMPAR subunit composition. Epac2 is abundantly expressed in
the brain, whereas Epac1 expression in the brain is very low (Ka-
wasaki et al., 1998; de Rooij et al., 1998), which may explain why
the Epac2 knock-out, but not the Epac1 knock-out alone,
blocked the cocaine-induced increase in GluA2-lacking
AMPARs.

How might Epac activation lead to an increase in GluA2-
lacking AMPARs in VTA dopamine neurons? Two possibilities
may account for such increase: (1) the replacement of native
GluA2-containing AMPARs with GluA2-lacking AMPARs; or
(2) the insertion of GluA2-lacking AMPARs on top of existing
AMPARs (Bellone and Lüscher, 2006). Epac proteins activate
Rap1 and Rap2 (Kawasaki et al., 1998; de Rooij et al., 1998). Rap
can activate p38 MAPK (Sawada et al., 2001), which leads to the
removal of synaptic AMPARs containing short cytoplasmic tails,
i.e., GluA2 and GluA3 (Zhu et al., 2002; Ster et al., 2009). We have
shown that p38 MAPK inhibitors blocked the 8-CPT-induced
increase in the RI in VTA dopamine neurons, suggesting that the
Epac agonist causes the removal of GluA2-containing receptors
from the cell surface. This notion appears to be supported by
pharmacological intervention that selectively blocks the endocy-

tosis of GluA2-containing AMPRs. The C terminus of GluA2
AMPARs interact with PDZ proteins, including PICK1; binding
of PICK1 with the C terminus of GluA2 promotes internalization
of GluA2-containing AMPARs (Collingridge et al., 2004). An
interference peptide, Pep2-EVKI, disrupts the interaction of
PICK1 with the C terminus of GluA2 and therefore blocks the
endocytosis of GluA2 (Banke et al., 2000; Esteban et al., 2003).
Localized viral vector delivery of Pep2-EVKI into the VTA
blocked the increases in the RI and AMPAR/NMDAR ratio in-
duced by a single cocaine exposure in vivo (Bellone and Lüscher,
2006). We showed that intracellular dialysis of Pep2-EVKI into
VTA dopamine neurons did not alter RI by itself but blocked
8-CPT-induced increase in the RI, whereas the inactive control
peptide Pep2-SVKE did not have a significant effect. Together,
the above results suggest that in vivo cocaine exposure activates
Epac to cause the replacement of native GluA2-containing
AMPARs with GluA2-lacking AMPARs.

A single cocaine exposure in vivo leads to increases in the
AMPAR/NMDAR ratio (Ungless et al., 2001; Borgland et al.,
2004; Liu et al., 2005; Bellone and Lüscher, 2006; Argilli et al.,
2008; Mameli et al., 2009) and AMPAR-mEPSCs and currents
(Ungless et al., 2001). The present study showed the increases in
the AMPAR/NMDAR ratio, and mEPSCs induced by a single
cocaine exposure in vivo remained intact in Epac�/� mice but was
blocked in Epac2�/� mice. Importantly, cocaine CPP led to Epac-
dependent increases in the AMPAR/NMDAR ratio and RI. These
studies suggest that an increase in AMPAR-EPSCs contributes to
the increase in the AMPAR/NMDAR ratio. Using two-photon
laser uncaging of caged glutamate to evoke unitary NMDAR and
AMPAR EPSCs in VTA dopamine neurons, recent studies have
shown that in vivo cocaine exposure leads to a decrease in unitary
NMDAR-EPSCs and an increase in AMPAR-EPSCs, suggesting
that both increased AMPAR-EPSCs and reduced NMDAR-
EPSCs contribute to the increase in the AMPAR/NMDAR ratio
(Mameli et al., 2011; Yuan et al., 2013).

We examined the effects of intracellular application of Epac
and PKA activators on EPSCs and the AMPAR/NMDAR ratio in
the VTA. We found that 8-CPT caused a modest decrease in
AMPAR-EPSCs and statistically insignificant change of the
AMPAR/NMDAR ratio, the latter of which may be explained by a
very modest change of AMPAR-EPSCs. Our results are consistent
with previous studies showing that 8-CPT induced removal of
GluA2-AMPARs and long-term depression-like synaptic modi-
fication in cortical and hippocampal neurons (Ster et al., 2009;
Woolfrey et al., 2009). In contrast, intracellular dialysis of the
PKA activator 6-Bnz-cAMP caused robust increases in AMPAR-
EPSCs and the AMPAR/NMDAR ratio. PKA-mediated phos-
phorylation of GluA1 S845 is known to promote GluA1
cell-surface insertion, increase AMPAR channel open probabil-
ity, and facilitate the induction of LTP (Banke et al., 2000; Este-
ban et al., 2003; Man et al., 2007). The adenylyl cyclase activator
forskolin potentiates EPSCs, whereas PKA inhibitors depress
EPSCs in VTA dopamine neurons (Haj-Dahmane and Shen,
2010), although PKA-dependent depression of EPSCs was also
reported in the VTA (Gutlerner et al., 2002). We suspect that
activation of Epac causes the removal of GluA2-AMPARs from
synapses in VTA dopamine neurons, whereas activation of PKA
induces insertion of GluA1-AMPARs. The activation of the D1

dopamine receptor is required for cocaine-induced increases in
GluA2-lacking AMPARs (Brown et al., 2010) and the AMPAR/
NMDAR ratio in the VTA (Argilli et al., 2008). Epac and PKA are
downstream effectors of D1 receptors. Although acute activation
of Epac and PKA with 8-CPT and 6-Bnz-cAMP may not recapit-
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ulate conditions after in vivo cocaine exposure, our results suggest
that both Epac and PKA are activated after in vivo cocaine expo-
sure and act cooperatively to mediate cocaine-induced increases
in the RI and AMPAR/NMDAR ratio, which may explain why
such increases were blocked in Epac2 knock-out mice.

Modulation of cocaine CPP by Epac
Epac signaling has been implicated in learning and memory. Hip-
pocampal Epac signaling is required for memory retrieval (Ouy-
ang et al., 2008; Ostroveanu et al., 2010). Infusion of 8-CPT into
the dorsal hippocampus enhances contextual fear and inhibitory
avoidance, and siRNA knockdown of Epac2 in the dorsal hip-
pocampus after (but not before) training impairs intermediate-
term contextual fear memory (Ostroveanu et al., 2010). Dorsal
hippocampal infusion of PKA and Epac agonists together, but
not either agonist alone, rescues contextual memory retrieval in
norepinephrine-deficient mice (Ouyang et al., 2008). Epac�/�

mice showed spatial learning and memory deficits in the Morris
water maze test (Yang et al., 2012). A recent study has shown that
intra-basolateral amygdala (BLA) infusion of 8-CPT immedi-
ately after reactivation of a drug-cue memory diminished cue-
induced reinstatement of cocaine-seeking in rats, suggesting that
Epac activation in the BLA inhibited drug-associated memory
reconsolidation (Wan et al., 2014). Thus, Epac signaling in dis-
crete brain regions may play distinct or even opposite roles in
appetitive and aversive learning. In the present study, we exam-
ined whether Epac subtype knock-out altered cocaine CPP,
which has a strong learning component. We have found that,
compared with wild-type mice, cocaine CPP scores were signifi-
cantly decreased in Epac2�/� mice and Epac�/� mice but re-
mained unchanged in Epac1�/� mice. Microinjections of PKA
inhibitors into the VTA or intracerebroventricularly in the rat led
to impairments of CPP to cocaine or amphetamine (Cervo et al.,
1997; Ahn et al., 2010). Together, these studies suggest that both
cAMP effectors are critically involved in drug-cue associative
learning. One caveat of using knock-out mice is that Epac is
deleted during early development, and not all of the behavioral
effects of Epac deletion are necessarily attributable to the nullified
gene itself. Gene knock-out may also induce compensatory
changes. However, these concerns may be lessened by the finding
that that shRNA knockdown of Epac2 in the VTA attenuated
cocaine CPP.

In summary, we showed that genetic deletion of Epac2 blocked
cocaine-induced increases in the RI and sensitivity of EPSCs to
NASPM, whereas activation of Epac with 8-CPT recapitulated the
effects of cocaine. These results uncovered a critical role of Epac in
mediating cocaine-induced increase in GluA2-lacking AMPARs in
VTA dopamine neurons. In addition, we demonstrated that cocaine
CPP was impaired in Epac2�/� and Epac�/� mice and in mice in
which Epac2 was knocked down in the VTA but remained un-
changed in Epac1�/� mice. Together, these studies reveal that Epac
signaling is critical to cocaine-induced long-term synaptic plasticity
and formation of cocaine-cue associative memories.
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