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Extracellular Signal-Regulated Kinase Signaling in the
Ventral Tegmental Area Mediates Cocaine-Induced Synaptic
Plasticity and Rewarding Effects

Bin Pan, Peng Zhong, Dalong Sun, and Qing-song Liu
Department of Pharmacology and Toxicology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226

Drugs of abuse such as cocaine induce long-term synaptic plasticity in the reward circuitry, which underlies the formation of drug-
associated memories and addictive behavior. We reported previously that repeated cocaine exposure in vivo facilitates long-term poten-
tiation (LTP) in dopamine neurons of the ventral tegmental area (VTA) by reducing the strength of GABAergic inhibition and that
endocannabinoid-dependent long-term depression at inhibitory synapses (I-LTD) constitutes a mechanism for cocaine-induced reduc-
tion of GABAergic inhibition. The present study investigated the downstream signaling mechanisms and functional consequences of
I-LTD in the VTA in the rat. Extracellular signal-regulated kinase (ERK) signaling has been implicated in long-term synaptic plasticity,
associative learning, and drug addiction. We tested the hypothesis that VTA ERK activity is required for I-LTD and cocaine-induced
long-term synaptic plasticity and behavioral effects. We show that the activation of receptors required for I-LTD increased ERK1/2
phosphorylation and inhibitors of ERK activation blocked I-LTD. We further demonstrate that ERK mediates cocaine-induced reduction
of GABAergic inhibition and facilitation of LTP induction. Finally, we show that cocaine conditioned place preference (CPP) training (15
mg/kg; four pairings) increased ERK1/2 phosphorylation in the VTA, while bilateral intra-VTA injections of a CB1 antagonist or an
inhibitor of ERK activation attenuated ERK1/2 phosphorylation and the acquisition, but not the expression, of CPP to cocaine. Our study
has identified the CB1 and ERK signaling cascade as a key mediator of several forms of cocaine-induced synaptic plasticity and provided
evidence linking long-term synaptic plasticity in the VTA to rewarding effects of cocaine.

Introduction
The endocannabinoid (eCB) system is critically involved in be-
havioral effects of many drugs of abuse, including cocaine (Ger-
deman et al., 2003). A primary site of the interaction between
addictive drugs and the cannabinoid receptor (CB1) is the ventral
tegmental area (VTA) (Lupica and Riegel, 2005). An important
function of eCBs is to mediate short-term and long-term depres-
sion (LTD) at excitatory and inhibitory synapses (I-LTD) (Ger-
deman et al., 2002; Marsicano et al., 2002; Robbe et al., 2002;
Chevaleyre and Castillo, 2003). Repeated cocaine exposure in
vivo reduces GABAergic inhibition to VTA dopamine neurons by
inducing I-LTD-like synaptic modification (Liu et al., 2005; Pan
et al., 2008a). eCB-LTD and I-LTD represent a widespread and
fundamental mechanism by which synaptic strength and behav-
ior can be regulated (Gerdeman et al., 2003; Heifets and Castillo,
2009). A common property for this type of LTD/I-LTD is that
CB1 antagonists block the induction of CB1-LTD/I-LTD, but
cannot reverse the established LTD/I-LTD when applied after
LTD induction (Chevaleyre and Castillo, 2003; Ronesi and

Lovinger, 2005; Pan et al., 2008a), suggesting that other down-
stream signaling mechanisms must be recruited to produce the
lasting synaptic depression.

Extracellular signal-regulated kinase (ERK) may represent a
candidate downstream mechanism that mediates I-LTD in the
VTA. CB1 receptor agonists increased phosphorylated and active
ERK in cell lines (Bouaboula et al., 1995; Wartmann et al., 1995)
and the hippocampus (Derkinderen et al., 2003; Jiang et al.,
2005). Cocaine-induced ERK phosphorylation in the striatum
was CB1 receptor dependent (Corbillé et al., 2007). ERK has been
implicated in both LTP (English and Sweatt, 1996, 1997) and
LTD (Gallagher et al., 2004; Grueter et al., 2006; Kellogg et al.,
2009). We tested the hypothesis that ERK is activated down-
stream of CB1 receptors and mediates the eCB-dependent I-LTD
in the VTA. An important consequence of eCB-I-LTD is to prime
excitatory synapses for LTP induction (Chevaleyre and Castillo,
2003, 2004; Zhu and Lovinger, 2007). We also examined whether
the CB1 and ERK signaling cascade mediates cocaine-induced
reduction of GABAergic inhibition and facilitation of LTP in
VTA dopamine neurons (Liu et al., 2005; Pan et al., 2008a). ERK
plays a critical role in associative learning (Atkins et al., 1998;
Sweatt, 2004) and cocaine addiction (Lu et al., 2005, 2006; Gru-
eter et al., 2006; Girault et al., 2007). Cocaine exposure increased
ERK phosphorylation in the VTA (Berhow et al., 1996) and other
brain regions (Valjent et al., 2000; Lu et al., 2005), and systemic or
local administration of ERK inhibitors blocked cocaine-seeking
behaviors (Lu et al., 2006; Girault et al., 2007). However, it re-
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mains largely unknown whether the CB1 or ERK activity in the
VTA affects behavioral responses of cocaine. We investigated
whether the VTA CB1 and ERK signaling cascade is required for
the development of conditioned place preference (CPP) to co-
caine. Here, we provide evidence that the VTA CB1 and ERK
signaling cascade is required for I-LTD, cocaine-induced reduc-
tion of GABAergic inhibition, facilitation of LTP induction, and
the acquisition of CPP to cocaine.

Materials and Methods
Animals
Male Sprague Dawley rats (Charles River) were used for brain slice elec-
trophysiology Western blotting (Fig. 2) (P18 –P30), immunohistochem-
istry, Western blotting (Figs. 6, 7), and behavior experiments (300 –350
g). All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of the Medical College of Wisconsin.

Brain slice preparation
Midbrain slices (250 �m) from male Sprague Dawley rats (P18 –P30)
were prepared as described previously (Pan et al., 2008a). In some exper-
iments, rats were given daily intraperitoneal injection of either saline
(0.9% NaCl; 1 ml/kg) or cocaine (15 mg/kg) for 5–7 d. The effectiveness
of the cocaine treatment was shown by the sensitization of locomotor
activity in an open field box (Liu et al., 2005). Subgroups of these rats
were also given intraperitoneal injection of vehicle or one of the following
receptor antagonists 20 min before each cocaine or saline injection. These
include CB1 receptor antagonist 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-
4-methyl-N-(1-piperidyl)pyrazole-3-carboxamide (AM251) (2 mg/kg) and
mitogen-activated protein kinase (MAPK)/ERK kinase (MEK) inhibitor
�-[amino[(4-aminophenyl)thio]methylene]-2-(trifluoromethyl)benze-
neacetonitrile (SL327) (50 mg/kg). Drug doses are based on previous reports
(Atkins et al., 1998; Derkinderen et al., 2003; Thiemann et al., 2008). For rats
that received intraperitoneal saline or cocaine injection, midbrain slices were
prepared 24 h after the last cocaine or saline injection. The slices were incu-
bated in oxygenated artificial CSF (ACSF) containing the following (in mM):
125 NaCl, 3 KCl, 2.5 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10
glucose. The ACSF was saturated with 95% O2 and 5% CO2. After recovery
for at least 1 h at room temperature, a slice was transferred to the recording
chamber and superfused with ACSF.

Electrophysiology
Whole-cell recordings were made using patch-clamp amplifiers (Multi-
clamp 700B) under infrared-differential interference contrast micros-
copy. Data acquisition and analysis were performed using DigiData
1440A digitizer and analysis software pClamp 10 (Molecular Devices).
Signals were filtered at 2 kHz and sampled at 10 kHz. Dopamine neurons
were identified by the presence of large Ih currents, rhythmic firing at low
frequency, and prominent afterhyperpolarization (Johnson and North,
1992; Jones and Kauer, 1999; Liu et al., 2005). It has been shown that
these electrophysiological characteristics do not exclusively belong to
dopamine neurons (Margolis et al., 2006; Zhang et al., 2010). Putative
dopamine neurons in our study may contain a small number of nondo-
pamine neurons, which should be randomly distributed in different ex-
perimental groups.

For recording of evoked IPSCs, recordings were made in the presence
of glutamate receptor antagonists CNQX (20 �M) and AP-5 (50 �M) and
neurons were voltage clamped at �70 mV. Electrical stimulation was
delivered by a bipolar tungsten stimulation electrode (WPI) that was
placed �150 �m rostral to the recorded neuron, using square pulses with
duration of 50 �s and frequency of 0.05– 0.1 Hz. Glass pipette was filled
with a solution containing the following (in mM): 100 K-gluconate, 50
KCl, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Mg-ATP, 0.3 Na2GTP, and 10
Na2-phosphocreatine at pH 7.2 (with KOH). For recording of maxi-
mal IPSCs, neurons were voltage clamped at �20 mV and 100 mM

K-gluconate and 50 mM KCl were replaced with Cs-gluconate (145 mM)
and CsCl (5 mM). Maximal IPSCs were elicited by gradually increasing
the stimulation intensity to recruit saturating IPSCs (Huang et al., 1999;
Liu et al., 2005) and performed blind to the treatment history of the rat.
For LTP experiments, neurons were current clamped at �70 mV and the

internal solution contained the following (in mM): 142 potassium glu-
conate, 8 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Mg-ATP, 0.3 Na2GTP,
and 10 Na2-phosphocreatine, pH 7.2 (with KOH). The spike-timing
protocol for LTP induction consisted of 20 bursts of EPSP–spike pairs,
with each burst consisting of five paired stimuli delivered at 100 ms
intervals (10 Hz) and an interburst interval of �5 s (Liu et al., 2005). The
postsynaptic spikes were evoked by injection of depolarizing current
pulses (1–2 nA; 2–3 ms), with the onset of EPSPs preceding the peak of
postsynaptic spikes by �5 ms. EPSPs were evoked at 0.1 Hz before and
after LTP induction. Series resistance (15–25 M�) was monitored
throughout the recordings, and data were discarded if the resistance
changed by �20%. All recordings were performed at 32 � 1°C by using
an automatic temperature controller (Warner Instruments).

Immunohistochemistry
Immunohistochemical procedures were based on published studies with
minor modifications (Valjent et al., 2004). Twenty-four hours after the
last cocaine or saline treatment, rats were deeply anesthetized with intra-
peritoneal injection of sodium pentobarbital (60 mg/kg; Sigma-Aldrich)
and perfused through the aorta with 4% paraformaldehyde in 0.1 M

sodium PBS with 4% sucrose, pH 7.4. After perfusion, brains were re-
moved and fixed in the same fixative overnight at 4°C. The brains were
then cryoprotected in increasing concentrations of sucrose (10, 20, and
30%) in 0.1 M PBS at 4°C, frozen on dry ice, and stored at �80°C until
use. Coronal sections containing VTA were cut at 30 �m thickness with
a cryostat. After H2O2 treatment and rinsing three times in PBS, free-
floating sections were blocked for 1 h at room temperature with blocking
solution (1% bovine serum albumin, 5% normal goat serum, and 1%
Triton X-100 in 0.1 M PBS, pH 7.4). Sections were then incubated with
1:350 phosphorylated ERK (p-ERK) antibody (anti-phospho Thr 202-
Tyr 204 ERK1/2; Cell Signaling Technology) at 4°C for 48 h. After rinsing
three times, 5 min each, in PBS, sections were incubated in the secondary
antibodies: 1:100 goat anti-rabbit IgG-HRP (Bio-Rad) for 2 h at room
temperature. After rinsing twice with PBS and once with 0.1 M ammo-
nium phosphate buffer (APB), pH 7.0, immunoreactivity was detected
with 0.05% DAB– 0.004% H2O2 in APB for 5 min, and the reaction was
stopped with APB for 5 min and then rinsed in PBS three times,
dehydrated, and coverslipped. Control sections were processed with a
nonimmune serum in place of the primary antibodies. Sections were
analyzed by using a Zeiss Axioimager Z1 microscope. For each ani-
mal, every fourth VTA section was examined and the mean counts of
p-ERK-positive neurons in the VTA were determined manually in
one side of the brain. The number of p-ERK-positive cells was nor-
malized to the area. The boundary of VTA was determined with the
aid of rat brain atlas (Paxinos and Watson, 1998).

Western blotting
The extent of ERK or p38 MAPK activation was determined by Western
blotting with protein and phosphoprotein-specific antibodies (Thr 202/
Tyr 204 for p-ERK, and Thr 180/Tyr 182 for p-38 MAPK) (Cell Signaling
Technology). In experiments shown in Figure 2, VTA slices were main-
tained in a static incubation chamber in oxygenated ACSF at 32 � 1°C.
Slices were treated with agonists and/or antagonists for 10 min, and the
VTA was dissected and then homogenized in 0.2 ml of lysis buffer, pH
7.6, containing 50 mM Tris-acetate, 50 mM NaF, 10 mM EDTA, 10 mM

EGTA, 0.01% Triton X, protease inhibitors, and protein phosphatase
inhibitors I and II (Sigma-Aldrich). In experiments shown in Figures 6
and 7, rats were anesthetized with isoflurane and rapidly decapitated at
the specified times after CPP testing. The brains were immediately re-
moved and placed in oxygenated ACSF at 4°C. Midbrain slices were
prepared, and VTA was dissected bilaterally, and then homogenized in
lysis buffer. All above samples were centrifuged at 10,000 � g for 10 min.
The supernatant was subjected to SDS-PAGE. Total protein concentra-
tions were assayed using Bio-Rad protein assay kit (Bio-Rad Laboratori-
es).The concentration of protein is calibrated to 1 �g/�l with 2� loading
buffer containing 0.1 M Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v)
glycerol, 10% (v/v) 2-mercaptoethanol, and 0.04% (w/v) bromophenol
blue. Samples (10 �g of protein per sample) were separated in 10%
SDS-PAGE. Following the transfer, blots were blocked in solution con-
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taining 5% (w/v) milk and 0.1% (v/v) Tween 20 in Tris-buffered saline
(TBS-T) for 2 h at room temperature, and incubated with antibody for
phosphorylated ERK (1:1000 dilution; Cell Signaling) overnight at 4°C.
Blots were then washed several times with TBS-T and probed with horse-
radish peroxidase-conjugated secondary antibody for 2 h at room tem-
perature before being developed using ECL immunoblotting detection
system. The immunoblots were then stripped at 60°C for 30 min with
stripping buffer containing 62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS,
100 mM 2-mercaptoethanol, and reprobed with an antibody recognizing
ERK (1:1000 dilution; Cell Signaling).

Animal surgery and intra-VTA injections
Rats were anesthetized with ketamine and xylazine (90 � 10 mg/kg, i.p.)
and placed in a stereotaxic device (David Kopf Instruments). Bilateral
guide cannulae (26 gauge; Plastics One) were implanted 1 mm above the
VTA using the following stereotaxic coordinates (from bregma, antero-
posterior, �5.2 mm; mediolateral, �1.0 mm; dorsoventral, �7.0 mm)
(Paxinos and Watson, 1998). Obturators were placed in the guide can-
nulae such that they extended 1 mm beyond them and were left there at
all times except during microinjections. After 7– 8 d of recovery, animals
were trained for CPP experiments. Immediately before a conditioning or
test session, the obturator was removed from one of the guide cannulae, and
a stainless-steel injector tube (30 gauge; Plastics One) was inserted to a depth
1 mm beyond the end of the guide cannula. The injector tube was connected
through polyethylene tubing to a 10 �l Hamilton microsyringe. AM251,
1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126),
or corresponding vehicle (0.5 �l per side) was manually injected at a rate of
0.5 �l over 60 s. The injector was kept in the guide cannula for an additional
60 s to ensure adequate diffusion from the injector tip. A similar microinjec-
tion was made on the contralateral side. Twenty minutes after the intra-VTA
microinjection, rats were intraperitoneally injected with saline (0.9% NaCl; 1
ml/kg) or cocaine (15 mg/kg) and were placed in the conditioning environ-
ments immediately after injection. Cocaine hydrochloride for intraperito-
neal injection was dissolved in saline (0.9% NaCl). SL327, U0126, and
AM251 for intraperitoneal or intra-VTA injections were first dissolved in
DMSO, and then diluted in saline solution to get final concentration of
DMSO to 12.5%. The same concentration of diluted DMSO was used as
vehicle controls.

Conditioned place preference
A three-chamber CPP apparatus was used for CPP test (MED Associ-
ates). Two sliding doors separated the central chamber from two side
chambers, which have distinct wall colors (white or black) and flooring
(bar or grid). Animal movement and times spent in each chamber were
measured by computer-interfaced infrared photobeams. CPP protocol
consisted of the following sessions: (1) pretest (day 1): animals were
allowed to explore both sides of chambers for 20 min and time spent in
each side was recorded. Most of the rats (�90%) did not show side
preference before drug injections and stayed approximately the same
time in each chamber. Rats showing unconditioned side preference
(staying 180 s longer than other side) were excluded. (2) Conditioning
(day 2–9): place conditioning was conducted over a period of 8 d using an
unbiased procedure. Rats were randomly assigned to cocaine or saline
conditioning groups. Within each drug treatment group, the drug-
paired chamber was assigned in a counterbalanced order.

Cocaine conditioning. Rats received cocaine injection (15 mg/kg, i.p.)
on days 2, 4, 6, and 8, and were immediately confined to one chamber for
20 min. On days 3, 5, 7, and 9, rats received saline injection (0.9% NaCl;
1 ml/kg, i.p.) and were immediately confined to the opposite chamber for
20 min.

Saline conditioning. Rats received daily saline injection (0.9% NaCl; 1
ml/kg, i.p.) and were immediately confined to one chamber for 20 min
on days 3, 5, 7, and 9, and were confined to the opposite chamber for 20
min on days 2, 4, 6, and 8. Subgroups of rats also received bilateral
intra-VTA infusions of vehicle, AM251, or U0126 20 min before each
intraperitoneal cocaine or saline injection (see Fig. 6). (3) CPP test (day
10): All of the animals were allowed to explore ad libitum for 20 min
between the two sides and time spent on each side is recorded. Subgroups
of rats also received bilateral intra-VTA infusions of vehicle, AM251, or
U0126 20 min before CPP test (see Fig. 7).

Histological verification of VTA cannula placements
After completion of the CPP experiments, VTA cannula placements were
anatomically verified. The animals were anesthetized with pentobarbital
(60 mg/kg, i.p.) and then perfused with PBS followed by 4% paraformal-
dehyde. Brains were cut into 40 �m sections and stained with cresyl violet
then examined with light microscopy. Based on the stereotaxic atlas of
Paxinos and Watson (1998), 11 rats with misplaced cannulae were ex-
cluded from behavioral analysis.

Chemicals
Cocaine hydrochloride, CNQX-Na2, AP-5, picrotoxin, and all other
common chemicals were obtained from Sigma-Aldrich. Other agonists
and antagonists were obtained from Tocris Bioscience.

Specific experiments
Experiment 1: effects of MEK and p38 inhibitors on eCB-dependent I-LTD VTA
dopamine neurons. We prepared midbrain slices from a total of 37 male
Sprague Dawley rats (P18–P30) and examined the effects of bath application
of CB1, ERK, and p38 blockers on I-LTD in VTA dopamine neurons. Drugs
applied into slices included the CB1 receptor antagonist AM251 (2 �M),
MEK inhibitors SL327 (10 �M) and U0126 (20 �M), U0124 (20 �M, an
inactive analog of U0126), and p38 MAPK inhibitors 4-[4-(4-fluorophenyl)-
2-(4-methylsulfinylphenyl)-1H-imidazol-5-yl]pyridine (SB 203580) (10
�M) and 4-[4-(4-fluorophenyl)-5-(4-pyridinyl)-1H-imidazol-2-yl]phenol
(SB 202190) on (10 �M). The concentrations of the inhibitors were based on
previous studies (Atkins et al., 1998; Favata et al., 1998; Pan et al., 2008a). For
each control or drug application group, six to eight neurons were recorded in
six to eight slices that were prepared from four to six rats.

Experiment 2: effects of CB1, D2, and group I mGluR agonists on p-ERK1/2
and p-p38 levels in the VTA. Midbrain slices were prepared as described in
experiment 1. Slices were incubated with one of the following agonists, (R)-
(�)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-
1,4-benzoxazin-6-yl]-1-napthalenylmethanone (WIN 55212-2) (2 �M),
quinpirole (10 �M), or (RS)-3,5-dihydroxyphenylglycine (DHPG) (50 �M),
alone or with vehicle, AM251 (2 �M), or U0126 (20 �M). Ten minutes later,
the VTA was dissected and then were homogenized. Western blotting was
performed using antibodies against ERK, p-ERK, p-38, or p-p38. For each
experimental group, four to five slices were prepared from three to four rats.

Experiment 3: effects of intraperitoneal injection of AM251 or SL327 on
cocaine-induced reduction of GABAergic inhibition and facilitation of LTP
induction. Rats (18 –23 d of age) were given daily intraperitoneal injec-
tions with either saline or cocaine (15 mg/kg) for 5–7 d. Immediately
after saline or cocaine injection, rats were placed on an open field box (45
cm length � 35 cm wide � 30 cm deep) for 15 min. The effectiveness of
the cocaine treatment was shown by the sensitization of locomotor ac-
tivity, as described in our previous study (Liu et al., 2005). Vehicle (12.5%
DMSO in saline), AM251 (2 mg/kg), or SL327 (50 mg/kg) was intraperi-
toneally injected 20 min before each intraperitoneal saline or cocaine
injection. The doses of AM251 and SL327 were based on previous studies
(Atkins et al., 1998; Rutkowska, 2004). Midbrain slices were prepared
�24 h after the last saline or cocaine injection. Whole-cell recordings
were made from VTA dopamine neurons, and maximal IPSCs, miniature
IPSCs (mIPSCs), and LTP were recorded. In each group of maximal IPSC
and mIPSC experiments, 8 –12 neurons were recorded in 8 –12 slices,
which were prepared from four to six rats. In each group of LTP experi-
ments, six to nine neurons were recorded in six to nine slices from four to
five rats.

Experiment 4: effects of intraperitoneal injection of AM251 or SL327 on
cocaine-induced phosphorylated ERK immunoreactivity in the VTA. We
used six groups of rats (300 –350 g; n � 4 each group; total number, 24)
to determine whether repeated cocaine exposure increased ERK activa-
tion in the VTA and whether CB1 receptor activation contributed to the
ERK activation. Rats were given daily intraperitoneal injections with
either saline or cocaine (15 mg/kg) for 6 d, similar to those described
in experiment 3. Vehicle (12.5% DMSO in saline), AM251 (2 mg/kg),
or SL327 (50 mg/kg) was intraperitoneally injected 20 min before
each intraperitoneal saline or cocaine injection. Rats were killed �24
h after the last saline or cocaine injection. VTA sections were immu-
nostained with p-ERK antibody, and p-ERK-positive neurons were
counted and analyzed.
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Experiment 5: effects of intra-VTA infusion of AM251 or U0126 on the
acquisition of cocaine CPP and ERK phosphorylation. We used six groups
of rats (300 –350 g; n � 6 –9 each group; total number, 47) to determine
the role of CB1 receptor and ERK1/2 in the acquisition of cocaine CPP
(see Fig. 6 A). Cocaine or saline place conditioning was conducted once
daily for 8 d, as described above. Vehicle (0.5 �l per side), AM251 (5 �g;
0.5 �l per side), or U0126 (0.1 �g; 0.5 �l per side) was bilaterally infused
into the VTA via preimplanted cannulae 20 min before cocaine or saline
pairing with a particular chamber. The doses of AM251 and U0126 were
based on previous studies (Lu et al., 2005; Xi et al., 2006). Twenty-four
hours after the last pairing, CPP was tested without any drug or vehicle
administration (see Fig. 6 A). Approximately 1 h after CPP tests, rats were
killed and midbrain slices were prepared (n � 4 rats each group). VTA
was dissected bilaterally and then homogenized in lysis buffer. Western
blotting was performed using antibodies against p-ERK and ERK.

Experiment 6: effects of intra-VTA infusion of AM251 or U0126 on the
expression of cocaine CPP and ERK phosphorylation. We used three groups
of rats (n � 7–9 each group; total number, 25) to determine the role of
CB1 receptor and ERK1/2 in the expression of cocaine CPP (see Fig. 7A).
Rats received cocaine conditioning but no intra-VTA infusion was made
during place conditioning. Twenty minutes before the CPP test, vehicle
(0.5 �l per side), AM251 (5 �g; 0.5 �l per side), or U0126 (0.1 �g; 0.5 �l
per side) was bilaterally infused into the VTA and their effects on the
expression of cocaine CPP was tested. Approximately 1 h after the CPP
tests, rats were killed (n � 4 rats each group), and VTA was dissected
bilaterally and then homogenized in lysis buffer. Western blotting was
performed using antibodies against p-ERK and ERK.

Statistics
Data are presented as the mean � SEM. LTDs
are calculated as follows: 100 � (mean ampli-
tude of IPSCs during the final 10 min of re-
cording/mean amplitude of baseline IPSCs).
LTPs are calculated as follows: 100 � (mean
amplitude of EPSPs during the final 10 min of
recording/mean amplitude of baseline EPSPs).
The CPP score was defined as the time spent in
the cocaine-paired chamber minus the time
spent in the saline-paired chamber. Immuno-
blots were analyzed by densitometry using Im-
ageJ (http://rsb.info.nih.gov/ij/index.html). Data
sets were compared with either Student’s t test,
one-way or two-way ANOVA followed by
Tukey’s post hoc analysis. Results were considered
to be significant at p 	 0.05.

Results
Experiment 1: effects of ERK and p38
inhibitors on
eCB-dependent I-LTD in VTA
dopamine neurons
VTA dopamine neurons receive GABAer-
gic inhibitory inputs mainly from local in-
terneurons (Kalivas et al., 1993; Xia et al.,
2011). Electron microscopy studies sug-
gest that CB1 receptors are expressed on
inhibitory and excitatory axonal termi-
nals (Mátyás et al., 2008). We have shown
previously that application of 10 Hz stim-
ulation for 5 min in the presence of co-
caine (3 �M) induced I-LTD in VTA
dopamine neurons in midbrain slices and
this I-LTD was blocked by the CB1 recep-
tor antagonist AM251 (Pan et al., 2008a).
Replicating these findings, we found that
the combination of cocaine application (3
�M) with 10 Hz stimulation induced
I-LTD in VTA dopamine neurons (66.2 �
7.5% of baseline; n � 6), and this I-LTD

was blocked by the CB1 receptor antagonist AM251 (2 �M; 92.6 �
6.7% of baseline; n � 7; t(11) � 2.6; p 	 0.05 vs control) (Fig. 1A).

Previous studies indicate that the activation of CB1 receptors
is necessary for the induction, but not the maintenance of eCB-
mediated LTD or I-LTD (Gerdeman et al., 2002; Chevaleyre and
Castillo, 2003; Ronesi et al., 2004; Pan et al., 2008a), suggesting
that other downstream signaling molecule(s) must be recruited
to produce the long-lasting depression. We tested the hypothesis
that ERK is activated downstream of the CB1 receptor and is
required for the eCB-dependent I-LTD. ERK is phosphorylated
and activated by MAPK/ERK kinase (MEK) (Nakielny et al.,
1992). If ERK is activated downstream of the CB1 receptor and
mediates I-LTD in the VTA, I-LTD should be blocked by MEK
inhibitors. We found that bath application of selective MEK
inhibitor SL327 (10 �M) blocked I-LTD (92.2 � 5.7% of base-
line; n � 7; t(12) � 2.4; p 	 0.05 vs control) (Fig. 1 B). Appli-
cation of another MEK inhibitor, U0126 (20 �M) also blocked
I-LTD (91.0 � 6.3% of baseline; n � 8; t(13) � 2.7; p 	 0.05)
(Fig. 1C). In contrast, U0124 (20 �M), an inactive analog of
U0126, had no significant effect on I-LTD (65.9 � 6.9% of
baseline; n � 7; t(11) � 0.03; p � 0.05 vs control) (Fig. 1C).
These results suggest that ERK is required for the eCB-
dependent I-LTD in the VTA.

Figure 1. ERK, but not p38 MAPK, is required for eCB-dependent I-LTD in VTA dopamine neurons. A, The presence of cocaine (3
�M) 3 min before and 5 min during the 10 Hz stimulation [indicated by arrow (1)] induced I-LTD in VTA dopamine neurons (n �
6). Bath application of the CB1 receptor antagonist AM251 (2 �M) blocked I-LTD (n � 7; p 	 0.05 vs vehicle). Top, Sample IPSCs
in the VTA before (indicated by “1”) and after (indicated by “2”) the 10 Hz stimulation. B, Bath application of MEK inhibitor SL327
(10 �M; n � 7) blocked I-LTD (p 	 0.05 vs vehicle). C, MEK inhibitor U0126 (20 �M; n � 8) blocked I-LTD, whereas U0124 (20 �M;
n � 7), the inactive analog of U0126, had no significant effect on I-LTD (p 	 0.05 vs U0126). D, Bath application of p38 MAPK
inhibitor SB 203580 (10 �M; n � 8) or SB 202190 (10 �M; n � 6) had no significant effects on I-LTD (p � 0.05 vs vehicle). For each
group, six to eight neurons were recorded in six to eight slices that were prepared from four to six rats.
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CB1 receptor agonists increased p38 MAPK phosphorylation
and activation in the hippocampus (Derkinderen et al., 2001).
p38 MAPK is required for mGluR-dependent LTD in hippocam-
pal slices (Bolshakov et al., 2000; Rush et al., 2002). To test
whether p38 MAPK is required for the eCB-dependent I-LTD in
the VTA, we examined the effect of selective p38 MAPK inhibi-
tors SB 203580 and SB 202190 on I-LTD. We found that I-LTD
was not significantly affected by 10 �M SB 203580 (74.1 � 6.8% of
baseline; n � 8; t(12) � 0.8; p � 0.05 vs control) or 10 �M SB
202190 (73.2 � 6% of baseline; n � 6; t(10) � 0.7; p � 0.05 vs
control) (Fig. 1D). These results indicate that p38 MAPK is not
required for eCB-dependent I-LTD in the VTA.

Experiment 2: effects of CB1 , D2 , and group I mGluR agonists
on p-ERK1/2 and p-p38 levels in the VTA
To test whether activation of the CB1 receptor could trigger ERK
activation in the VTA, we examined the effect of the CB1 receptor
agonist WIN 55212-2 on ERK1/2 phosphorylation in isolated
VTA slices, using phosphospecific antibodies that recognize the
dually phosphorylated (Thr 202/Tyr 204) and active ERK. In hip-
pocampal cell culture or slices, CB1-induced ERK phosphoryla-
tion reaches peak value in 5–15 min (Derkinderen et al., 2003;
Jiang et al., 2005). It is likely that ERK phosphorylation in the
VTA follows similar time course. Incubation of the VTA slices
with 2 �M WIN 55212-2 for 10 min increased ERK phosphoryla-
tion (both ERK1 and ERK2 combined) as measured by Western
blots of homogenates from the VTA (F(1,24) � 11.1; p 	 0.01;
Tukey’s post hoc test, vehicle vs WIN 55212-2, p 	 0.001; n � 5)
(Fig. 2A). The WIN 55212-2-induced increase in the phosphor-

ylated ERK1/2 was blocked by 2 �M AM251 or 20 �M U0126
(F(2,24) � 6.8; p 	 0.01; vehicle vs AM251, p 	 0.01; n � 5; vehicle
vs U0126, p 	 0.001; n � 5) (Fig. 2A). These results suggest that
the CB1 receptor agonist induces ERK phosphorylation and acti-
vation in the VTA.

We have shown previously that both group I mGluRs or D2

dopamine receptors are also required for eCB-dependent I-LTD
in the VTA since I-LTD was blocked by antagonists to either
group I mGluRs or D2 dopamine receptors (Pan et al., 2008a). We
examined whether group I mGluR agonist DHPG can activate
ERK in the VTA. Incubation of VTA slices with 50 �M DHPG for
10 min increased ERK1/2 phosphorylation (F(1,18) � 37.1; p 	
0.001; vehicle vs DHPG, p 	 0.001; n � 4) (Fig. 2B), while
AM251 (2 �M) or U0126 (20 �M) treatment attenuated or
blocked DHPG-induced ERK1/2 phosphorylation (F(2,18) �
12.1; p 	 0.001; vehicle vs AM251, p 	 0.01, n � 4; vehicle vs
U0126, p 	 0.001, n � 4) (Fig. 2B). These results are consistent
with our previous findings that group I mGluR activation induces
eCB release to activate CB1 receptors, leading to I-LTD induction
in the VTA (Pan et al., 2008a). We next examined whether acti-
vation of D2 dopamine receptors can activate ERK in the VTA.
Incubation of the VTA slices with 10 �M D2 receptor agonist
quinpirole for 10 min also increased phosphorylated ERK1/2
(F(1,24) � 24.1; p 	 0.001; vehicle vs quinpirole, p 	 0.01, n � 5)
(Fig. 2C), while AM251 (2 �M) or U0126 (20 �M) treatment had
main effect on quinpirole-induced ERK1/2 phosphorylation
(F(2,24) � 7.7; p 	 0.01) and significant WIN 55212-2 by treat-
ment interaction (F(2,24) � 5.3; p 	 0.05). However, Tukey’s post
hoc tests indicate that the quinpirole-induced increase in the
phosphorylated ERK1/2 was not affected by AM251 (p � 0.05;
n � 5) (Fig. 2C), suggesting that the CB1 receptor is not an inter-
mediary for D2 receptor-induced ERK1/2 activation. In contrast,
the D2 receptor-induced ERK1/2 activation was blocked by MEK/
ERK inhibitor U0126 (p 	 0.001; n � 5) (Fig. 2C).

We investigated whether agonists to CB1, group I mGluR, and
D2 receptors induce p-38 MAPK phosphorylation and activation
in the VTA. Incubation of the VTA slices with WIN 55212-2 (2
�M), DHPG (50 �M), or quinpirole (10 �M) for 10 min had no
significant effects on phosphorylated p38 (p-p38) levels as mea-
sured by Western blots of VTA homogenates (F(3,12) � 0.4; p �
0.05) (Fig. 2D). Thus, the activation of the receptors required for
I-LTD induction resulted in ERK1/2, but not p-38, phosphoryla-
tion and activation in the VTA.

Experiment 3: effects of intraperitoneal injection of AM251 or
SL327 on cocaine-induced reduction of GABAergic inhibition
and facilitation of LTP induction
We have shown that daily intraperitoneal injection of cocaine to
rats for 5–7 d reduces the mean amplitude of maximal IPSCs and
mIPSCs in VTA dopamine neurons of midbrain slices, indicating
that repeated cocaine exposure in vivo reduces the strength of
GABAergic inhibition to VTA dopamine neurons (Liu et al., 2005).
We have further demonstrated that repeated cocaine exposure in
vivo reduces the strength of GABAergic inhibition in dopamine neu-
rons by inducing an I-LTD-like synaptic plasticity (Pan et al., 2008a).
Having shown that the CB1 receptor antagonist AM251 or MEK
inhibitor SL327 blocked I-LTD, we next determined whether intra-
peritoneal injection of AM251 (2 mg/kg) or SL327 (50 mg/kg)
blocked cocaine-induced reduction of GABAergic inhibition. Con-
sistent with our previous studies (Liu et al., 2005; Pan et al., 2008a),
we found that the mean amplitude of maximal IPSCs was signifi-
cantly decreased in cocaine-treated rats compared with saline-
treated rats (F(1,47) � 5.8; p 	 0.05; Tukey’s post hoc test, saline vs

Figure 2. The CB1, D2, or group I mGluR agonists increased ERK1/2 phosphorylation but had
no significant effect on p-38 phosphorylation in the VTA. A, VTA slices were treated for 10 min
with vehicle (0.01% DMSO), the CB1 receptor agonist WIN 55212-2 (2 �M), the CB1 receptor
antagonist AM251 (2 �M), or MEK inhibitor U0126 (20 �M). Quantitative group data (top) and
representative Western blots (bottom) of phosphorylated ERK1/2 (p-ERK) in VTA homogenates
are shown (n � 5 for each group; **p 	 0.01, ***p 	 0.001). B, Group I mGluR agonist DHPG
(50 �M; 10 min) increased ERK1/2 phosphorylation; this effect was attenuated by AM251 and
was abolished by U0126 (n � 4 for each group; **p 	 0.01, ***p 	 0.001). C, D2 receptor
agonist quinpirole (10 �M; 10 min) increased ERK1/2 phosphorylation; this effect was not
affected by AM251 but was abolished by U0126 (n � 5 for each group; **p 	 0.01, ***p 	
0.001). D, WIN 55212-2, DHPG, and quinpirole had no significant effects on p-p38 levels in VTA
homogenates (n � 4 for each group; p � 0.05). For each group, four to five slices were
prepared from three to four rats. Error bars indicate SEM.
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cocaine, p	0.01) (Fig. 3A). Pretreatment with AM251 or SL327 had
no significant effects on the mean amplitude of maximal IPSCs in
saline-injected rats, but blocked the decreases in the mean amplitude
of maximal IPSCs in cocaine-injected rats (F(2,47) � 5.7; p 	 0.01;
vehicle vs AM251, p 	 0.01; vehicle vs U0126, p 	 0.01) (Fig. 3A).
Similarly, pretreatment with AM251 or SL327 had no significant
effects on the mean amplitude of mIPSCs in saline-injected rats, but
blocked cocaine-induced decreases in the mean amplitude of mIP-
SCs in cocaine-injected rats (F(2,48) � 3.5; p 	 0.05; vehicle vs
AM251, p 	 0.01; vehicle vs U0126, p 	 0.01) (Fig. 3B). Thus, in vivo
administration of AM251 or SL327 blocked cocaine-induced reduc-
tion of GABAergic inhibition in VTA dopamine neurons. These
results demonstrate that pharmacological inhibitors of I-LTD also
blocked cocaine-induced reduction of GABAergic inhibition and
provide further evidence that I-LTD represents a cellular mechanism
for cocaine-induced reduction of GABAergic inhibition.

We have shown previously that LTP in VTA dopamine neu-
rons is tightly controlled by GABAergic inhibition and repeated
cocaine exposure in vivo for 5–7 d facilitates LTP induction by
reducing GABAergic inhibition (Liu et al., 2005). We next deter-
mined whether intraperitoneal injection of AM251 (2 mg/kg) or
SL327 (50 mg/kg) blocked cocaine-induced facilitation of LTP
induction. EPSPs were evoked by stimulating excitatory inputs
and VTA dopamine neurons were current clamped at �70 mV,
the reversal potential of IPSCs. GABAA receptor blocker picro-
toxin was absent in the ACSF. Under this condition, the EPSPs
were abolished by the AMPA receptor antagonist CNQX (20 �M)
and the NMDA receptor antagonist D-AP5 (50 �M) (n � 3) (data
not shown), indicating that they are mediated by the activation of
glutamate receptors. To induce LTP, we used a spike-timing pro-
tocol consisting of bursts of EPSP–spike pairs, with the onset of
EPSPs preceding the peak of the postsynaptic spike by �5 ms (Liu
et al., 2005). We found that repetitive EPSP–spike pairing in-
duced a long-lasting increase in the amplitude of EPSPs (LTP) in

VTA dopamine neurons in slices in vehi-
cle plus cocaine-treated rats, but not from
vehicle plus saline-treated rats (t(13) � 2.7;
p 	 0.05) (Fig. 4A,G). The same EPSP–
spike pairing did not induce LTP in slices
in AM251 plus cocaine-treated rats, nor
did it induce LTP in SL327 plus cocaine-
treated rats (Fig. 4B,C,G). These results
suggest that pretreatment of the rats with
CB1 receptor antagonist AM251 or MEK
inhibitor SL327 blocked cocaine-induced
facilitation of LTP induction. As control
experiments, we found that LTP was not
induced in AM251 plus saline-treated rats
or SL327 plus saline-treated rats (Fig.
4B,C,G).

The above experiments have shown
that in vivo administration of AM251 or
SL327 blocked cocaine-induced facilita-
tion of LTP induction in the VTA. Be-
cause LTP induction in VTA dopamine
neurons is tightly controlled by GABAer-
gic inhibition (Liu et al., 2005), one possi-
bility is that the blockade of cocaine-
induced reduction of GABAergic
inhibition may explain the effects of
AM251 or SL327 on LTP induction. To
test this possibility, we repeated the above
LTP experiments in the presence of

GABAA receptor antagonist picrotoxin. In the continuous pres-
ence of picrotoxin (50 �M), LTP with similar magnitude was
induced in dopamine neurons in slices from vehicle plus cocaine-
treated rats or vehicle plus saline-treated rats (t(13) � 0.4; p �
0.05) (Fig. 4D,H). Notably, pretreatment (intraperitoneal) of
rats with AM251 (2 mg/kg) or SL327 (50 mg/kg) 20 min before
each intraperitoneal saline or cocaine injection had no significant
effect on LTP induced in picrotoxin (AM251, t(12) � 0.3, p �
0.05; SL327, t(13) � 0.4, p � 0.05) (Fig. 4E,F,H). Thus, blockade
of GABAergic inhibition with picrotoxin abrogated the effects of
AM251 and SL327 on LTP, suggesting that AM251 or SL327
blocked cocaine-induced facilitation of LTP induction by alter-
ing the strength of GABAergic inhibition to dopamine neurons.

Experiment 4: effects of intraperitoneal injection of AM251 or
SL327 on cocaine-induced p-ERK immunoreactivity in the
VTA
We first examined whether repeated cocaine exposure affected
ERK phosphorylation in the VTA. We found that daily intraperi-
toneal injection of cocaine (15 mg/kg) to rats for 6 d significantly
increased the number of p-ERK-positive neurons in the VTA
compared with time-matched saline injection (F(1,18) � 89.5; p 	
0.001) (Fig. 5A–C). Single cocaine exposure did not significantly
change the number of p-ERK-positive cells in the VTA (data not
shown). High-magnification view of VTA sections indicates that
soma and dendrites of VTA neurons were labeled with p-ERK
(Fig. 5B, bottom). However, we cannot exclude the possibility
that axonal terminals in the VTA were p-ERK-immunoreactive
due to the limit of resolution. Next, we examined whether the
CB1 receptor was involved in cocaine-induced increase in ERK
phosphorylation. Intraperitoneal injection of AM251 (2 mg/kg)
or SL327 (50 mg/kg) 20 min before each cocaine injection signif-
icantly attenuated cocaine-induced increase in the number of
ERK-positive neurons in the VTA (F(2,18) � 43.66; p 	 0.001)

Figure 3. Effects of in vivo pretreatment (intraperitoneal) with antagonists to receptors involved in I-LTD on cocaine-induced
decrease in the amplitude of maximal IPSCs and mIPSCs in dopamine neurons in midbrain slices, which were prepared �24 h after
the last saline or cocaine injection. A, Top, Sample IPSCs in response to stimuli of incremental intensities (20 –140 �A). The
neurons were voltage clamped at �20 mV. Bottom, Repeated intermittent intraperitoneal injections of cocaine for 5–7 d reduced
the mean amplitude of maximal IPSCs compared with time-matched saline injections. Pretreatment (intraperitoneal) with CB1

receptor antagonist AM251 (2 mg/kg, i.p.) or MEK inhibitor SL327 (50 mg/kg, i.p.) 20 min before each intraperitoneal cocaine
injection abolished cocaine-induced reduction of the mean amplitude of maximal IPSCs (n � 8 –12 for each bar; **p 	 0.01). B,
Same as in A, except that mIPSCs were recorded at a holding potential of �70 mV (n � 7–10 for each bar; **p 	 0.01). Sample
mIPSCs from saline or cocaine-treated groups are shown on the top. In each group, 8 –12 neurons were recorded in 8 –12 slices,
which were prepared from four to six rats. Error bars indicate SEM.
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(Fig. 5A–C). Thus, CB1 receptor activa-
tion contributes to cocaine-induced in-
crease in the number of p-ERK-positive
neurons in the VTA.

Experiment 5: effects of intra-VTA
infusion of AM251 or U0126 on the
acquisition of cocaine CPP and ERK
phosphorylation
Intra-VTA infusion of MEK inhibitor
PD98059 [2-(2-amino-3-methoxyphenyl)-
4H-1-benzopyran-4-one] impaired the
development of locomotor sensitization
to cocaine (Pierce et al., 1999). However,
it remains unexplored whether intra-VTA
infusion of CB1 receptor antagonists or
MEK inhibitors affects CPP to cocaine.
We examined whether intra-VTA infu-
sion of AM251 or U0126 during the con-
ditioning phase affected CPP to cocaine.
The timeline for baseline preference test
(pretest), cocaine or saline conditioning,
intra-VTA infusion, and CPP test is de-
scribed in Figure 6A. During pretest, rats
did not exhibit significant differences in
the time spent in each chamber (p � 0.05),
indicating that there was no uncondi-
tioned place preference (Fig. 6B). Then,
cocaine or saline place conditioning was
conducted once daily for 8 d. Vehicle (0.5
�l per side), AM251 (5 �g; 0.5 �l per
side), or U0126 (0.1 �g; 0.5 �l per side)
was bilaterally infused into the VTA via
preimplanted cannulae 20 min before co-
caine or saline pairing with a particular
chamber. Twenty-four hours after the last
pairing, CPP was tested without any drug
or vehicle administration (Fig. 6A). A
two-way ANOVA revealed that cocaine
conditioning and intra-VTA drug treat-
ments had significant main effects on CPP
scores (cocaine: F(1,41) � 28.68, p 	 0.001;
intra-VTA infusion: F(2,41) � 8.72, p 	
0.001; cocaine by intra-VTA infusion in-
teraction: F(2,41) � 10.62, p 	 0.001) (Fig. 6C). Tukey’s post hoc
tests showed that intra-VTA infusion of AM251 or U0126 pro-
duced significant decreases in CPP score in cocaine-conditioned
rats (p 	 0.001) but did not affect CPP score in saline-conditioned
rats (p � 0.05). The latter finding indicates that the attenuation of
CPP to cocaine by intra-VTA AM251 or U0126 was not because of
an aversive effect of AM251 or U0126. Interestingly, cocaine-condi-
tioned rats infused with U0126 had a significantly lower CPP score
compared with those infused with AM251 (p 	 0.05). These results
indicate that MEK or CB1 receptor blockade during the acquisition
phase of the CPP paradigm attenuated cocaine-induced place pref-
erence, and U0126 produced greater attenuation of cocaine CPP
than AM251.

We determined whether the acquisition of CPP to cocaine was
associated with activation of ERK in the VTA and whether
AM251 or U0126 affected ERK activation. We used Western blot-
ting to detect phosphorylated, activated ERK (English and Swe-
att, 1997). Approximately 1 h after the CPP tests, rats were killed
and VTA was dissected bilaterally from midbrain slices. Western

blotting was performed using antibodies against p-ERK and ERK.
We found that VTA ERK phosphorylation was significantly in-
creased in cocaine-conditioned rats compared with that of saline-
conditioned rats; intra-VTA infusion of AM251 or U0126
during the conditioning phase significantly attenuated ERK phos-
phorylation levels in cocaine-conditioned rats (cocaine: F(1,18) �
31.45, p 	 0.001; intra-VTA infusion: F(2,18) � 9.35, p 	 0.01;
cocaine by intra-VTA infusion interaction: F(2,18) � 6.41, p 	
0.01) (Fig. 6 D). These results indicate that the acquisition of
CPP to cocaine is accompanied by an increase in ERK phos-
phorylation and activation in the VTA, and eCB signaling
contributes to cocaine-induced ERK activation.

Experiment 6: effects of intra-VTA infusion of AM251 or
U0126 on the expression of cocaine CPP and ERK
phosphorylation
We examined whether the blockade of the CB1 receptor and MEK
in the VTA during the test phase affected the expression of CPP to
cocaine (Fig. 7A). Pretest indicated rats did not show side prefer-

Figure 4. Effects of in vivo pretreatment (intraperitoneal) of AM251 or SL327 on cocaine-induced facilitation of LTP induction in
VTA dopamine neurons. A, The EPSP–spike pairing protocol induced LTP in midbrain slices prepared from rats treated with vehicle
plus cocaine for 5–7 d (n � 7), but not from rats treated with vehicle plus saline for 5–7 d (n � 8). The arrow indicates application
of the LTP induction protocol. Experiments in A–C were performed in the absence of picrotoxin. B, C, Pretreatment (intraperito-
neal) with CB1 receptor antagonist AM251 (2 mg/kg, i.p.) or MEK inhibitor SL327 (50 mg/kg, i.p.) 20 min before each intraperito-
neal cocaine injection abolished cocaine-induced facilitation of LTP induction (n � 7–9). The same drug pretreatment had no
significant effects on EPSPs in saline-treated rats (n � 7– 8). D–F, The experiments are same in A–C, except that picrotoxin (50
�M) was included in the ACSF to block GABAergic inhibition (n � 6 –9). G, H, Summary of LTP induction under various conditions
in the absence (G) or presence (H ) of picrotoxin. EPSP amplitude (percentage) was calculated as follows: 100 � (mean amplitude
of EPSPs during the final 10 min of recording/mean amplitude of baseline EPSPs). *p	0.05 compared with vehicle control. In each
group, six to nine neurons were recorded in six to nine slices from four to five rats. Error bars indicate SEM.
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ence before drug injections (Fig. 7B). Rats received cocaine con-
ditioning but no intra-VTA infusion was made during place
conditioning. Twenty minutes before the CPP test, vehicle (0.5 �l
per side), AM251 (5 �g; 0.5 �l per side), or U0126 (0.1 �g; 0.5 �l
per side) was bilaterally infused into the VTA. A one-way
ANOVA indicates that neither AM251 nor U0126 significantly
affected CPP to cocaine (F(2, 22) � 0.634; p � 0.05). Together,
these results indicate that eCB or ERK activity is required for the
acquisition, but not the expression of CPP to cocaine.

We determined whether intra-VTA infusion of AM251 or
U0126 20 min before the CPP test affected ERK phosphorylation
in the VTA in cocaine-conditioned rats. Western blotting was
performed on VTA samples collected �1 h after the CPP tests.
We found that intra-VTA drug treatment significantly altered
ERK phosphorylation (F(2,9) � 8.39; p 	 0.01). Tukey’s post hoc
test indicates that AM251 had no significant effect on ERK phos-
phorylation compared with intra-VTA vehicle (p � 0.05),
whereas intra-VTA U0126 significantly decreased ERK phos-
phorylation (p 	 0.05). These results indicate that once ERK
was activated following cocaine conditioning, CB1 receptor
blockade no longer affected ERK activation.

Figure 8 shows the locations of the can-
nula tips from the experiments in Figures
6 and 7. These sites are representative of
those used for intra-VTA infusions. A to-
tal of 83 rats were used for intra-VTA in-
fusion and CPP test; 11 rats with cannula
tips outside of the VTA were excluded
from analysis.

Discussion
Here, we demonstrate that ERK is re-
quired for eCB-dependent I-LTD in VTA
dopamine neurons. Furthermore, the
VTA CB1 receptor and ERK signaling cas-
cade mediates cocaine-induced reduction
of GABAergic inhibition, facilitation of
LTP induction, and the acquisition of co-
caine CPP. These findings have identi-
fied key signaling mechanisms linking
cocaine-induced long-term synaptic
plasticity in the VTA to the rewarding
effects of cocaine.

The requirement of ERK for eCB-
dependent I-LTD in the VTA
We provide evidence that ERK is activated
downstream of CB1 receptors and is re-
quired for eCB-dependent I-LTD in VTA.
MEK inhibitors U0126 and SL327
blocked I-LTD, whereas U0124, an inac-
tive analog of U0126, did not affect I-LTD.
We have shown previously that the activa-
tion of D2 dopamine receptors, group I
mGluRs, and CB1 receptors is required for
I-LTD induction (Pan et al., 2008a). We
showed that incubation of VTA slices with
D2 agonist quinpirole, mGluR agonist
DHPG, or CB1 agonist WIN 55212-2 re-
sulted in ERK phosphorylation, consis-
tent with previous studies showing that
quinpirole, DHPG, or WIN 55212-2 in-
crease ERK phosphorylation in the stria-
tum, hippocampus, and other brain

regions (Yan et al., 1999; Brami-Cherrier et al., 2002; Derkind-
eren et al., 2003; Gallagher et al., 2004; Grueter et al., 2006).
Together, these data support a model in which D2, CB1, and
mGluRs cooperate to activate ERK to induce I-LTD in the VTA.
However, the relationship between ERK activation and I-LTD is
not linear since each of the CB1, D2, or mGluR antagonists almost
completely blocked I-LTD (Pan et al., 2008a).

It remains to be determined how the activation of D2, mGluR,
and CB1 receptors leads to ERK activation. Either D2 or CB1

receptor activation inhibits adenylyl cyclase, resulting in de-
creased cAMP/protein kinase A (PKA) activity (Neve et al., 2004;
Howlett, 2005). cAMP can either stimulate or inhibit the ERK
pathway via different signaling mechanisms (Roberson et al.,
1999; Stork and Schmitt, 2002). CB1 agonists activate ERK via a
decrease in cAMP/PKA activity in cell lines and in hippocampal
slices (Davis et al., 2003; Derkinderen et al., 2003). We and others
have shown that cAMP/PKA signaling is required for eCB-
dependent LTD/I-LTD (Chevaleyre et al., 2007; Mato et al., 2008;
Pan et al., 2008b; Chiu et al., 2010). The decreased cAMP/PKA
activity might constitute a mechanism for CB1 and D2-induced

Figure 5. The CB1 receptor activation contributes to cocaine-induced activation of ERK in the VTA. Immunostaining of activated
ERK was performed using a phosphospecific antibody reacting with p-ERK. A, Intraperitoneal injection of AM251 (2 mg/kg) or
SL327 (50 mg/kg) 20 min before each saline injection did not significantly affected the number of p-ERK-positive cells in the VTA.
B, Repeated daily cocaine injections (15 mg/kg, i.p.; 6 d) increased p-ERK-positive cells in the VTA compared with repeated saline
injections. Intraperitoneal injection of AM251 or SL327 20 min before each cocaine injection significantly attenuated cocaine-
induced increase in the number of ERK-positive cells. Bottom, High-magnification view indicates that soma and dendrites of VTA
neurons were labeled with p-ERK. Scale bars, 20 �m. C, Summarized data of the number of p-ERK-positive cells under various
experimental conditions (4 rats each group; ***p 	 0.001). Error bars indicate SEM.
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ERK activation in the VTA. New protein synthesis is required for
eCB-LTD in the striatum (Yin et al., 2006). ERK regulates new
protein synthesis in responses to neuronal activity (Kelleher et al.,
2004). We speculate that ERK is “upstream” of protein synthesis,
which may be required for eCB-dependent I-LTD in the VTA.

The CB1 and ERK signaling cascade mediates cocaine-induced
reduction of GABAergic inhibition and facilitation of LTP
induction
Our previous studies suggest that repeated intraperitoneal co-
caine injection for 5–7 d reduces the strength of GABAergic

inhibition to dopamine neurons by inducing an I-LTD-like syn-
aptic plasticity in vivo (Pan et al., 2008a). The present study ex-
tended these findings by showing that intraperitoneal injection
of CB1 antagonist AM251 or MEK inhibitor U0126 prevented
cocaine-induced decrease in the amplitude of maximal IPSCs
and mIPSCs. An important consequence of cocaine-induced re-
duction of GABAergic inhibition is to prime excitatory synapses
for LTP induction (Liu et al., 2005). We found that in vivo pre-
treatment of AM251 or SL327 also prevented cocaine-induced
facilitation of LTP induced in the absence of GABAA receptor
blocker picrotoxin but had no significant effect on LTP induced
in the presence of picrotoxin. These results suggest that the ob-
served effects of AM251 and SL327 on LTP can be attributable to
their blockade of cocaine-induced reduction of GABAergic inhi-
bition. Together, our data suggest that the CB1 receptor–ERK
signaling cascade mediates I-LTD, cocaine-induced reduction of
GABAergic inhibition, and facilitation of LTP induction.

The following caveats should be considered in the interpre-
tation of the present data. First, how cocaine exposure affects
spike-timing LTP at VTA dopamine neurons still remains con-
troversial, although the consensus is that such LTP can be in-
duced in the presence of picrotoxin in naive or saline-treated
animals (Liu et al., 2005; Argilli et al., 2008; Luu and Malenka,
2008). Second, recent studies indicate that midbrain dopamine

Figure 6. Intra-VTA infusions of the CB1 receptor antagonist AM251 or MEK inhibitor U0126
during the conditioning phase attenuated the acquisition of CPP to cocaine. A, Timeline of drug
treatment and behavioral paradigm. Groups of rats received saline and cocaine place condition-
ing once daily for 8 d. Vehicle (Veh, 0.5 �l), AM251 (5 �g), or U0126 (0.1 �g) was bilaterally
infused into the VTA 20 min before each cocaine or saline pairing. B, Pretest indicates that rats
did not exhibit significant baseline bias in place preference in all groups (n � 6 –9; p � 0.05).
C, Intra-VTA infusions of AM251 or U0126 significantly attenuated CPP in cocaine-conditioned
rats but did not affect CPP scores in saline-conditioned rats (n � 6 –9; *p 	 0.05, ***p 	
0.001). D, ERK1/2 phosphorylation in the VTA was significantly increased in cocaine-
conditioned rats compared with that in saline-conditioned rats. Intra-VTA infusions of AM251 or
U0126 during the conditioning phase significantly decreased ERK1/2 phosphorylation (n � 4
for each group; *p 	 0.01, ***p 	 0.001). Western blotting was performed on VTA samples
collected �1 h after the CPP tests. Error bars indicate SEM.

Figure 7. Intra-VTA infusions of AM251 or U0126 20 min before CPP test did not affect the
expression of CPP to cocaine. A, Timeline of drug treatment and behavioral paradigm. Rats
received only cocaine place conditioning. Vehicle (0.5 �l), AM251 (5 �g), or U0126 (0.1 �g)
was bilaterally infused into the VTA 20 min before the CPP test. B, Cocaine conditioning induced
significant increase in CPP scores compared with pretest. Intra-VTA infusion of AM251 or U0126
before the CPP test did not significantly affect CPP scores (n � 7–9; p � 0.05). C, Intra-VTA
AM251 did not affect ERK1/2 phosphorylation in the VTA, whereas intra-VTA U0126 blocked
ERK1/2 phosphorylation (n � 4 for each group; *p 	 0.05). Western blotting was performed
on VTA samples collected �1 h after the CPP tests. Error bars indicate SEM.
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neurons are heterogenous in terms of coding and target projec-
tion. They encode both reward-predicting and aversive stimuli
(Ungless et al., 2004; Matsumoto and Hikosaka, 2009) and proj-
ect to different targets (Lammel et al., 2008). However, the pres-
ent study did not distinguish different dopamine neuronal
populations. Finally, the electrophysiological recordings were
made in slices prepared from 18- to 30-d-old rats because the slice
quality is better in young animals. Thus, the functional relevance
of our findings should be interpreted with caution.

Repeated cocaine injections increased the number of p-ERK-
positive cells, and intraperitoneal injections of AM251 or SL327
attenuated the observed effects. Cocaine-induced increase in
ERK activation in the striatum was significantly attenuated in
CB1 receptor knock-out mice (Corbillé et al., 2007). Thus, CB1

receptor activation contributes to cocaine-induced ERK activa-
tion in the VTA and striatum. Interestingly, these studies showed
the soma and dendrites of VTA and striatal neurons were labeled
with p-ERK. Furthermore, intraperitoneal injection of the CB1

agonist 
9-tetrahydrocannabinol significantly increased p-ERK
immunoreactivity in the soma and dendrites of hippocampal
CA1 pyramidal neurons and neurons in other brain regions
(Valjent et al., 2004). It is known that CB1 receptors are expressed
on inhibitory presynaptic axonal terminals in the VTA (Mátyás et
al., 2008) and hippocampus (Katona et al., 1999; Tsou et al.,
1999). These data suggest that stimulation of the CB1 receptor
increased ERK activation through indirect mechanisms. We
speculate that the CB1 receptor-mediated disinhibition and asso-
ciated increase in neuronal activity may contribute to ERK acti-
vation. We have shown previously that both presynaptic ad

postsynaptic mechanisms contribute to I-LTD induction (Pan et
al., 2008a). The increased p-ERK at the soma and dendrites may
constitute a putative postsynaptic mechanism for I-TLD.

Contributions of VTA CB1 and ERK1/2 signaling cascade to
cocaine CPP
Both the eCB system and ERK are critically involved in cocaine
addiction (Gerdeman et al., 2003; Lupica and Riegel, 2005; Lu et
al., 2006; Girault et al., 2007). Cocaine exposure increased
ERK1/2 phosphorylation in the VTA (Berhow et al., 1996) and
nucleus accumbens (Valjent et al., 2000, 2004; Corbillé et al.,
2007). Systemic or local infusions of CB1 antagonists or MEK
inhibitors into the nucleus accumbens attenuated or blocked
cocaine-induced addictive behaviors (Valjent et al., 2000; Miller
and Marshall, 2005; Xi et al., 2006; Wiskerke et al., 2008; Orio et
al., 2009). ERK signaling in the central amygdala is critical to
incubation of cocaine craving (Lu et al., 2005). However, there
are relatively few studies that investigate the role of the CB1 re-
ceptor or ERK activity in the VTA in the behavioral effects of
cocaine. Intra-VTA injections of a MEK inhibitor blocked
cocaine-induced behavioral sensitization without affecting acute
locomotor activity (Pierce et al., 1999) and reversed the potenti-
ation of cue-induced cocaine seeking that was induced by intra-
VTA injections of brain- or glia-derived neurotrophic factor (Lu
et al., 2004, 2009). The present study showed that intra-VTA
injections of AM251 or U0126 before each place conditioning
attenuated or blocked the acquisition of CPP to cocaine. Possible
mechanisms for the observed effects include decreased rewarding
effects of cocaine or decreased ability to learn the association
between environmental cues and rewarding effects of cocaine.
Drugs of abuse usurp the neural mechanisms normally subserv-
ing reward-related learning (Hyman et al., 2006). ERK is required
for contextual fear conditioning, a form of associative learning
(Atkins et al., 1998). Long-term synaptic plasticity in the reward
circuit of the brain may represent a putative cellular model for
this reinforcement learning (Kauer, 2004). We have shown that
both CB1 receptor and ERK are required for cocaine-induced
facilitation of LTP induction in the VTA. We speculate that the
decreased ability of associative learning might explain why
intra-VTA AM251 or U0126 attenuated the acquisition of CPP
to cocaine.

However, we found that intra-VTA injection of AM251 or
U0126 20 min before CPP test did not affect the expression of
CPP to cocaine. Although the CB1 receptor and ERK activity in
the VTA are required for the establishment of association be-
tween environmental cues and rewarding effects of cocaine,
they are not necessary for maintenance of cue-associated
memories once such association is established. The CB1 recep-
tor and ERK may activate other downstream signaling mech-
anisms, including the expression of immediate-early genes, to
maintain cocaine-seeking behavior during the expression of
CPP (Valjent et al., 2006). Alternatively, other brain regions
such as the nucleus accumbens may be recruited subsequently
to maintain CPP to cocaine (Miller and Marshall, 2005;
Valjent et al., 2005).

Cocaine-induced locomotor sensitization and increase in
ERK phosphorylation in the striatum were CB1 receptor de-
pendent (Corbillé et al., 2007). We found that repeated co-
caine exposure increased ERK phosphorylation in the VTA,
and this effect was partially blocked by AM251. In addition,
ERK is activated downstream of the CB1 receptor and is re-
quired for I-LTD. Together, these results revealed that the CB1

receptor and ERK function as a signaling pair that mediates

Figure 8. Histological verification of VTA cannula placements. A, Locations of intra-VTA
infusion sites from the behavioral data summarized in Figures 6 and 7. For clarity, representa-
tive samples of bilateral cannula placements are shown. B, Cresyl violet-stained coronal section
of typical bilateral intra-VTA cannula placements.
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long-term synaptic plasticity in the VTA and rewarding effects
of cocaine.
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