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The molecular mechanisms underlying drug extinction remain largely unknown, although a role for medial prefrontal

cortex (mPFC) glutamate neurons has been suggested. Considering that the mPFC sends glutamate efferents to the

ventral tegmental area (VTA), we tested whether the VTA is involved in methamphetamine (METH) extinction via condi-

tioned place preference (CPP). Among various METH-CPP stages, we found that the amount of phospho-GluR1/Ser845 in-

creased in the VTA at behavioral extinction, but not the acquisition or withdrawal stage. Via surface biotinylation, we

found that levels of membrane GluR1 were significantly increased during METH-CPP extinction, while no change was ob-

served at the acquisition stage. Specifically, the number of dendritic spines in the VTA was increased at behavioral extinc-

tion, but not during acquisition. To validate the role of the mPFC in METH-CPP extinction, we lesioned the mPFC. Ibotenic

acid lesioning of the mPFC did not affect METH-CPP acquisition, however, it abolished the extinction stage and reversed the

enhanced phospho-GluR1/Ser845 levels as well as increases in VTA dendritic spines during METH-CPP extinction. Overall,

this study demonstrates that the mPFC plays a critical role in METH-CPP extinction and identifies the VTA as an alternative

target in mediating the extinction of drug conditioning.

[Supplemental material is available for this article.]

Drug addiction is described as a phenomenon of compulsive drug
use, which is accompanied by a high rate of relapse even after pro-
longed drug abstinence while applicable treatment regimens re-
main relatively ineffective (Kreek et al. 2002). Since substance
abuse is readily reinstated by priming stimuli (e.g., conditioned
cues, stressors, or drug per se), elimination of cognitive salience
for drug-paired inducers is considered to be an effective strategy
to combat drug addiction (Aguilar et al. 2009). One such inter-
vention technique involves strengthening extinction sessions,
wherein a subject engages in repetitive exposures to nonrein-
forced cues. This occurs following abstinence from drug rein-
forcement and typically results in a decline of the intensity of
drug-seeking behavior (Conklin and Tiffany 2002). In laboratory
animals, extinction training has been successfully used to reduce
the cue-associated behaviors after reexposure to the original drug-
paired context. In particular, delineating the neural processes that
occur during extinction of drug-cue pairing would be an impor-
tant advance in the effort to renovate drug extinction programs
and more effectively prevent drug relapse.

Previous studies examining the neural circuitry of drug ex-
tinction have revealed that the amygdala (Akirav and Maroun
2007; Yap and Miczek 2008), hippocampus (Kelamangalath
et al. 2007; Cleva et al. 2010), nucleus accumbens (NAc) (Knack-
stedt et al. 2010; Millan and McNally 2012), and medial prefrontal
cortex (mPFC) (Willcocks and McNally 2013; Yetnikoff et al. 2014)
are cardinal brain structures that participate in drug extinction
and reinstatement (Quirk and Mueller 2008). Of interest, evidence
mostly generated from heroin- or cocaine-SA (self-administration)
paradigms shows that the prelimbic and infralimbic cortex appear
to display functionally distinct roles in modulating drug extinc-
tion and reinstatement (Peters et al. 2009). For instance, infusion

of GABA agonists into prelimbic cortex did not affect the expres-
sion of extinction, but attenuates context-induced alcohol rein-
statement (Willcocks and McNally 2013). Inactivation of the
infralimbic cortex with lidocaine had no effect on MDMA-extinc-
tion, while prelimbic cortex inactivation completely blocked
MDMA reinstatement (Ball and Slane 2012). On the other hand,
c-Fos expression was noted in prelimbic cortex during cocaine ex-
tinction training, and also increased in the infralimbic cortex of
cocaine-cue extinguished rats (Nic Dhonnchadha et al. 2013).
Stimulation of glutamate activity in the infralimbic cortex was
found to attenuate cocaine reinstatement in extinguished ani-
mals, requiring a neural connection with NAc (Peters et al.
2008). Those evidences implicate the precise role of prelimbic
and infralimbic of the mPFC in manipulating drug extinction
and reinstatement remained inconclusive.

In contrast to the substantial volume of reports exploring the
behavioral aspects of drug extinction, there are relatively few
which provide evidence of neurochemical underpinnings. Based
on the current view that extinction represents a new form of
learning, involvement of glutamate-mediated excitatory signal-
ing would be a necessity (Zavala et al. 2007; Hsu and Packard
2008; Peters et al. 2008; Ghasemzadeh et al. 2009b). In support
of this hypothesis, it was found that systemic administration of
a competitive NMDA receptor antagonist during extinction train-
ing would no longer block cocaine reinstatement induced by co-
caine priming (Kelamangalath et al. 2007). Furthermore, several
neuroadaptive alterations were identified in glutamate receptor
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containing neurons. First, the amount of NMDA receptor subunit
NR1 protein and mRNA was increased in the PFC during initial
extinction training following cocaine-SA (Crespo et al. 2002).
In a similar cocaine-SA schedule, protein levels of NR1 as well
as GluR1 and GluR2/3 subunits of AMPA (a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptor in both NAc and
dorsal striatum were all increased after extinction training
(Ghasemzadeh et al. 2009a). Importantly, an increase in phos-
phorylation of GluR1/Ser845 has been observed in the hippocam-
pus during morphine-CPP extinction, suggesting an enduring
neural plasticity change that may provide the neurochemical
basis of long-term potentiation (LTP) (Billa et al. 2009). Phosphor-
ylation at Ser845 would increase the insertion rate of AMPA recep-
tors in membrane, while phosphorylation of AMPA receptor at
Ser831 would increase the conductance of GluR1 and/or GluR2
(Lee and Kirkwood 2011; Jenkins and Traynelis 2012). In agree-
ment with these studies, extinction training reversed the condi-
tioning-dependent GluR1 surface expression in the amygdala, in
parallel with an inhibition of fear conditioning (Mao et al.
2006). These findings suggest that it may be practical to target glu-
tamate NMDA and AMPA receptor-dependent cellular events to
modulate the outcome of extinction.

Neuroimaging studies in drug addicts indicate that drug-
associated cues evoke neural activation in both the mesolimbic
and mesocortical dopamine (DA) system. This is the same neural
circuitry that is known to mediate drug reward (Tzschentke 2001).
In view of previous literature, it is quite surprising that there is no
report examining the role of VTA in drug extinction or reinstate-
ment. Dopaminergic neurons in the VTA are known to project to
the mPFC via the mesocortical DA projection that plays a key role
in determining the predictive value of reward-paired stimuli
(Tzschentke 2001). Reciprocally, the mPFC also sends a glutamate
projection to the VTA innervating both DA and GABA neurons
with unclear functionality (Carr and Sesack 2000). The aim
of this study is to first, characterize the biochemical and mor-
phological features of the VTA during acquisition and extinction
of METH-CPP and then, explore the impact of the mPFC on
METH-CPP extinction. We find that (1) biochemical (AMPA recep-
tor phosphorylation and surface expression) and morphological

(dendritic spine) changes occurred in the VTA across pretest, ac-
quisition, and extinction stages of METH-CPP; (2) lesioning the
mPFC significantly blocked the extinction, but not the acquisi-
tion, of METH-CPP along with concomitant biochemical/mor-
phological alterations in the VTA.

Results

We first established a METH-CPP acquisition and extinction mod-
el in mice and compared with two CPP control groups, i.e., saline
treatment and withdrawal control. Results showed that there
were main effects on CPP stages (F(2,28) ¼ 28.12, P , 0.0001) and
CPP stages x treatment interaction (F(4,28) ¼ 7.64, P ¼ 0.0003)
(Fig. 1). Among treatment groups, mice of control group that
paired with saline in both compartments displayed no place pref-
erence. However, mice paired with METH in designated compart-
ment acquired METH-CPP and returned to approximately pretest
preference following subsequent 8 d extinction training (Fig. 1;
F(2,12) ¼ 13.16, P , 0.001); nevertheless, mice of withdrawal
group maintained their place preference in previous METH-paired
compartment though they went through an equivalent with-
drawal session in a novel mouse cage (Fig. 1, F(2,21) ¼ 16.97, P .

0.05) indicating METH-CPP extinction is cue-dependent.
Previously, it was found that mPFC glutamate projections to

subcortical brain regions, including the midbrain VTA, represents
a major neural network in determining the outcome of extinc-
tion behavior (Kalivas and Volkow 2011; Lüscher and Malenka
2011). To validate the significance of glutamate input on VTA
neurons, each experimental group was subjected to analyze the
expression of AMPA receptor subunits in the VTA, at the level of
both total protein and specific phosphorylated forms at GluR1/
Ser831 and Ser845 because these GluR1 phosphorylation seems
to serve as an indicator for altered neuroplasticity (Derkach
et al. 2007; Kessels and Malinow 2009; Henley and Wilkinson
2013). The results show that although RNA level of total GluR1 in-
creased during acquisition (Fig. 2A; F(2,7) ¼ 0.40, P , 0.05), total
GluR1 protein and phosphorylation levels of GluR1/Ser831 did
not change across the METH-CPP acquisition, withdrawal, or ex-

tinction stage (Fig. 2B; F(3,16) ¼ 1.22, P .

0.05; Fig. 2C, F(3,32) ¼ 1.39, P . 0.05).
On the other hand, levels of phosphory-
lated GluR1/Ser845 increased at the ex-
tinction stage (Fig. 2D; F(3,28) ¼ 7.75,
P , 0.001). To further substantiate the
role of GluR1/Ser845 on METH-CPP, we
then tested if stress (physical restraint)-
induced METH-CPP reinstatement in-
volves change of GluR1/Ser845 phos-
phorylation in the VTA. The results
showed that none of total GluR1 and
GluR1/Ser831 and GluR1/Ser845 phos-
phorylation exhibited amount difference
between METH-CPP extinction and
stress-induced reinstatement groups,
though there was a trend of decrease in
GluR1/Ser845 phosphorylation during
reinstatement (Supplemental Fig. S2). In
order to examine a downstream signal
regulator, we analyzed the activity of
ERK1/2 in VTA. ERK1/2 is known to
play an important role in acquisition of
drug CPP (Girault et al. 2007; Xu et al.
2012; Ma et al. 2014). The results show
that phospho-ERK2 decreased in the
VTA during METH-CPP acquisition and
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Figure 1. Time (mean+SEM) that animals spent in drug-paired compartment (or nonpreferred
compartment for saline control) before (pretest) METH- or saline-CPP training, after METH-CPP training
(acquisition), and after extinction or withdrawal training. Saline control (S/S–S/S) group: mice treated
with saline throughout all the CPP acquisition or extinction training. Withdrawal (S/M–S/cage) group:
mice acquired METH-CPP then treated with saline and exposed to a new mouse cage for 30 min.
Extinction (S/M–S/S) group: mice went through METH-CPP acquisition and extinction training. (∗)
P , 0.05, (∗∗) P , 0.01 compared with corresponding pretest CPP score; (#) P , 0.05 compared
with corresponding acquisition CPP score; (+) P , 0.05 compared with extinction of withdrawal
group. (N ¼ 5–7 per group).
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withdrawal as compared with saline controls, but returned to con-
trol level during extinction (Fig. 2E; p-p42, F(3,12) ¼ 14.96, P ,

0.001). As shown in Figure 2E, phospho-ERK1 displayed a similar
pattern as phospho-ERK2, however did not reach statistical signif-
icance (F(3,12) ¼ 4.84, P . 0.05).

LTP-related GluR1/Ser831 and Ser845 phosphorylation en-
hances GluR1 translocation to cell membrane and is coupled to al-
terations in structural morphology of dendritic spines (Kessels
and Malinow 2009; Fortin et al. 2010; Jenkins and Traynelis
2012). To assess changes in membrane GluR1 and dendritic mor-
phology during different stages of METH-CPP, we first performed a
surface biotinylation assay on GluR1 in a VTA synaptosomal prep-
aration. The amount of membrane GluR1 was found to be in-
creased significantly during METH-CPP extinction, but not
acquisition, as compared with pretest controls (Fig. 3A, F(2,6) ¼

15.45, P , 0.01). Next, via Golgi stain, we monitored and calculat-
ed the numbers of dendritic spines in the VTA across different
METH-CPP stages. As illustratred in Figure 3B–F, similar to the re-
sults of GluR1 surface expression, numbers of dendritic spine

increased significantly in the VTA during METH-CPP extinc-
tion, but remained unchanged at acquisition and withdrawal stag-
es when compared with pretest controls (Fig. 3B, F(3,22) ¼ 5.76,
P , 0.01). Stress-induced METH-CPP reinstatement, on the other
hand, could not modify the neuroplasticity in the VTA as num-
bers of dendritic spine remained similar as drug extinction group
(Supplemental Fig. S2).

To investigate the impact of the mPFC on METH-CPP acqui-
sition and extinction, we lesioned the mPFC with ibotenic acid
(5 mg in each bilateral) 2 d prior to the first METH-CPP test.
Figure 4A illustrates the location of drug delivery at the mPFC.
Location of the injection was assessed after 18 d of METH-CPP
acquisition and extinction training. The lesion-caused cell dam-
age and atrophy remained obvious when compared with sham
group (data not shown). The extent of METH-CPP acquisition in
both sham (Fig. 4B, F(2,39) ¼ 10.71, P , 0.001) and lesioned group
(Fig. 4B, F(2,35) ¼ 10.72, P , 0.001) was similar when compared
with pretest control. However, the lesion significantly affected
METH-CPP extinction since mPFC lesioned animals displayed a

A

C D E

B

Figure 2. Quantification of GluR1 mRNA (A) and protein levels of total AMPA receptor subunit GluR1 (B), phosphorylated GluR1/Ser831(C), phosphor-
ylated GluR1/Ser845, (D) and phosphorylated ERK1/2 (p-p44/p-p42) (E) in the VTA of saline control, acquisition, withdrawal, and extinction stages of
METH-CPP. Representative Western blots are shown. Bar graphs show qPCR or densitometric quantification with pretest score or saline control set as
100%. Phosphorylated and total proteins were both normalized to b-actin before phospho/total rationed to each other. Amount of total GluR1 was nor-
malized to b-actin. (∗) P , 0.05, (∗∗∗) P , 0.001 compared with pretest group or corresponding saline controls; (#) P , 0.05, (###) P , 0.001 compared
with corresponding withdrawal or acquisition group. Bilateral VTA from �3–4 mice were pooled in each experiment. The experiments were repeated at
least three times.
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similar degree of METH-CPP as preference recorded in the acquisi-
tion stage. This result indicates that mPFC lesioning specifically
blocks METH-CPP extinction.

To further validate the role of the mPFC in METH-CPP extinc-
tion, we analyzed the protein levels of GluR1 and its phosphory-
lation status in the VTA of both sham and lesioned animals. As
shown in Figure 5, mPFC lesioning significantly reduced the total
amount of GluR1 in both groups of animals (Fig. 5A, F(2,6) ¼

23.10, P , 0.05). In contrast, lesioning significantly reduced the
levels of GluR1/Ser845 phosphorylation after METH-CPP extinc-
tion, but not sham control, as compared with extinction group
(Fig. 5B, F(2,6) ¼ 56.20, P , 0.001). Concomittently, mPFC lesion-
ing resulted in a similar effect on the structural morphology of the
VTA, since the number of dendritic spines was reduced in the
mPFC lesioned group as compared with sham extinction group
(Fig. 5E, F(5,5) ¼ 9.42, P , 0.05).

Discussion

In the current study, we demonstrate that cue-associated METH
extinction could be effectively suppressed by mPFC lesioning
prior to METH-CPP training, while the lesion did not affect the
acquisition of METH-CPP. This result is consistent with a general
view that the mPFC participates in extinction of aversive or
appetitive conditioned response (Guedea et al. 2011; Groblewski
et al. 2012). Importantly, the current findings also lead us to
conclude that the VTA is an additional brain region involved in
the neural process of drug extinction. In support of this conclu-
sion, the amount of membrane GluR1 and Ser845 phosphoryla-
tion in the VTA increased after METH-CPP extinction training
while levels were decreased after mPFC lesion. The change in
membrane GluR1 is expected to functionally link with neuroplas-
ticity since number of dendritic spines was also found increased
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Figure 3. (A) Biotinylation of GluR1 subunit from a VTA synpatosomal preparation. Representative Western blots are shown. Bar graphs show densito-
metric quantification. (C–F) Golgi stain to illustrate the structural modifications in the VTA during the period of pretest (C), acquisition (D), withdrawal (E),
and extinction (F) of METH-CPP with bar graphs (B) showing quantification of dendritic spines. Scale in each panel is 5 mm. Arrows indicate the dendritic
spines. (∗∗) P , 0.01 compared with corresponding pretest controls. Bilateral VTA from �2–3 mice were pooled in each Western blot experiment and
experiments were repeated four times. For Golgi stains, sections from 3 to 4 mice per group were calculated.
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in the VTA at METH-CPP extinction, but remained at pretest con-
trol levels in mPFC lesioned animals. We speculate that VTA
GABAergic neurons might be the target for receiving mPFC ex-
citatory glutamate inputs during extinction training. These
neurons then send an inhibitory signal to suppress nearby meso-
limbic dopamine activity, thereby dampening the recurrence of
METH-CPP.

Drug addiction is a chronic relapsing disorder with charac-
teristic repetitive drug taking, or craving during abstinent peri-
ods. To extinguish craving, dissociation with drug-associated
cues has been attempted. Strategies that have been successfully
used in animal experiments include cue exposure therapy, where-
in subjects are exposed to drug-associated environments in
the absence of drug pairing (Haaker et al. 2013). Cue exposure
therapy has been used quite successfully in treatment of fear
conditioning, including reduced anxiety in PTSD patients or elec-
trically shocked rodents (Grillon 2008; Indovina et al. 2011).
However, a low success rate was reported using the strategy for ex-
tinction of cue-dependent drug taking in drug addicts (Conklin
and Tiffany 2002; Crombag and Shaham 2002), probably due to
the highly context-dependent nature of drug extinction (Peters
et al. 2009; Taylor et al. 2009). Through a wealth of fear condi-
tioning animal studies, it was recognized that extinction training
encodes a form of new learning that requires a course of acquisi-
tion, consolidation, and retrieval (Quirk and Mueller 2008).
Hence, it is reasonable to find that extinction training changes
overall amount or phosphorylation levels of NMDA and/or
AMPA receptors in designated brain areas (Spaethling et al.
2012). Extinction of cocaine self-administration induced an
up-regulation of GluR1 and GluR2/3 in the NAc-shell that linked
to a reduction of subsequent cocaine-seeking behavior (Sutton
et al. 2003). These changes provide a valuable marker, which
has been used to trace the neural framework underlying extinc-
tion learning. For instance, enhanced GluR1/Ser845 phosphory-
lation was found in both NAc and ventral mPFC after cocaine
extinction (Nic Dhonnchadha et al. 2013). In a morphine-CPP
paradigm, the level of phospho-GluR1/Ser845 was found to be
increased in the postsynaptic density of the hippocampus during
the extinction phase (Billa et al. 2009) and also mediate mem-

brane AMPA receptor trafficking (Liu et al. 2009; Lee and
Kirkwood 2011). Phospho-GluR1/Ser831were found to be in-
creased in the lateral amygdala after extinction of fear condition-
ing (Lee et al. 2013).

In the current study, we found membrane GluR1 increased in
the VTA during METH extinction. Although phospho-GluR1/
Ser831 and Ser845 both contribute to AMPA receptor function
and play a role in behavioral extinction, they seem to involve dif-
ferent contexts of extinction and did not display concomitant
changes (Ding et al. 2013; Tao et al. 2014). Our current finding
that GluR1/Ser845, but not Ser831, phosphorylation enhanced
in the VTA along with an increased number of dendritic spines
and AMPA insertion during METH-CPP extinction indicates this
GluR1 residue-dependent neuroplasticity may involve in extinc-
tion learning at the site of VTA. Considering that mesolimbic
DA activation is a hallmark for drug-dependent behavioral sensi-
tization and appetitive cue-associated relapse or craving in human
addicts (Bouton 2002), it is not surprising to find LTP-related
NMDA/AMPA receptor alterations in the VTA during METH-CPP
extinction. The enhanced NR1 mRNA but not protein (Sup-
plemental Fig. S1) as well as GluR1 phosphorylation and surface
expression apparently reflect an altered NMDA/AMPA signal de-
livered to the VTA during METH-CPP extinction. Recently,
Leite-Morris et al. (2014) reported extinction of opiate reward
reduces dendritic arborization as well as c-Fos expression in the
NAc, implying that extinction-related, LTP-associated mor-
phological changes might exhibit stringent tissue and drug specif-
icity. Though there is a lack of direct evidence, we speculate that
VTA GABA neurons might be targeted by glutamate projections
and pass an inhibitory signal to VTA DA neurons to suppress
METH-CPP during cue reexposure. In support of this notion,
studies using anterograde or retrograde tracing clearly showed
that pyramidal glutamate neurons in the PFC project to the VTA
and form synapses with either TH+-DA somatodendrites or
GABA neurons (Carr and Sesack 2000; Wedony et al. 2007).
Increased membrane GluR1 also implies a change in dendritic
morphology since previous studies demonstrated GluR1 redistri-
bution in the VTA DA neurons along with altered neuroplasticity
after chronic morphine or cocaine administration (Lane et al.
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Figure 4. Effect of mPFC lesioning on METH-CPP acquisition and extinction. (A) Brain sections from animals receiving saline (left) or ibotenic acid lesion
(right) aiming at the mPFC, as verified on Nissl-stained sections. (B) Bar graphs indicate time (mean+SEM) spent in METH-paired compartment before
training, after acquisition, or after extinction training. (∗∗) P , 0.01, (∗∗∗) P , 0.001 compared with corresponding pretest controls; (#) P , 0.001 com-
pared with corresponding acquisition groups. N ¼ 15–19 per group.
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2008, 2011). Whether the GluR1 trafficking occurs mainly in VTA
GABA interneurons, rather than DA neurons, require fur-
ther experimentation, however, it might explain the discrepancy
between ours (increase during extinction) and Lane et al. 2008,
2011 (increase in acquisition).

Extensive experimental evidence indicates that inactivation
of the mPFC either by lesion or pharmacological blockade impairs
extinction of fear or drug conditioning (Hsu and Packard 2008;
Wang et al. 2012; Gupta et al. 2013). The mPFC is known to
send excitatory glutamate signals to several subcortical areas,
including the amygdala, hippocampus, NAc, hypothalamus,
and VTA (Frankle et al. 2006; Vazquez-Borsetti et al. 2009) to
strengthen learning during extinction training. Hence, electrolyt-
ic lesioning of mPFC, following the acquisition of ethanol-CPP,

blocks the extinction of ethanol-CPP (Groblewski et al. 2012).
Furthermore, local infusion of NMDA receptor antagonist bupi-
vacaine or AP-5 into the mPFC blocked the extinction of amphet-
amine-CPP (Hsu and Packard 2008). Of interest, mPFC-dependent
suppression of cocaine seeking could be reversed by local in-
jection of DAMGO, an m-opioid receptor agonist, into VTA, or
dopamine antagonist injection in the NAc-shell (LaLumiere
et al. 2012), suggesting that both mesolimbic DA regions are
functionally integrated with the mPFC in extinction-associated
neural circuitry. In this context, our findings that extinction
training induced membrane GluR, Ser845 phosphorylation,
and that the number of dendritic spines was significantly reduced
in the VTA after mPFC lesioning supports a positive role for the
VTA in METH-CPP extinction. However, in an attempt to test

A

C D

E

B

Figure 5. Effect of mPFC lesioning on protein levels of (A) total GluR1, (B) phosphorylated GluR1/Ser845 in the VTA during extinction of METH-CPP.
Representative Western blots are shown. Bar graphs show densitometric quantification. The amount of phospho-GluR1/Ser845 or total GluR1 were nor-
malized to b-actin with each METH-CPP extinction group set to 100%. (C,D) Golgi stain illustrates the structural modifications in the VTA at the stage of
METH-CPP extinction with (C) or without (D) ibotenic acid lesion at the mPFC. (E) Bar graphs show quantification of dendritic spines. (∗) P , 0.05, (∗∗)
P , 0.01, (∗∗∗) P , 0.001 compared with corresponding extinction group (Western blot) or sham controls (Golgi stain). Bilateral VTA from �2–3 mice
were pooled in each Western blot experiment and experiments were repeated three times. For Golgi stain, sections from three mice per group were cal-
culated. Arrows indicate the dendritic spines.
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if GluR1/Ser845 phosphorylation and altered dendritic spines
would be reversed during stress-induced METH-CPP reinstate-
ment, we found both parameters remained unchanged as levels
of METH-CPP extinction. It is possible that this “stress”-induced
drug reinstatement involves mPFC-VTA-independent neural
circuitry, which reactivates the rewarding pathway at extra-VTA
brain region. In support of this notion, previous study found
norepinephrine, via b2-ARs, activates CRF-releasing neurons
in the BNST to evoke stress-induced cocaine reinstatement
(McReynolds et al. 2014). Local injection of oxytocin into
the dorsal hippocampus completely blocked the METH-CPP
(Nawata et al. 2012). Another study found CRF level increased
in the amygdala during foot shock-induced METH reinstate-
ment whiles treatment of nonselective CRF inhibitor CRF9-41 at-
tenuated METH reinstatement (Nawata et al. 2012; Han et al.
2014). Whether drug- or cue-induced METH-CPP reinstatement
involves altered GluR1/Ser845 phosphorylation requires further
investigation.

Consistent with an up-regulation of GluR1 phosphorylation
in the VTA, we also found phospho-ERK1/2 in this brain region
was recovered at extinction of METH-CPP, as compared with ac-
quisition or withdrawal group. ERK, in particular ERK2, is known
to participate in various stages of aversive or appetitive cue-
dependent behavioral expression or extinction (Cestari et al.
2013). Both ERK1 and ERK2 are readily phosphorylated in the
NAc and dorsal striatum after acute morphine, METH, or cocaine
administration (Tronson and Taylor 2007) while also evoked dur-
ing morphine withdrawal or extinction in the ventral mPFC
(Wang et al. 2012). Suppression of ERK and CREB phosphoryla-
tion in basolateral amygdala impairs extinction of morphine
withdrawal-dependent conditioned place aversion (Wang et al.
2014). In a morphine-CPP paradigm, expression of ERK1 and
ERK2 mRNAwere altered with distinct patterns in various brain re-
gions (i.e., NAc, PFC, hippocampus, and amygdala) across acqui-
sition, extinction, and reinstatement stages (Ma et al. 2014). Of
which, NAc-shell has also been considered as a core structure ma-
nipulating the extinction behavior (Chiara 2002; Xu et al. 2012).
The finding of an altered ERK2 phosphorylation in the VTA across
METH-CPP stages suggests this MAPK signal, along with phospho-
GluR1/Ser845, would be viewed as valid biomarkers in predicting
the progress of drug rewarding.

Overall, using a series of biochemical and morphological
assays along with lesioning in the mPFC, we conclude that the
VTA participates in extinction of appetitive cue-associated CPP.
Compared with other subcortical regions, that have been iden-
tified for their involvement in extinction (i.e., amygdala, hippo-
campus, and NAc), the VTA seems to be unique in that it is
known to initiate mesolimbic and mesocortical DA activation
during drug rewarding. In the future, exploring the dual role of
the VTA as an “on and off” switch in appetitive conditioning
should advance our knowledge of cue-dependent drug acquisi-
tion, extinction, and reinstatement.

Materials and Methods

Animals
Male C57BL6/J mice were aged 5–6 wk at the start of the study.
Animals were group housed (five mice per cage) and maintained
on a 12-h light–dark cycle (0700–1900 h). Food and water were
available ad libitum in the home cages. All animal procedures
were approved by the Institutional Animal Care and Use Commit-
tee of Chang-Gung University and were performed in accordance
with the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National Academy
Press, 1996).

METH-conditioned place preference (METH-CPP)

paradigm

Apparatus

CPP chambers with two equal size compartments (15 cm length ×
15 cm width × 20 cm height) separated by a transparent middle
compartment (6 cm length × 15 cm width × 20 cm height) were
used. The two large compartments were paired with two different
cues (mosaic wall paper with corn bedding or white wall paper
with aspen bedding) confined with two sliding doors (6 cm
width × 6 cm length) on each wall between middle and large
compartments to allow animal to freely access their preferred
arena.

Acquisition

Before the CPP test, mice were allowed to freely access two com-
partments for total of 600 sec and the time spent in each compart-
ment was recorded. During the conditioning, mice after saline
injection were confined to the originally preferred compartment
for 30 min. Mice after 2 mg/kg METH injection were confined
to the originally nonpreferred compartment for 30 min with slid-
ing doors closed. The CPP was performed once daily with either
saline or METH pairing, each for four administrations on alterna-
tive days. On day 10, each mouse was again brought to the middle
compartment with both sliding doors open, and the time each
mouse spent on each compartment was recorded for a total of
600 sec. The time-length spent in the drug-paired compartment
before (pretest) and after the CPP conditioning is a measure of
the degree of METH-CPP.

Extinction

After establishing the METH-CPP, a set of animals was subjected to
a daily extinction session with a training schedule similar to the
previous drug-conditioning period, except both compartments
during the eight daily trainings were paired with saline. At day
19, each mouse was again transferred to the middle compartment
with sliding doors open, and the time spent in each compartment
was recorded for a total of 600 sec.

CPP controls

To validate the behavioral and biochemical outcome of METH-
CPP, two groups of CPP control were prepared. First set of control
animals (defined as saline control), after the pretest, was treated
with saline and confined to CPP compartment for consecutive
8 d (similar to METH-CPP acquisition). After second CPP test,
they were again treated with saline and confined to alternative
CPP compartment for another 8 d (comparable with METH-CPP
extinction); defined as saline control. Second set of control ani-
mals (defined as withdrawal group), after the pretest and METH-
CPP establishment, was subjected to a withdrawal session by
housing in a new mouse cage for 30 min after daily saline injec-
tion and for consecutive 8 d (comparable with METH-CPP extinc-
tion). At day 19, each mouse was again transferred to the middle
compartment with sliding door open, and the time spent in
each compartment was recorded for a total of 600 sec.

VTA dissection
Mice of withdrawal control, acquisition group or extinction group
were sacrificed by decapitation �15 min after the last correspond-
ing METH-CPP test. The whole brain was quickly removed
and immersed immediately into ice-cold KPBS solution (KH2PO4

3.3 mM, K2HPO4 21.9 mM, NaCl 154 mM). Afterward, a series
of 500–600 mm brain slices were sectioned by a vibratome
(MA752, Campden Ins.) and the VTA was isolated based on the
mouse brain atlas (Paxinos and Franklin 2001) and analyzed im-
mediately or stored in 280˚C freezer until analyzed.

Prefrontal glutamate in METH extinction

www.learnmem.org 155 Learning & Memory



Quantitative PCR
Total RNAs were isolated from frozen tissues using TRIzol reagent
according to the manufacturer’s protocol (Thermo Fisher Scien-
tific Inc.). The mRNA was transcribed to cDNA via reverse tran-
scriptase (HT BioTechnology). The cDNA for corresponding
targets was measured by quantitative real-time PCR using a Bio-
Rad iQ5 sequence detection instrument (Bio-Rad Laboratories,
Inc.). The details for PCR condition and primer sequences are list-
ed in Supplemental Methods.

Western immunoblot
The isolated VTA were pooled (3–4 samples per group) and lysed
with heated 1% SDS solution and denatured at 100˚C for 5 min.
Samples were sonicated, centrifuged, and the supernatants were
quantified by Coomassie blue staining using bovine serum albu-
min as standards. Equal amount of protein samples (�20 mg)
were separated by SDS-PAGE gels. After resolving, proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane
(Millipore Corporation) and then incubated for 1 h in a blocking
buffer (5% nonfat milk in TBS-T solution [20 mM Tris base and
137 mM NaCl, 0.1% Tween 20, pH 7.6]) at room temperature,
were probed with primary antibodies diluted in TBS-T buffer in-
cluding b-actin, 1:1000 (Sigma-Aldrich); phospho-ERK1/2,
1:1000 (Cell Signaling); total-GluR1, 1:1000 (Santa Cruz Biotech-
nology, Inc.); phospho-GluR1/Ser831, 1:1000 (Cell Signaling);
phospho-GluR1/Ser845, 1:1000 (Cell Signaling); b-tubulin,
1:1000 (Millipore Corporation) at 4˚C overnight. After washing
in TBS-T, the signals were probed with peroxidase-conjugated sec-
ondary antibodies (1:2000 anti-rabbit-HRP or anti-mouse-HRP in
TBS-T; Sigma-Aldrich) at room temperature for another 1 h. The
labeled proteins were detected by enhanced chemiluminescence
(GE Healthcare Bio-Sciences Corp.) and the signals were quanti-
fied by ChemiDoc XRS with Image Lab software (Bio-Rad Labora-
tories, Inc.).

Synaptosomal preparations
Mice were rapidly decapitated and the brains were transferred to
an ice-cold dish. The VTA was rapidly dissected and pooled (3–4
samples per group) then immersed in 10 volumes (w/v) of ice-cold
0.32 M sucrose. The tissues were freshly homogenized, then cen-
trifuged at 1000g for 15 min at 4˚C. The resulting supernatant
was centrifuged at 15,000g for 20 min, and the pellets were washed
by resuspending in 0.32 M sucrose solution and defined as crude
synaptosomes. The synaptosomes were then suspended in
Krebs–Ringer-HEPES buffer (120 mM NaCl, 4.7 mM KCl, 2.2
mM CaCl2, 10 mM HEPES, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5
mM Tris, and 10 mM D-glucose, pH 7.4). Protein concentrations
were determined by Coomassie blue using bovine serum albumin
as the standard.

Biotinylation assay
Freshly prepared synaptosomes (500 mg) were treated with sulfo-
NHS-SS-biotin (1 mg/1 mg protein; Thermo Fisher Scientific
Inc.) for 30 min at 4˚C. Subsequently, the samples were washed
with radioimmunoprecipitation assay (RIPA) lysis buffer (10 mM
Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, and 1% sodium deoxycholate, pH 7.5) contained 100 mM
glycine, then the pellets were resuspended with the same buffer
but supplemented with protease inhibitor cocktail (1mg/mL apro-
tinin, 1 mg/mL leupeptin, and 1 mM pepstatin) and phosphatase
inhibitors (10 mM sodium fluoride, 50 mM sodium pyrophos-
phate, 5 mM sodium orthovanadate, and 1 mM okadaic acid)
(Samuvel et al. 2008). The resuspended synaptosomes were then
centrifuged at 40,000g for 20 min. The biotinylated proteins
were separated from clear solubilizate by incubating with mono-
meric avidin beads (Thermo Fisher Scientific Inc.) for 3 h at 4˚C.
Beads were washed three times with RIPA buffer, and bound bio-
tinylated proteins were eluted with Laemmli sample buffer for
20 min at 22˚C. Aliquots from total extracts (20 mg), unbound
fractions (20 mg), and entire eluted fractions were separated by

10% SDS-PAGE, transferred to a PVDF membrane, and probed
with anti-GluR1 antibody.

Golgi stain
The procedures performed using FD Rapid GolgiStain kit (FD
NeuroTechnologies, Inc.) according to the manufacturer’s in-
structions. Images were observed under a confocal laser scanning
microscope (LSM 510 META NLO, Zeiss) and taken from the up-
most position to the lowest side of the dendrite. Dendritic spines
were calculated from 150-mm thickness brain slices (3–5 slices in
series per subject) containing VTA using nearby substantia nigra
and hippocampus as landmarks, which is also identified by the co-
ordinates. Numbers of dendritic spines were carefully quantified
to avoid false identification from neiboring neurons.

Surgery and intracranial microinjection
Mice underwent brain surgery using a stereotaxic apparatus
(Harvard Apparatus). Animals were anesthetized with a 5 mL/kg
mixture of 100 mg ketamine and 50 mg xylazine in a volume of
7.5 mL. Brains were lesioned with ibotenic acid (5 mg/3 mL) in
the top surface of infralimbic cortex. The coordinates for lesion
were: 0.18 cm anterior to bregma, +0.02 cm lateral toward the
midline, and 0.25 cm ventral to the skull surface. Considering
the ibotenic acid solution could infuse into infralimbic cortex
but also, via back flow, infiltrate into upper prelimbic cortex, the
chemical damage thus would be viewed as an mPFC lesion. Each
mouse was given a 4 mg/kg ampicillin injection after the surgery
and watched closely for any abnormal behaviors during recovery
period. Mice that received lesions or sham operation were rested
for 48 h prior to the METH-CPP test.

Statistics
Data were analyzed with the program GraphPad Prism and were
expressed as mean+ SEM. Two-way ANOVA was used to analyze
overall significance among different CPP stages under distinct ex-
perimental paradigm. Repeated-measures one-way ANOVA was
used to analyze the differences in CPP scores. Nonparametric one-
way ANOVA was used to analyze numbers of dendritic spine or
quantitative Western blot results among the testing groups. The
post hoc comparisons were made using Tukey’s test for biochem-
ical analysis and Bonferroni test for behavioral measurements. A P
value of ,0.05 was considered to be significant.
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