
© 2012 Landes Bioscience.

Do not distribute.

Cav1.3 L-type Ca2+ channels mediate long-term
adaptation in dopamine D2L-mediated GluA1
trafficking in the dorsal striatum following

cocaine exposure
Kathryn Schierberl,1 Thomas Giordano,2,3 Shirish Satpute,2 Jin Hao,3 Gagandeep Kaur,3 Franz Hofmann,4 Sven Moosmang,5

Joerg Striessnig6 and Anjali Rajadhyaksha1,2,3,*

1Graduate Program in Neuroscience; Weill Cornell Medical College; New York, NY USA; 2Martinos Center for Biomedical Engineering; Massachusetts General Hospital;

Harvard Medical School; Charlestown, MA USA; 3Department of Pediatrics; Division of Pediatric Neurology; Weill Cornell Medical College; New York, NY USA;
4Research Group 923; Technical University Munich; Munich, Germany; 5Institute for Pharmacology; Technical University Munich; Munich, Germany;

6Institute of Pharmacy, Pharmacology and Toxicology; University of Innsbruck; Innsbruck, Austria

Keywords: cocaine, dorsal striatum, VTA, GluA1, Cav1.3, dopamine D2, ERK, CREB, DARPP-32, Akt, GSK3β

AMPA receptor (AMPAR) plasticity at glutamatergic synapses in the mesostriatal dopaminergic pathway has been
implicated in persistent cocaine-induced behavioral responses; however, the precise mechanism underlying these
changes remains unknown. Utilizing cocaine psychomotor sensitization in mice we find that repeated cocaine results in a
basal reduction of Ser 845 GluA1 and cell surface GluA1 levels in the dorsal striatum (dStr) following a protracted
withdrawal period, an adaptation that is dependent on Cav1.3 channels but not those expressed in the VTA. We find that
the basally-induced decrease in this phosphoprotein is the result of recruitment of the striatal dopamine D2 pathway, as
evidenced by enhanced levels of D2 receptor (D2R) mRNA expression and D2R function as examined using the D2R
antagonist, eticlopride, as well as alterations in the phosphorylation status of several downstream molecular targets of
D2R’s, including CREB, DARPP-32, Akt and GSK3b. Taken together with our recently published findings examining similar
phenomena in the nucleus accumbens (NAc), these results underscore the utilization of divergent molecular mechanisms
in the dStr, in mediating cocaine-induced persistent behavioral changes.

Introduction

Repeated exposure to cocaine results in long-lasting changes in
dopaminergic and glutamatergic signaling in brain reward regions
including the dorsal striatum (dStr), which has been implicated
in the habit-forming aspects of addiction1 and the nucleus
accumbens (NAc), which has been implicated in mediating the
rewarding properties of drugs of abuse.2,3 Such adaptations are
believed, in part, to underlie persistent behavioral responses
despite extended drug free periods that mimic aspects of addictive
behavior.4,5 Recent studies suggest that alteration in the func-
tion of AMPA receptor (AMPAR) subunits GluA1 and GluA2
underlies cocaine craving and cocaine seeking behavior.3,6 In
particular, attention has focused on trafficking of GluA1 and
GluA2 by dopamine D1 receptor (D1R) and D2 receptor (D2R)-
mediated mechanisms following withdrawal from cocaine expo-
sure. Specifically, trafficking of the GluA1 subunit has been
shown to occur via regulation of phosphorylation at Ser 831,7 a
Ca2+/calmodulin kinase (CaMKII) site and Ser 845,8 a protein
kinase A (PKA) site. Recent work from our laboratory has

identified Cav1.2 and Cav1.3 L-type Ca2+ channels (LTCCs) as
key mediators of cocaine-induced long-term behavioral and
molecular plasticity,9-11 including phosphorylation and trafficking
of AMPARs in the NAc.11 However, the role of these channels
in regulating AMPARs in the dStr following cocaine exposure
remains unexplored.

A useful rodent model for studying drug-induced long-term
plasticity in the dStr and NAc is psychomotor sensitization, which
involves a progressive increase in psychomotor activity occurring
in response to repeated drug treatment, followed by a persistently
elevated drug challenge-induced locomotor response following
an extended withdrawal period.12,13 Adaptations in both D1R
and D2R signaling have been found to underlie psychomotor
sensitization.14 While acute cocaine activates D1R that stimulates
PKA in the dStr and NAc which phosphorylates GluA1 at S845,15

we have recently reported that following extended withdrawal
from a cocaine sensitization regimen, D1R activation increases
phosphorylation of GluA1 at S831 in the NAc, via activation of
Cav1.2 channels.11 In the present study, we further explore the
role of Cav1.2 and Cav1.3 in regulating cocaine-induced GluA1
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phosphorylation and cell surface levels in the dStr. We
demonstrate that as opposed to a D1/Cav1.2 mechanism that
regulates cocaine-induced phosphorylation and trafficking of
GluA1 in the NAc,11 in the dStr Cav1.3 channels recruit the
D2R pathway that regulates GluA1 phosphorylation and cell
surface levels.

Results and Discussion

Repeated cocaine exposure results in lower levels of Ser 845
GluA1 phosphorylation and cell surface GluA1 levels in the
dorsal striatum following 21 d of withdrawal, an adaptation
dependent on Cav1.3 channels. To evaluate levels of Ser 831 and
Ser 845 GluA1 phosphorylation (S831 P-GluA1 and S845
P-GluA1, respectively) and GluA1 and GluA2 cell surface levels
in the dStr and the role of Cav1.3 channels therein, we utilized
western blot analysis as previously described in Schierberl et al.11

Striatal tissue was isolated from saline (sal) and cocaine (coc)
pre-exposed Cav1.3 wild-type (WT) and knockout (KO) mice
(15 mg/kg i.p. cocaine, once a day for 5 d) challenged 21 d later
with saline or cocaine. We found that cocaine pre-exposure
resulted in significantly lower basal levels of S845 P-GluA1
(Fig. 1A, WT: coc-sal vs. sal-sal) and surface GluA1 (Fig. 1B,
WT: coc-sal vs. sal-sal) in Cav1.3 WT mice when examined 21 d
following the last cocaine treatment, a change that was absent
in Cav1.3 KO mice (significant interaction, treatment group x
genotype, S845: F1,70 = 67.43; p , 0.0001; surface GluA1: F3,60
= 37.83; p , 0.0001). Our finding of lower basal cell surface
GluA1 is in contrast to that observed by Ferrario et al.,6 who
report no change in GluA1 cell surface levels in the dStr of rats
after 15 d of withdrawal from a sensitizing regimen of cocaine.
We found that a cocaine challenge further lowered the levels of
S845 P-GluA1 (Fig. 1A, WT: coc-coc vs. coc-sal) and surface
GluA1 in WT mice (Fig. 1B, WT: coc-coc vs. coc-sal) compared
with saline challenged mice; however, the differences did not
reach significance. Both these changes were absent in Cav1.3 KO
mice (Fig. 1A and B, KO: coc-coc vs. coc-sal). Our findings of a
decrease in cell surface GluA1 levels following a cocaine challenge
in WT mice are also in disagreement with those of Ferrario et al.
(2010)6 in that they show that GluA1 cell surface levels in cocaine
pre-exposed rats challenged with both saline and cocaine are
indistinguishable from each other both 30 min and 24 h after
challenge. However, their challenge injections were administered
on withdrawal day 14 as opposed to day 21 and their studies were
conducted in rats vs. mice. An acute cocaine injection increased
S845 P-GluA1 levels in Cav1.3 WT mice, as has been previously
demonstrated,15 a change that was also observed in KO mice
(Fig. 1A, WT and KO: sal-coc vs. sal-sal). Acute cocaine treat-
ment also increased cell surface levels of GluA1 in Cav1.3 WT and
KO mice (Fig. 1B, WT and KO: sal-coc vs. sal-sal) demonstrating
no role for Cav1.3 channels in regulating GluA1 following acute
cocaine treatment. Ser 831 P-GluA1 was unaltered in the dStr
following cocaine pre-exposure or cocaine challenge (data not
shown) and no change in GluA2 cell surface levels was observed
(data not shown), consistent with Ferrario et al.6 The above
findings were further confirmed in Cav1.2 dihydropyridine

(DHP)-insensitive mutant mice (Fig. 1C). In this mutant mouse
line treatment with the LTCC blocker nifedipine specifically
blocks only Cav1.3 channels.10,11,16 This circumvents any deve-
lopmental compensatory mechanisms that may have occurred in
constitutive Cav1.3 KO mice. Consistent with our Cav1.3 KO
data, systemic injection of nifedipine (25 mg/kg i.p.), prior to
each cocaine injection (15 mg/kg i.p., once a day for 5 d), blocked
the decrease in S845 P-GluA1 (Fig. 1C; nif-coc vs. veh-coc) and
surface GluA1 (Fig. 1D; nif-coc vs. veh-coc) in the dStr when
examined 21 d later. To examine the role of Cav1.2 channels in
GluA1 phosphorylation in the dStr we utilized CNS-specific
Cav1.2 KO mice (Cav1.2CNSKO).11 We found no role of Cav1.2
channels in regulating S845 P-GluA1. Cocaine pre-exposed
Cav1.2 WT (Cav1.2CNSWT) and Cav1.2CNSKO mice exhibited
significantly lower levels of S845 P-GluA1 (Fig. 1E). These
findings demonstrate that the decrease in S845 P-GluA1 and
surface GluA1 in the dStr following extended withdrawal from
cocaine treatment are dependent on Cav1.3 and not Cav1.2
channels.

We have recently shown that changes in GluA1 phosphoryla-
tion in the NAc following extended withdrawal are dependent on
Cav1.3 channels in the VTA during the development of cocaine
sensitization.11 Thus, we next evaluated if VTA Cav1.3 channels
are also necessary for the decrease in Ser 845 P-GluA1 in the
dStr (Fig. 1F). We additionally examined the role of ERK2 in
the VTA (Fig. 1G), a downstream target of Cav1.3 channels.11

Recombinant adenoassociated viral vector (rAAV) expressing
Cav1.3 siRNA or control siRNA was stereotaxically delivered
bilaterally into the VTA three weeks before the start of the cocaine
sensitization regimen [see detailed methods in Schierberl et al.
(2011)].11 Twenty-one days following the last cocaine sensitiza-
tion treatment, dStr tissue was examined for S845 P-GluA1
levels. We found that VTA Cav1.3 plays no role in regulating
S845 P-GluA1 levels in the dStr. S845 P-GluA1 levels did not
differ between control siRNA and Cav1.3 siRNA injected mice
(Fig. 1F). Similarly, stereotaxic delivery of a rAAV-expressing
ERK2 siRNA (described in Schierberl et al.11) had no effect on
S845 P-GluA1 levels (Fig. 1G). This lack of a role for VTA
Cav1.3 channels in mediating GluA1 adaptations observed in the
dStr following extended withdrawal is not surprising as VTA
neurons project primarily to the NAc,17 a pathway implicated in
the initial stages of drug taking, whereas the substantia nigra to
dStr pathway has been implicated in the more compulsive aspects
of addictive behavior.18

Lower S845 GluA1 phosphorylation in the dorsal striatum
following withdrawal from cocaine is a result of enhanced
dopamine D2R signaling. As dopamine D2 receptors have been
shown to regulate S845 P-GluA1 in the dStr14,19 and we have
previously shown that repeated treatment with the psychostimu-
lant amphetamine increases the D2R long-splice variant (D2L)
mRNA in the dStr via a Cav1.3-dependent mechanism,9 we
next tested the hypothesis that repeated cocaine enhances D2-
mediated signaling that results in the lower S845 P-GluA1 we
observe. We measured D2L mRNA levels (Fig. 2A), in addition
to mRNA levels of dopamine D1, D2S, and D3 in the striatum
of Cav1.3 WT and KO mice 21 d following repeated cocaine
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Figure 1. Repeated cocaine decreases S845 P-GluA1 and GluA1 cell surface levels in the dorsal striatum following 21 d of withdrawal, an adaptation
dependent on Cav1.3 channels. (A and B) Cocaine pre-exposed Cav1.3 WT but not Cav1.3 KO mice had significantly lower levels of S845 P-GluA1 (A) and
surface (S)/intracellular (I) GluA1 (B) in the dorsal striatum (dStr) when examined 21 d following withdrawal from cocaine. Acute treatment with cocaine
(sal-coc) significantly increased both S845 P-GluA1 and S/I GluA1 in Cav1.3 WT and KO mice. n = 8–12/treatment. (C and D) Vehicle pretreated Cav1.2DHP2/2

mice had significantly lower levels of S845 P-GluA1 (C) and S/I GluA1 (D) compared with saline controls (sal-sal) when examined 21 d following withdrawal from
cocaine. Nifedipine pretreatment (nif-coc) blocked this decrease in S845 P-GluA1. n = 8–12/treatment. (E) Knockout of Cav1.2 had no effect on S845
P-GluA1 levels. Cocaine pre-exposed Cav1.2CNSWT and Cav1.2CNSKO mice exhibited significantly lower levels of S845 P-GluA1 compared with saline control
mice (dashed line). n = 5–7/group. (F and G) Intra-VTA stereotaxic delivery of Cav1.3 siRNA (F) or ERK2 siRNA (G) had no effect on the lower S845 P-GluA1
levels in the dStr. Both siRNA treatment groups (F), Cav1.3 and (G), ERK2) and their respective controls had significantly lower levels of S845 P-GluA1
compared with saline control mice (dashed line). n = 12–14/treatment. *p , 0.05, vs. sal-sal. sal, saline; coc, cocaine. Data represent the mean ± SEM.
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treatment using quantitative real time PCR (qPCR) and receptor-
specific primers (Fig. 2A). We found significantly higher levels
of D2L mRNA in the dStr of cocaine pre-exposed Cav1.3 WT
but not Cav1.3 KO mice (Fig. 2A, significant interaction, treat-
ment x genotype, F1,32 = 100.3; p , 0.0001). D2L levels were

not altered in the NAc nor were D1 (WT, sal, 100 ± 4 vs. coc, 98
± 6), D2S (WT, sal, 100 ± 7 vs. coc, 103 ± 9) or D3 (WT, sal,
100 ± 7 vs. coc, 95 ± 5) receptor mRNAs altered in the striatum
or NAc (D1, WT, sal, 100 ± 5 vs. coc, 102 ± 4; D2S, WT, sal,
100 ± 4 vs. coc, 97 ± 5; D3, WT, sal, 100 ± 6 vs. coc, 105 ± 5).

Figure 2. Repeated cocaine exposure recruits the dopamine D2L pathway in the dorsal striatum following extended withdrawal. (A) Repeated cocaine
significantly increased D2L mRNA levels in the dStr of Cav1.3 WT but not Cav1.3 KO mice. No change was seen in the NAc. **p, 0.01. n = 8–9/treatment.
(B) DStr D2L mRNA levels correlated with expression of sensitization. n = 9. r = 0.68, p , 0.01, Pearson correlation. (C and D) Knockdown of VTA Cav1.3
(C) or VTA ERK2 (D) had no effect on the increase in D2L mRNA in the dStr. Both VTA Cav1.3 siRNA and ERK2 siRNA injected mice had significantly
higher levels of D2L mRNA compared with saline controls (dashed line). **p , 0.01. n = 12–14/treatment. (E) Eticlopride (etic; 0.2 mg/kg i.p.)
significantly increased S845 P-GluA1 in the dStr of cocaine pre-exposed mice compared with saline pre-exposed mice. **p , 0.05, coc-etic vs. sal-etic.
*p , 0.05 vs. sal-sal. (F) Eticlopride increased S845 P-GluA1 in the NAc to the same extent in saline- and cocaine-pre-exposed mice (coc-etic vs. sal-etic).
*p , 0.05 vs. sal-sal. n = 10–14/treatment. Data represent the mean ± SEM.
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We additionally found that D2L mRNA levels positively
correlated with expression of the cocaine sensitized response
(Fig. 2B, r = 0.68, p , 0.01, Pearson correlation), in line with
other studies that have found enhanced D2R agonist-induced
psychomotor activity following withdrawal from repeated
amphetamine20 and in rats self-administering cocaine21,22 and is
in agreement with D2L receptors as important mediators of
striatal plasticity.23 In line with our findings of a lack of a role
of VTA Cav1.3 channels or ERK2 in mediating changes in S845
P-GluA1 in the dStr, we found no role of either molecule in the
VTA on levels of D2L mRNA (Fig. 2C and D). SiRNA-mediated
KD of Cav1.3 (Fig. 2C) or ERK2 (Fig. 2D) in the VTA did not
alter levels of D2L mRNA in the dStr compared with control
siRNA microinjected mice.

We next utilized the D2R antagonist, eticlopride, to examine
the functional relevance of higher D2L mRNA on S845 P-GluA1
levels. Blocking D2R’s with eticlopride has been shown to
increase S845 P-GluA1 levels;19 thus, we hypothesized that
eticlopride treatment should result in higher levels of S845
P-GluA1 in the dStr of cocaine pre-exposed mice compared
with saline pre-exposed mice, reflective of higher D2LR levels.
Saline and cocaine pre-exposed C57BL/6 mice were treated with
eticlopride (0.2 mg/kg, i.p.) 21 d following the last cocaine
injection (Fig. 2E). Consistent with our hypothesis eticlopride
treatment resulted in significantly higher levels of S845 P-GluA1
in the dStr of cocaine pre-exposed mice compared with saline
pre-exposed mice (Fig. 2E, coc-etic vs. sal-etic; significant inter-
action, cocaine pre-exposure x eticlopride treatment, F1,46 =
70.11; p , 0.0001), an effect that was not seen in the NAc of
the same mice (Fig. 2F, coc-etic vs. sal-etic), demonstrating
increased functional D2L receptors in the dStr.

We also examined phosphorylation changes of downstream
D2R targets including CREB, DARPP-32, Akt and GSK3β24,25

that have been implicated in cocaine’s actions.24,26-28 Ser 133
P-CREB (Fig. 3A), Thr 34 P-DARPP-32 (Fig. 3B) and Thr
308 P-Akt (Fig. 3C) were significantly lower in the striatum of
cocaine pre-exposed Cav1.3 WT mice but not Cav1.3 KO mice
(significant interaction, treatment x genotype, Ser 133 P-CREB:
F1, 34 = 12.48; p , 0.001; Thr 34 P-DARPP-32: F1, 46 = 30.49;
p , 0.0001; Thr 308 P-Akt: F1, 36 = 15.31; p , 0.001) while
Thr 75 P-DARPP-32 (Fig. 3D) and Ser 9 P-GSK3β (Fig. 3E), a
molecule inhibited by Akt, were significantly higher in Cav1.3
WT but not KO mice (significant interaction, treatment x
genotype, Thr 75 P-DARPP-32: F1, 34 = 27.39; p , 0.001; Ser 9
P-GSK3β: F1, 36 = 11.60; p , 0.01). Our findings of lower levels
of Ser 133 P-CREB and Thr 34 P-DARPP-32, both PKA sites,
in the dStr of cocaine pre-exposed mice that have higher levels
of D2R’s is consistent with D2 inhibiting PKA.29 Furthermore,
the presence of higher levels of Thr 75 P-DARPP-32, a form
that converts DARPP-32 into a PKA inhibitor,30 additionally
supports our finding of lower levels of Ser 133 P-CREB, Thr
34 P-DARPP-32 and Ser 845 P-GluA1. Our finding of lower
levels of Thr 308 P-Akt and higher levels of Ser 9 P-GSK3β are
in line with D2 receptors inactivating Akt via dephosphoryla-
tion at this particular threonine residue, which would increase
Ser 9 GSK-3 phosphorylation31 and the involvement of the

D2/Akt/GSK pathway in several DA-associated behaviors32 and
cocaine sensitization.33,34

Conclusion

Here we demonstrate that repeated cocaine causes a non-VTA
Cav1.3-dependent recruitment of the D2L signaling pathway in
the striatum following extended withdrawal, which decreases basal
S845 P-GluA1 and cell surface GluA1 levels. This is in contrast to
the VTA Cav1.3-dependent recruitment of the Cav1.2 signaling
pathway in the NAc that has no effect on the basal increase in
S845 P-GluA1 and cell surface GluA1 levels that we have recently
identified, further elucidating the divergent molecular mechan-
isms utilized by interconnected regions within addiction circuitry
to mediate reward-related behavior.11

Figure 3. Repeated cocaine-induced change in phosphorylation
of downstream D2 receptor targets are mediated by Cav1.3 channels.
(A–E) Ser 133 P-CREB (A), Thr 34 P-DARPP-32 (B) and Thr 308 P-Akt
(C) were significantly lower whereas Thr 75 P-DARPP-32 (D) and Ser 9
P-GSK3b (E) were significantly higher in the striatum of cocaine pre-
exposed Cav1.3 WT mice compared with Cav1.3 KO mice when examined
21 d following cocaine withdrawal. *p , 0.05 vs. sal. n = 8–12/treatment.
Data represent the mean ± SEM.
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Materials and Methods

Animals. Male C57BL/6 mice (Charles River Laboratories),
Cav1.3 wild-type (WT) and knockout mice (KO),35 Cav1.2
dihydropyridine (DHP)-insensitive mice16 and CNS-specific
Cav1.2 WT and KO mice11,36 generated on the C57BL/6 back-
ground were 9–10 weeks of age at the start of all experiments.
Mice were provided food and water ad libitum. Animals were
maintained on a 12 h light/dark cycle (7:00 a.m. to 7:00 p.m.).
All procedures were conducted in accordance with the
Massachusetts General Hospital Subcommittee on Research
Animal Care and the Weill Cornell Medical College Institu-
tional Animal Care and Use Committee rules.

Reagents. Cocaine HCl, nifedipine and eticlopride were
obtained from Sigma-Aldrich. Cocaine and eticlopride were
dissolved in 0.9% saline and nifedipine was dissolved in 0.9%
saline containing 1.5% DMSO and 1.5% Tween-80. Anti-rabbit
Ser 831 P-GluA1 and Ser 845 P-GluA1 were obtained from
Abcam. Anti-rabbit GluA1, GluA2, Ser 133 P-CREB, and CREB
were obtained from Millipore. Anti-rabbit Thr 34 and Thr 75
P-DARPP-32, DARPP-32, Thr 308 P-Akt, Akt, Ser 9 P-GSK3β
and GSK3β antibodies were obtained from Cell Signaling. Goat
anti-rabbit and horse anti-mouse secondary antibodies were
obtained from Vector Laboratories.

Psychomotor sensitization protocol. Cocaine psychomotor
sensitization was performed as previously described in Giordano
et al. (2010).10 Briefly, mice were habituated to open-field
locomotor activity chambers (Med Associates Inc.) for 30 min.
Mice were then administered saline or cocaine (15 mg/kg, i.p.)
once a day for five days (Day 1–5) and locomotor activity
was measured for 30 min on each testing day. Following a 21 d
drug-free period, mice were challenged with saline or 15 mg/kg
i.p. cocaine and locomotor activity measured for 30 min.

Immunoblot analysis. Immunoblotting was performed as
previously described in Schierberl et al.11 Bilateral striatal tissue
punches spanning approximately 1.7–1.2 mm A/P relative to
Bregma (Paxinos and Franklin, 2004),37 were obtained with a
17-gauge stainless steel stylet in a cryostat. Twenty to 40 mg
of protein were separated on a 10% (GluA1 and GluA2) or 12%
(CREB, DARPP-32, Akt and GSK3β) SDS-polyacrylamide
gels. Blots were probed with anti-rabbit (1:850 Ser 831 P-
GluA1, Ser 845 P-GluA1, GluA1, GluA2; 1:1000 Ser 133
P-CREB, CREB, Thr 34 P-DARPP-32, Thr 75 P-DARPP-32,
Thr308 P-Akt, Akt, Ser 9 P-GSK3β, and GSK3β) primary
antibodies overnight at 4°C. Blots were then incubated with goat
anti-rabbit (1:5000 for all antibodies) horseradish peroxidase-
linked IgG.

Surface GluA1 and GluA2 detection using BS3 cross-linking.
Experiments were performed as described in Schierberl et al.
(2011).11 Briefly, a 0.5 mm fresh brain coronal section (spanning
1.7–1.2 mm relative to Bregma, Paxinos and Franklin, 2004) was
obtained using a mouse brain matrix and placed on an ice-cold

surface. Bilateral striatum tissue punches were rapidly dissected
using a stainless steel stylet (15 gauge). Tissue was processed as
described in Schierberl et al.11 and 15 mg protein was loaded on a
4–15% gradient TRIS-HCl gel (BioRad) and run at 100 V
constant voltage. Gels were processed for GluA1 (1:850) and
GluA2 (1:1000) immunoblot analysis.

Quantitative real time PCR (qPCR). For quantitation of
mRNA levels, RNA was isolated from striatum tissue punches
as described in Schierberl et al.11 Amplification was performed
for 40 cycles (95°C for 15 sec, 60°C for 30 sec, 72°C for 30 sec,
extension 72°C for 10 min). For D2L and D2S mRNA detection,
D2L- and D2S-specific primers (D2L-specific forward primer,
5'-AACTGTACCCACCCTGAGGA-3'; D2S-specific forward
primer, 5'-CACCACTCAAGGATGCTGCCCG-3' and reverse
primer common to D2L and D2S, 5'-GTTGCTATGTAGACC-
GTG-3') as published in Giordano et al.,9 were used. D1 and
D3 mRNA was detected using D1- and D3-specific primers
(QuantiTect Primer assay D1, QT00263396 and D3
QT00170527; Qiagen). Cycle threshold (Ct) values for all genes
were normalized to the housekeeping gene β-actin. Each experi-
ment was performed in triplicate and values were averaged. For
mRNA data analysis, the DCt method was used as previously
described in Schierberl et al.11 To obtain nanogram (ng) values of
D2L mRNA levels used for correlation analysis in Figure 2B, the
standard curve method was used as published in Giordano et al.10

Cav1.3 and ERK2 knockdown in the ventral tegmental area.
Adenoassociated viral vector (AAV) expressing Cav1.3 siRNA or
ERK2 siRNA was utilized to knockdown Cav1.3 or ERK2 in the
VTA (23.4 and 23.5 mm posterior to Bregma and +/0.53 mm
lateral to the sagittal suture based on Paxinos and Franklin,37 and
as described in Schierberl et al.11 A 26 s-gauge Hamilton syringe
was used to deliver 0.5 mL of virus expressing either Cav1.3
siRNA, ERK2 siRNA or scrambled control siRNA into each
hemisphere of the VTA at a rate of 0.1 mL/min. Mice were allowed
a 3 week period for maximal Cav1.3 and ERK2 knockdown.
Injection placement was confirmed by detection of green fluorescent
protein (GFP) by fluorescent immunohistochemistry.

Statistical analyses. For immunoblot analysis, optical density
values were used to calculate percentage fold change compared
with control group (set to 100%). For qPCR, percentage fold
change in mRNA levels was used. Data was analyzed by a one-way
ANOVA followed by Bonferroni-Dunn post hoc test. Statview
4.5 software (SAS Institute Inc.) was used for all statistics.
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