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Repeated exposure to psychostimulants induces locomotor sensitization and leads to persistent changes in the circuitry of the mesocor-
ticolimbic dopamine (DA) system. G-protein-gated inwardly rectifying potassium (GIRK; also known as Kir3) channels mediate a slow
IPSC and control the excitability of DA neurons. Repeated 5 d exposure to psychostimulants decreases the size of the GABAB receptor
(GABABR)-activated GIRK currents (IBaclofen) in ventral tegmental area (VTA) DA neurons of mice, but the mechanism underlying this
plasticity is poorly understood. Here, we show that methamphetamine-dependent attenuation of GABABR-GIRK currents in VTA DA
neurons required activation of both D1R-like and D2R-like receptors. The methamphetamine-dependent decrease in GABABR-GIRK
currents in VTA DA neurons did not depend on a mechanism of dephosphorylation of the GABAB R2 subunit found previously for other
neurons in the reward pathway. Rather, the presence of the GIRK3 subunit appeared critical for the methamphetamine-dependent
decrease of GABABR-GIRK current in VTA DA neurons. Together, these results highlight different regulatory mechanisms in the
learning-evoked changes that occur in the VTA with repeated exposure to psychostimulants.
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Introduction
Drug addiction is a psychiatric disorder characterized by contin-
ued use of drug despite severe adverse consequences (Robinson

and Berridge, 2003; Koob and Volkow, 2010). Addiction is
thought to involve, in part, long-term adaptations in the meso-
corticolimbic dopamine (DA) circuits that occur in response to
repeated drug use, promoting a risk of relapse after discontinuing
use (Lüscher and Malenka, 2011). In rodents, repeated adminis-
tration of many drugs of abuse produces locomotor sensitization,
a progressive increase in the locomotor-stimulating effects of
these drugs, a phenomenon that is context dependent and per-
sists for months after the last drug exposure (Vanderschuren and
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Significance Statement

Exposure to addictive drugs such as psychostimulants produces persistent adaptations in inhibitory circuits within the mesolim-
bic dopamine system, suggesting that addictive behaviors are encoded by changes in the reward neural circuitry. One form of
neuroadaptation that occurs with repeated exposure to psychostimulants is a decrease in slow inhibition, mediated by a GABAB

receptor and a potassium channel. Here, we examine the subcellular mechanism that links psychostimulant exposure with
changes in slow inhibition and reveal that one type of potassium channel subunit is important for mediating the effect of repeated
psychostimulant exposure. Dissecting out the components of drug-dependent plasticity and uncovering novel protein targets in
the reward circuit may lead to the development of new therapeutics for treating addiction.
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Kalivas, 2000). Locomotor sensitization has been used as a behav-
ioral read-out of an underlying neural sensitization in addiction
circuits (Robinson and Berridge, 2003).

The development of locomotor sensitization requires in-
creased activity in the mesocorticolimbic DA circuit, particularly
in the ventral tegmental area (VTA) (Robinson and Berridge,
2003). Several studies have demonstrated that exposure to psy-
chostimulants alters both excitatory and inhibitory inputs to
VTA DA neurons (Lüscher and Malenka, 2011). For example,
single or multiple exposure to cocaine enhances glutamatergic
signaling in the VTA (Ungless et al., 2001; Saal et al., 2003; Chen
et al., 2008). Multiple exposure to cocaine also reduces the am-
plitude of fast GABAA-evoked IPSCs on VTA DA neurons, pro-
moting LTP induction (Liu et al., 2005) while enhancing IPCSs
onto VTA GABA neurons (Bocklisch et al., 2013). Together, these
changes promote an increase in activity of VTA DA neurons in
drug-exposed animals. Another important pathway that controls
the output of the VTA involves the G-protein-gated inwardly
rectifying potassium (GIRK, also referred to as Kir3) channels.
Activation of GIRK channels produces a slow IPSC that hyper-
polarizes the neuron, thereby reducing excitability and inhibiting
the firing of DA neurons (Lacey et al., 1988; Seutin et al., 1994;
Beckstead et al., 2004; Cruz et al., 2004; Munoz and Slesinger,
2014). Stimulation of GABAB, DA D2-like or � opioid receptors
has been reported to activate GIRK channels in VTA DA neurons,
wheres GABAB and � opioid receptors couple to GIRK channels
in VTA GABA neurons (Cameron et al., 1997; Margolis et al.,
2003; Beckstead et al., 2004; Cruz et al., 2004; Kotecki et al., 2015).

Recent work with rodents has established that psychostimulant
exposure alters slow inhibition mediated by GABAB receptors and
GIRK channels. For example, acute exposure to a psychostimulant
such as methamphetamine (METH) or cocaine reduces baclofen-
activated GIRK currents (IBaclofen) in VTA GABA neurons (Padgett
et al., 2012). Multiple injections of cocaine dampen IBaclofen in VTA
DA neurons (Arora et al., 2011). Recently, Sharpe et al. (2015) re-
ported that self-administration of METH also diminishes IBaclofen

in VTA DA neurons, indicating that both contingent (i.e., self-
administration) and noncontingent (i.e., experimenter injections)
drug exposure leads to a reduction in GIRK signaling in the VTA.
This attenuation in IBaclofen leads to changes in the excitability of
VTA DA neurons and is hypothesized to contribute to circuit-level
changes in DA signaling involved in addiction. Consistent with a role
for GABAB receptors (GABABRs) in the reward pathway, systemic or
intra-VTA administration of a GABABR agonist is sufficient to
prevent the acquisition of locomotor sensitization and self-
administration of psychostimulants (Shoaib et al., 1998; Brebner et
al., 1999; Lhuillier et al., 2007; Backes and Hemby, 2008).

To develop new therapeutics for treating addiction, it is
essential to dissect the components of drug-dependent plas-
ticity in the brain. In VTA GABA neurons (Padgett et al., 2012)
and in mPFC pyramidal neurons (Hearing et al., 2013), the
reduction in IBaclofen can be explained by a decrease in the
surface expression of GABABRs, a process that depends on
dephosphorylation of a C-terminal serine (S783) in the
GABABR2 subunit via a PP2A phosphatase (Padgett et al.,
2012). Repeated injections of cocaine or self-administration of
METH weaken GABABR-GIRK signaling in VTA DA neurons
(Arora et al., 2011; Sharpe et al., 2015). The subcellular mech-
anism underlying the reduction in IBaclofen in VTA DA neurons
with psychostimulants, however, is poorly understood. In the
current study, we investigated whether dephosphorylation of
the GABABR2-S783 subunit is involved in the METH-dependent re-
duction of IBaclofen in VTA DA neurons. We discovered that the GIRK3

subunit, and not the dephosphorylation of GABABR2-S783, promotes
the METH-dependent decrease in IBaclofen.

Materials and Methods
Mouse husbandry. The following mouse lines were used, Pitx3 �/�-GFP
(Zhao et al., 2004), GIRK3 knock-out (KO) (Torrecilla et al., 2002),
GABABR2-S783A knock-in (KI) (Terunuma et al., 2014), TH-Cre
(Friedman et al., 2014), and littermate controls. TH-Cre mice were in-
jected with AAV DIO-YFP (Munoz and Slesinger, 2014) to label VTA DA
neurons for the control experiment shown in Figure 2F. All mice either
originated in C57BL/6 or were backcrossed multiple generations into the
C57BL/6 background. Mice were housed together in groups of two to five
and separated by sex. All procedures were performed in the light phase of
the circadian cycle using Institutional Animal Care and Use Committee-
approved protocols for animal handling at the Salk Institute and at the
Icahn School of Medicine at Mount Sinai. Animals were housed under
constant temperature and humidity on a 12 h light/dark cycle (light
6:00 –18:00) with food and water available ad libitum. Tail biopsies were
collected from animals at weaning (�postnatal day 21) and prepared for
PCR genotyping, as described previously (Torrecilla et al., 2002; Zhao et
al., 2004; Friedman et al., 2014; Terunuma et al., 2014).

Drug administration. Mice [postnatal day 30 (P30)–P50 male and fe-
male] were given intraperitoneal injections of METH (methamphet-
amine hydrochloride; Sigma-Aldrich) at 2 mg/kg in 0.9% saline or an
equivalent volume of 0.9% saline. For antagonist experiments, the D1R
antagonist SCH39166 (0.3 mg/kg, i.p.) or the D2R antagonist eticlopride
(0.1 mg/kg, i.p.) was coinjected with METH (2 mg/kg). For home cage
injections, animals were weighed, injected, and returned to the home
cage. For novel environment experiments, animals were transported to a
different room, weighed, injected, placed in new cage with cage mates for
1 h, and then returned to home cage. The novel environment consisted of
a different plastic cage (Innovive) that contained soft bedding and
brightly colored paper along the outside. All animals had full access to
food and water during drug administration in either home or novel
environment cages and injections took place during the light cycle be-
tween 10:00 and 16:00.

Electrophysiology. Mice were killed with isoflurane and horizontal or
coronal slices from midbrain (200 �m) were prepared in ice-cold artifi-
cial CSF (ACSF) containing the following (in mM): NaCl 119, KCl 2.5,
MgCl2 1.3, CaCl2 2.5, NaH2PO4 1.0, NaHCO3 26.2, and glucose 11, pH
7.2, bubbled with 95% O2 and 5% CO2. Slices were equilibrated for �42
min at 33°C in ACSF supplemented with the following (in mM):
L-ascorbic acid 0.4, Na pyruvate 2, myo-inositol 3, and then transferred
to a recording chamber equipped with constant perfusion of ACSF (2
ml/min) (Cruz et al., 2004).

Neurons were visualized by infrared illumination on an Olympus flu-
orescent scope (BX51WI) and whole-cell patch-clamp recordings were
made from neurons in the VTA, identified as the region medial to the
medial terminal nucleus of the accessory optical tract (Cruz et al., 2004;
Labouèbe et al., 2007; Munoz and Slesinger, 2014). DA neurons were
identified by presence of a large hyperpolarization-activated current (Ih),
large capacitance (30 –50 pF), and slow spontaneous firing (1–3 Hz). In
some experiments, DA neurons were identified by GFP expression in
Pitx3 �/�-GFP mice (Zhao et al., 2004), as indicated. No significant dif-
ferences in firing, capacitance or cell size were observed in DA neurons
from Pitx3 �/�-GFP mice (Labouèbe et al., 2007). GABA neurons were
identified by the absence of Ih, a small capacitance (�20 pF), and a fast
spontaneous firing rate (5–10 Hz) (Cruz et al., 2004).

The internal solution contained the following (in mM): K-gluconate
140, NaCl 4, MgCl2 2, EGTA 1.1, HEPES 5, Na2ATP 2, Na creatine
phosphate 5, and Na3GTP 0.6, pH 7.3 with KOH. Whole-cell voltage-
clamp recordings were used to measure GIRK currents. For agonist-
induced currents, changes in holding currents (Vm � �35 mV with
junction potential �15.7 mV; Vhold � �50 mV) in response to bath
application of a saturating dose of baclofen (300 �M) or quinpirole (30
�M) were measured every 10 s. Currents were amplified (Molecular De-
vices Axopatch 200B), filtered at 1 kHz, and digitized at 5 kHz (Molecular
Devices Digidata 1320). Data were acquired and analyzed with Molecular
Devices Clampex 9.0 software. Ih current was monitored through a series

Munoz et al. • Methamphetamine Regulation of GABABR-GIRK Currents J. Neurosci., March 16, 2016 • 36(11):3106 –3114 • 3107



of hyperpolarizing 200 ms voltage steps to �120 mV. Series resistance
(Rs) was monitored throughout the experiment and recordings were
excluded from analysis if the Rs varied by �20%. To calculate spike
number, the number of spikes elicited by a 500 ms current injection step
was measured. Baclofen inhibition was calculated by measuring the spike
number in the presence of baclofen divided by the spike number in
the absence of baclofen plus the spike number in the presence of
baclofen. GIRK basal currents were inhibited with bath-applied 1 mM

BaCl2 in ACSF. For the GTP�S experiment, guanosine 5�-O-[gamma-
thio]triphosphate (GTP�S; Sigma-Aldrich) at 0.1 �M was substituted for
Na3GTP in the intracellular solution.

Statistical analysis. Data were analyzed using Prism 5.0 software. All
reported values are mean 	 SEM. One or two-way ANOVA with Bon-
ferroni post hoc test was used for multiple comparisons; Student’s un-
paired t test was used for groups of two, as indicated. Statistical
significance was defined as p � 0.05.

Results
Context pairing enhances METH-dependent decrease in
IBaclofen

To investigate the mechanism underlying the psychostimulant-
dependent decrease in IBaclofen in VTA DA neurons (Arora et al.,
2011; Sharpe et al., 2015), we examined the effect of repeated
METH injections on the maximally activated IBaclofen in VTA DA
neurons. Male and female mice (P30 –P50) were injected once
daily with 2 mg/kg METH intraperitoneally for 5 d in the home

cage and then brain slices containing the VTA were prepared
24 – 48 h after the fifth injection for whole-cell patch-clamp elec-
trophysiology. DA neurons were identified based on the presence
of an Ih current of �600 pA at �120 mV (Cruz et al., 2004;
Labouèbe et al., 2007; Padgett et al., 2012). VTA DA neurons are
heterogeneous, with the Ih-expressing VTA DA neurons primar-
ily projecting to the NAc (Lammel et al., 2008). In addition to Ih,
we used Pitx3�/�-GFP mice, in which GFP is expressed in DA
neurons (Zhao et al., 2004), to further confirm the identification
of VTA DA neurons (Labouèbe et al., 2007; Padgett et al., 2012;
Bocklisch et al., 2013) (Fig. 1A). Bath application of a maximal
concentration of (	)-baclofen (300 �M) (Cruz et al., 2004) elic-
ited an outward current that peaked within �30 s and decayed
with time, as described previously (Cruz et al., 2004). This out-
ward current was largely absent in mice lacking GIRK2 subunits,
indicating that it is GIRK dependent (Labouèbe et al., 2007).
IBaclofen was inhibited by bath application of Ba 2�(Fig. 1B), as
expected for an inwardly rectifying K� channel (Lüscher and
Slesinger, 2010). Surprisingly, IBaclofen in VTA DA neurons of 5 d
METH mice did not reach statistical significance from IBaclofen in
5 d saline mice (Fig. 1C, p � 0.05, Student’s t test).

Althoughsensitizationofthelocomotor-stimulanteffectsofpsycho-
stimulantscanoccurwithrepeatedadministrationinthehomecage, it is
morerobustwhenthedrugisadministeredinaseparate,novelenviron-

Figure 1. Attenuation of IBaclofen in VTA DA neurons after 5 d METH injections in a novel environment. A, Live fluorescent image of GFP � DA neurons in the VTA of a Pitx3 �/�-GFP mouse. B,
Examples of maximal (300 �M) IBaclofen recorded from VTA DA neurons 24 – 48 h after 5 d of intraperitoneal injections of either saline (0.9%) or METH (2 mg/kg in 0.9% saline) in the home cage.
Application of 1 mM BaCl2 inhibits IBaclofen. C, Mean IBaclofen recorded 24 – 48 h after 5 d saline or 5 d METH injected in the home cage (ns, p � 0.05 Student’s t test). D, Photograph of the novel cage
environment with different bedding and brightly colored paper. E, Examples of IBaclofen recorded from VTA DA neurons 24 – 48 h after 5 d injections of saline or METH in a novel environment. F, Mean
IBaclofen in VTA DA neurons 24 – 48 h after 5 d injections of METH or saline in a novel environment (**p � 0.01, Student’s t test). G, No difference in mean Ih between 5 d saline- or METH-injected mice.
H, No change in mean IQuinpirole (30 �M) with 5 d METH compared with 5 d saline in a novel environment.
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ment(BadianiandRobinson,2004).Wetherefore investigatedwhether
altering the environment (i.e., context) for the METH injection affected
the drug-dependent modulation of IBaclofen. To enhance the novelty
cues,weusedanewcagethatwaswrappedinbrightlycoloredwallpaper
and contained different flooring material (Fig. 1D). Mice were also in-
jected in a room separate from the home cage. With this novel cage
environment,5dMETHadministrationtriggeredasignificantdecrease

in IBaclofen in VTA DA neurons (Fig. 1E,F).
Conversely, the amplitude of the Ih current
was unaffected by METH administration
(Fig. 1G).

In addition to GABABR, stimulation of
DA D2-like receptors (D2Rs) in VTA DA
neurons also activates GIRK channels
(Beckstead et al., 2004; Cruz et al., 2004),
providing a mechanism for auto-inhibition
after DA release (Beckstead et al., 2004).
Bath application of a maximal concentra-
tion of the D2R agonist quinpirole (30 �M)
elicited an outward GIRK current, IQuinpirole

(Cruz et al., 2004; Arora et al., 2011). In con-
trast to IBaclofen, IQuinpirole in the 5 d METH
group was not statistically different from
that in the 5 d saline treatment group (Fig.
1H).

We next investigated whether the de-
crease in IBaclofen was sufficient to alter the
GABABR-dependent inhibition of firing.
In current-clamp mode, a series of in-
creasing amplitude current injections
elicited one or more spikes, which were
suppressed by exposure to baclofen (300

�M) (Fig. 2A,C). In saline-treated mice, VTA DA neurons typi-
cally required �180 pA of current injection to induce firing in the
presence of baclofen (300 �M). In VTA DA neurons from
METH-treated mice, however, smaller current injections (e.g.,
�80 pA) were sufficient to induce firing in the presence of
baclofen (Fig. 2A,D), suggesting that there was less inhibition

Figure 2. Baclofen-induced inhibition of firing is reduced in VTA DA neurons after 5 d METH injections. A, B, Current-clamp recordings showing firing induced with a 200 pA current injection
before (black trace) and after (blue trace) addition of 300 �M baclofen. Recordings are from a GFP � VTA DA neuron in a Pitx3-GFP �/� mouse injected with 5 d saline (0.9%) (A) or 5 d METH (2
mg/kg) (B) in a novel environment. Input– output plots show the increase in spike number with increasing amplitude current injections for 5 d saline- (C) or 5 d METH (D)-injected mice before (black)
and after baclofen (blue) exposure. E, Percentage baclofen-dependent inhibition of firing for VTA DA neurons from 5 d saline and 5 d METH groups (*p � 0.05 Student’s unpaired one-tailed t test,
n � 17–29). F, Input– output plot for VTA DA neuron firing in control mice (TH-Cre, n � 6) showing no decrement in spiking over 3 min of recording.

Figure 3. Effect of 5 d METH injections on the direct G-protein activation of GIRK channels in VTA DA neurons. A, Examples of
outward currents induced by 100 �M GTP�S in the recording pipette from mice injected for 5 d saline or 5 d METH in a novel
environment. Outward currents are inhibited with extracellular barium (Ba 2�), consistent with G-protein activation of GIRK
channels. B, Bar graph showing significantly smaller mean GTP�S-evoked and Ba 2�-sensitive currents in 5 d METH-injected mice
compared with 5 d saline (**p � 0.01 Student’s unpaired t test).
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with baclofen. To examine this more closely, we calculated the
percentage inhibition of firing with baclofen and determined that
there was a significant decrease in baclofen-dependent inhibition
of VTA DA neuron firing in 5 d METH-treated mice (Fig. 2E).
For control, we examined the input– output relationship for VTA
DA neurons in control mice (TH-Cre, n � 6) and found no
decrement in spiking over 3 min of recording (Fig. 2F). Together,
these results suggest that there is a reduction in GABABR-
dependent inhibition of firing after 5 d of METH treatment.

A decrease in IBaclofen after 5 d of METH treatment could result
from reduced surface expression of GIRK channels. To investi-
gate this possibility, we interrogated indirectly the levels of GIRK
channels on the plasma membrane by examining the effect of
direct G-protein activation of GIRK channels. To accomplish
this, we included in the intracellular solution the nonhydrolyz-
able GTP analog GTP�S (0.1 �M), which constitutively activates
endogenous G-proteins in the absence of receptor activation
(Logothetis et al., 1987). In these experiments, GTP�S activates
G-proteins slowly upon formation of the whole-cell recording,
with a rate of activation that takes minutes in the absence of
receptor stimulation. In the 5 d saline injection control mice,
GTP�S induced an outward current in VTA DA neurons that was

subsequently inhibited by bath application of 1 mM Ba 2� (Ba 2�-
sensitive current; Fig. 3A). We measured maximal activation with
GTP�S by subtracting the initial basal current from the peak
GTP�S-activated current. In the 5 d METH group, the GTP�S-
activated current in VTA DA neurons was significantly smaller
than in the 5 d saline group (Fig. 3B). We also analyzed
the amplitude of Ba 2�-inhibited current following GTP�S-
dependent activation and found that this current was also signif-
icantly reduced in the 5 d METH group. Together, these results
suggest that 5 d of METH exposure decreases the expression of
GIRK channels on the plasma membrane, similar to the effect of
5 d of cocaine treatment (Arora et al., 2011).

METH-induced decrease in IBaclofen requires D1R-like and
D2R-like DA receptor activation
Psychostimulants are powerful enhancers of DA signaling, ele-
vating extracellular DA by blocking reuptake through the DA
transporter or inducing the release of DA (Sulzer, 2011). DA
stimulates two classes of DA receptors, D1R-like and D2R-like
(Yager et al., 2015). Activation of both D1R-like and D2R-like
receptors is involved in the locomotor and sensitization response
to psychostimulants (Kalivas and Stewart, 1991; Xu et al., 1994;
Kelly et al., 2008; Hikida et al., 2010). We therefore investigated
the requirement of both D1R-like and D2R-like signaling in the
METH-dependent attenuation of GABAB-GIRK currents in VTA
DA neurons. In Pitx3�/�-GFP mice, coadministration of the
D1R antagonist SCH39166 (0.3 mg/kg, i.p.) with METH (2 mg/
kg) for 5 d in a novel environment completely abrogated the
decrease in IBaclofen (Fig. 4A,B). Maximally activated IBaclofen was
indistinguishable from saline-injected mice (Fig. 4B). Similarly,
coadministration of the D2R-like antagonist eticlopride (0.1 mg/
kg, i.p.) with METH (2 mg/kg) for 5 d also prevented the decrease
in IBaclofen (Fig. 4B). These results indicate that METH-dependent
attenuation of IBaclofen in VTA DA neurons requires activation of
both D1- and D2-like receptors.

Subcellular mechanism underlying METH-dependent
attenuation of IBaclofen in VTA DA neurons
In VTA GABA neurons (Padgett et al., 2012) and mPFC pyrami-
dal neurons (Hearing et al., 2013), psychostimulant treatment
can lead to internalization of GABAB receptors through dephos-
phorylation of serine-783 (S783) on the GABABR2 subunit. Ter-
unuma et al. (2014) demonstrated that neurons derived from a KI
mouse engineered with the GABABR2-S783A mutant are insen-
sitive to modulation by PP2A dephosphorylation. We used the
GABABR2-S783A KI mouse to probe the mechanism underlying
the METH-dependent decrease in IBaclofen in VTA DA neurons.
For control, we first confirmed that GABABR2-S783A KI mice are
resistant to the PP2A-dependent decrease in GABAB receptor
surface expression. We examined the effect of a 1 d of METH
treatment (Fig. 5A); that is, 24 h after a single 2 mg/kg injection,
on IBaclofen in VTA GABA neurons. This attenuation of IBaclofen

involves dephosphorylation of S783 on the GABAB R2 subunit
(Padgett et al., 2012). GABA neurons were identified by the ab-
sence of Ih, a small capacitance (�20 pF) and a fast spontaneous
firing rate (5–10 Hz) (Cruz et al., 2004). As expected, the 1 d
METH treatment did not significantly decrease IBaclofen in VTA
GABA neurons of GABABR2 S783A mice, in contrast to the de-
crease in littermate controls (Fig. 5B).

We next investigated the effect of 5 d METH injections on
IBaclofen in VTA DA neurons from GABABR2-S783A KI mice (Fig.
5C). Surprisingly, the 5 d METH treatment in a novel environ-
ment decreased IBaclofen in VTA DA neurons of GABABR2-S783A

Figure 4. METH-induced decrease in IBaclofen requires activation of D1-like and D2-like recep-
tors. A, Protocols for examining the effect of D1R-like or D2R-like receptor antagonists coinjected
with METH or saline in Pitx3 �/�-GFP mice. B, Mean IBaclofen (300 �M) is reduced in VTA DA
neurons 24 – 48 h after 5 d injections of METH (2 mg/kg) compared with saline (0.9%). Coin-
jection of METH with the D1R-like antagonist SCH39166 (0.3 mg/kg) or METH with the D2R-like
antagonist eticlopride (0.1 mg/kg) prevents METH-dependent decrease in IBaclofen (**p � 0.01
two-way ANOVA with Bonferroni post hoc test.).
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KI mice, similar to that in control Pitx3�/�-GFP mice (Figs. 1F,
5D). Similarly, IQuinpirole in GABABR2-S783A KI mice was not
significantly different between the 5 d saline and the 5 d METH
groups (Fig. 5E). Further, there was no significant difference in
the Ih current of the 5 d METH or 5 d saline GABABR2-S783A KI
mice (Fig. 5F). The finding that the METH treatment reduces
IBaclofen in VTA DA neurons, but not in VTA GABA neurons of
GABABR2-S783A KI mice, suggests that the regulation of GABAB

receptors and GIRK channels in VTA DA neurons with psycho-
stimulants involves a subcellular mechanism that is different
from the PP2A mechanism in VTA GABA neurons.

Because dephosphorylation of the
GABABR did not appear to be involved,
we next investigated the role of the GIRK3
subunit. In contrast to VTA GABA neu-
rons that express GIRK1, GIRK2c, and
GIRK3 subunits, VTA DA neurons ex-
press only GIRK2c and GIRK3 subunits
(Cruz et al., 2004). GIRK2c/GIRK3 chan-
nels also have unique properties, includ-
ing reduced G�� sensitivity (Jelacic et al.,
2000), reduced coupling efficiency with
GABABRs (Cruz et al., 2004), and the
presence of a PDZ-binding motif that as-
sociates with SNX27 (Lunn et al., 2007;
Munoz and Slesinger, 2014). In addition,
the GIRK3 subunit regulates plasma
membrane expression of GIRK channels
in cell lines (Ma et al., 2002) and in neu-
rons (Lalive et al., 2014; Munoz and
Slesinger, 2014). To study the role of the
GIRK3 subunit, we examined the effect of
5 d METH injections in mice lacking the
GIRK3 subunit (i.e., GIRK3 KO mice)
(Torrecilla et al., 2002; Morgan et al.,
2003). In contrast to Pitx3�/�-GFP (Fig.
1F) or GABABR2-S783A KI (Fig. 5D)
mice, 5 d METH injections in a novel en-
vironment did not attenuate IBaclofen in
VTA DA neurons of GIRK3 KO mice (Fig.
6B). Ih in VTA DA neurons of GIRK3 KO
mice was indistinguishable between 5 d
saline and 5 d METH (Fig. 6C). Therefore,
the GIRK3 subunit, but not dephosphor-
ylation of S783 in GABABR2, appears
to be important for the 5 d METH-
dependent decease in IBaclofen.

Discussion
Repeated exposure to drugs of abuse in-
duces changes in the neurocircuitry of the
reward pathway that underlie addiction
(Koob and Volkow, 2010; Lüscher and
Malenka, 2011). In the current study, we
demonstrate a significant attenuation of
IBaclofen in VTA DA neurons 24 – 48 h after
repeated 5 d METH injections. This de-
crease in IBaclofen was enhanced when
METH injections were delivered in a
novel environment. Similarly, Arora et al.
(2011) found that 5 d of cocaine injections
outside of the home cage also produced a
smaller IBaclofen in VTA DA neurons
(Arora et al., 2011). Consistent with a

context-dependent effect, sensitization of the locomotor-
stimulant effects of psychostimulants is more robust when the
drug is administered in a novel environment away from the home
cage (Badiani and Robinson, 2004). Further, high-novelty-
seeking rodents acquire sensitization and self-administration
more quickly to psychostimulants (Hooks et al., 1991; Blanchard
et al., 2009). A direct VTA DA projection to the hippocampus is
postulated to be important for regulating the long-term memory
associated with novel events; these hippocampal pyramidal neu-
rons project back to the VTA indirectly via the nucleus accum-

Figure 5. Lack of role for dephosphorylation of GABABR2–S783 in METH-dependent decrease in IBaclofen in VTA DA neurons. A,
Protocol for VTA GABA neurons. Single injection of METH in GABABR2–S783A KI mice. B, Mean IBaclofen (100 �M) in VTA GABA
neurons is reduced 24 h after a single injection of METH (2 mg/kg, n � 21) compared with saline (0.9%, n � 23) (Padgett et al.,
2012) in littermate controls. **p � 0.01 two-way ANOVA with Bonferroni post hoc test. In GABABR2–S783A KI mice, there was no
decrement in IBaclofen after 1 d METH (n � 6 saline, n � 7 METH). C, Protocol for VTA DA neurons after 5 d injections of METH or
saline in GABABR2–S783A KI mice. D, Mean IBaclofen (300 �M) is significantly reduced (24 – 48 h) in VTA DA neurons of GABABR2–
S783A KI receiving 5 d METH (2 mg/kg, n � 14) compared with 5 d saline (0.9%, n � 19). **p � 0.05 unpaired t test. E, Mean
IQuinpirole (30 �M) in VTA DA neurons from GABABR2–S783A KI mice with 5 d METH or 5 d saline treatments. F, Mean Ih in VTA DA
neurons from GABABR2–S783A KI mice with 5 d METH or 5 d saline treatments.
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bens (NAc) and ventral pallidum (Lisman
and Grace, 2005; Kafkas and Montaldi,
2015). Our results with the novel environ-
ment suggest that hippocampal-mediated
inputs into the VTA could play an impor-
tant role in modulating GABABR-GIRK
signaling in VTA DA neurons.

Previous studies demonstrated that re-
peated exposure to cocaine (Arora et al.,
2011) or self-administration of METH
(Sharpe et al., 2015) reduces IBaclofen in
VTA DA neurons, similar to our results
with 5 d METH in a novel environment.
However, the mechanism underlying the
attenuation was not fully elucidated in
those studies. In mPFC pyramidal neu-
rons (Hearing et al., 2013) and in VTA
GABA neurons (Padgett et al., 2012),
cocaine and METH exposure decrease IBa-

clofen through dephosphorylation of S783
in the GABABR2 subunit. The phosphor-
ylation and dephosphorylation of S783
controls the postendocytic sorting of the
GABABR1/R2 heterodimer (Terunuma et
al., 2010). In cortical and hippocampal
neurons, NMDAR-dependent attenua-
tion of GABABR signaling occurs through
PP2a-dependent dephosphorylation of
S783, which can be abrogated by mutating
S783 to alanine (S783A) in the GABABR2
subunit (Terunuma et al., 2014). Consis-
tent with that mechanism, we found that
GABABR2-S783A KI mice were resistant
to the 1 d METH-dependent decrease in IBaclofen in VTA GABA
neurons. In VTA DA neurons of GABABR2-S783A KI mice, how-
ever, 5 d METH continued to decrease IBaclofen. Conversely, in
mice lacking the GIRK3 subunit, 5 d METH did not trigger a
decrease in IBaclofen, in contrast to the �50% decrease observed in
METH-treated Pitx3�/�-GFP or GABABR2-S783A mice. These
results suggest the subcellular mechanisms underlying the
METH-dependent modulation of IBaclofen are different for VTA
DA and VTA GABA neurons.

How could the GIRK3 subunit in VTA DA neurons mediate
the METH-dependent decrease in IBaclofen? A simple explanation
for a decrease in IBaclofen is a shift in the EC50 for baclofen activa-
tion. In fact, the EC50 for baclofen is shifted to lower concentra-
tions in GIRK3 KO mice (Labouèbe et al., 2007). However, all
measurements of IBaclofen in the current study were made with a
saturating concentration of baclofen. Another possibility is that
the GIRK3 subunit contributes to a change in trafficking of GIRK
channels. GIRK3 possesses a strong lysosomal targeting se-
quence, for example, YWSI, and, when in complex with other
GIRK subunits, GIRK3 reduces maximal currents (Ma et al.,
2002). Therefore, trafficking of GIRK channels could be impaired
in VTA DA neurons of GIRK3 KO mice, making them resistant to
the METH-dependent decrease in IBaclofen. The reduction in
GTP�S-stimulated currents in VTA DA neurons of 5 d METH-
treated mice is consistent with a defect in GIRK trafficking. Fur-
ther supporting a role for GIRK3, the C-terminal domain of
GIRK3 was implicated in activity-dependent potentiation of IBa-

clofen in VTA DA neurons (Lalive et al., 2014). Recently, Sharpe et
al. (2015) demonstrated that chelating intracellular Ca 2� in VTA
DA neurons enabled the recovery of IBaclofen in rats self-

administering METH. It will be interesting to see whether
changes in intracellular Ca 2� somehow affect GIRK3-dependent
trafficking after drug exposure, especially considering that
activity-dependent potentiation of IBaclofen requires NMDAR ac-
tivation (Lalive et al., 2014).

Both GIRK2c and GIRK3 subunits possess a C-terminal PDZ-
binding motif, which has been shown to interact with the PDZ
domain of sorting nexin 27 (Lunn et al., 2007). SNX27 is a cyto-
plasmic trafficking protein that is localized to early endosomes
and regulates IBaclofen in VTA DA neurons via a PDZ domain
interaction (Cullen, 2008; Munoz and Slesinger, 2014). Further, a
splice variant of SNX27, SNX27b, is upregulated in rodents after
a 5 d METH treatment (Kajii et al., 2003). Together, these studies
suggest that psychostimulant exposure may promote an interac-
tion of SNX27 with the GIRK3 subunit, leading to reduced sur-
face expression in VTA DA neurons and a smaller IBaclofen. Future
experiments will need to determine whether a decrease in GIRK
channel surface expression arises from an increase in channel
degradation or a decrease in recycling back to the membrane.
Supporting a modulatory role for the GIRK3 subunit, mice lack-
ing the GIRK3 exhibit altered alcohol binge drinking (Herman et
al., 2015), exhibit less severe withdrawal from alcohol and other
sedatives (Kozell et al., 2009), and self-administer less cocaine
than littermate controls (Morgan et al., 2003).

Psychostimulants increase extracellular DA by blocking
reuptake or enhancing DA release (Sulzer, 2011), leading to acti-
vation of both D1R-like and D2R-like receptors on distinct pop-
ulations of medium spiny neurons in the dorsal striatum and
NAc (Yager et al., 2015). We found that coinjection of an antag-
onist for either D1R-like (SCH39166) or D2R-like (eticlopride)

Figure 6. Requirement for the GIRK3 subunit in METH-dependent decrease in IBaclofen. A, Protocol shown for GIRK3 KO mice: 5 d
injections of METH or saline. Examples of IBaclofen (300 �M) recorded from VTA DA neurons 24 – 48 h after 5 d intraperitoneal
injections of saline (0.9%) or METH (2 mg/kg) in GIRK3 KO mice. B, No significant decrement in mean IBaclofen in VTA DA neurons
from GIRK3 KO mice receiving 5 d METH injection (n � 13) compared with 5 d saline injection mice (n � 9) (ns, p � 0.05 unpaired
t test). C, Ih in VTA DA neurons after 5 d METH or 5 d saline in GIRK3 KO mice.
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DA receptors prevented the 5 d METH-induced decrease in
IBaclofen in VTA DA neurons. Similar results were found with
METH-dependent decrease in IBaclofen in VTA GABA neurons
(Padgett et al., 2012). Arora et al. (2011) reported that an antag-
onist for D2R-like, but not D1R-like, activation prevented acute
cocaine-dependent attenuation of IBaclofen in VTA DA neurons.
These differences in the involvement of D1R-like versus D2R-like
receptors could depend on the time course of treatment (i.e.,
acute vs 5 d). In addition, METH and cocaine differ in their
pharmacokinetics in that the actions of METH last longer than
those of cocaine (Sulzer, 2011). Activation of D1R-like receptors
is required for the locomotor response to psychostimulants (Xu
et al., 1994; Kelly et al., 2008; Yager et al., 2015). However, both
D1R-like and D2R-like receptors act in concert to influence ac-
quisition of METH sensitization (Kelly et al., 2008) and, when
impaired, attenuate psychostimulant-dependent sensitization
(Hikida et al., 2010). Additional studies are needed to determine
how stimulation of D1R-like and D2R-like pathways induces a
change in GIRK channel expression in VTA DA neurons.

In contrast to the decrease in IBaclofen, we did not observe a
METH-induced decrease in IQuinpirole, suggesting differential
regulation of D2R- and GABABR-coupled GIRK channels. One
possibility is that GIRK2 homotetramers associate with D2Rs,
whereas GIRK2c/GIRK3 heterotetramers associate with
GABABRs. However, Lacey et al. (1988) proposed that stimula-
tion of D2R and GABABR in substantia nigra DA neurons con-
verges on the same population of GIRK channels. Further, in
previous studies, repeated exposure to cocaine or METH attenu-
ated both GABABR and D2R-activated GIRK currents (Arora et
al., 2011; Sharpe et al., 2015). It will be important to determine
whether these differences are due to the psychostimulant expo-
sure conditions or heterogeneity of DA neurons in the VTA.

What impact does attenuation of IBaclofen in VTA DA neurons
have on the reward pathway? A reduction of IBaclofen would be
expected to increase the excitability of VTA DA neurons. For
example, mice lacking the �3 GABAA subunit in DA neurons
have reduced inhibitory GABAA currents, which increases DA
release in the NAc and enhances acquisition of appetitive learning
(Parker et al., 2011). Repeated cocaine exposure downregulates
GABAAR signaling, leading to enhanced LTP of excitatory syn-
apses (Liu et al., 2005). For GIRK channels, mice lacking SNX27
in VTA DA neurons have a smaller IBaclofen and an enhanced
locomotor response to cocaine (Munoz and Slesinger, 2014),
suggesting hyperexcitability of VTA DA neurons. In parallel with
changes of inhibitory inputs into VTA DA neurons, psycho-
stimulant exposure also affects excitatory synaptic transmission
(Lüscher and Malenka, 2011). Single or multiple exposure to
drugs of abuse induces neuroadaptations that prime for compul-
sive behavior (Lüscher and Malenka, 2011). For example, a single
exposure to cocaine produces plasticity changes at excitatory syn-
apses in VTA DA neurons (Ungless et al., 2001; Borgland et al.,
2004). Repeated administration leads to potentiation in excit-
atory transmission and is sufficient to induce downstream plas-
ticity in the NAc (Zhang et al., 1997; Borgland et al., 2004; Bellone
and Lüscher, 2006). The psychostimulant-dependent attenua-
tion of inhibition may synergize with enhancement of excitatory
transmission, driving dopaminergic activity in the VTA and
changing the motivation for drug-seeking behaviors (Lüscher
and Malenka, 2011).
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Lüscher C, Slesinger PA (2010) Emerging roles for G protein-gated inwardly
rectifying potassium (GIRK) channels in health and disease. Nat Rev
Neurosci 11:301–315. CrossRef Medline

Ma D, Zerangue N, Raab-Graham K, Fried SR, Jan YN, Jan LY (2002) Di-
verse trafficking patterns due to multiple traffic motifs in G protein-
activated inwardly rectifying potassium channels from brain and heart.
Neuron 33:715–729. CrossRef Medline

Margolis EB, Hjelmstad GO, Bonci A, Fields HL (2003) Kappa-opioid ago-
nists directly inhibit midbrain dopaminergic neurons. J Neurosci 23:
9981–9986. Medline

Morgan AD, Carroll ME, Loth AK, Stoffel M, Wickman K (2003) Decreased
cocaine self-administration in Kir3 potassium channel subunit knockout
mice. Neuropsychopharmacology 28:932–938. Medline

Munoz MB, Slesinger PA (2014) Sorting nexin 27 regulation of G protein-
gated inwardly rectifying K� channels attenuates in vivo cocaine re-
sponse. Neuron 82:659 – 669. CrossRef Medline

Padgett CL, Lalive AL, Tan KR, Terunuma M, Munoz MB, Pangalos MN,
Martínez-Hernández J, Watanabe M, Moss SJ, Luján R, Lüscher C,
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