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G-protein-gated inwardly rectifying K � (GIRK/Kir3) channel activation underlies key physiological effects of opioids, including analge-
sia and dependence. GIRK channel activation has also been implicated in the opioid-induced inhibition of midbrain GABA neurons and
consequent disinhibition of dopamine (DA) neurons in the ventral tegmental area (VTA). Drug-induced disinhibition of VTA DA
neurons has been linked to reward-related behaviors and underlies opioid-induced motor activation. Here, we demonstrate that mouse
VTA GABA neurons express a GIRK channel formed by GIRK1 and GIRK2 subunits. Nevertheless, neither constitutive genetic ablation of
Girk1 or Girk2, nor the selective ablation of GIRK channels in GABA neurons, diminished morphine-induced motor activity in mice.
Moreover, direct activation of GIRK channels in midbrain GABA neurons did not enhance motor activity. In contrast, genetic manipu-
lations that selectively enhanced or suppressed GIRK channel function in midbrain DA neurons correlated with decreased and increased
sensitivity, respectively, to the motor-stimulatory effect of systemic morphine. Collectively, these data support the contention that the
unique GIRK channel subtype in VTA DA neurons, the GIRK2/GIRK3 heteromer, regulates the sensitivity of the mouse mesolimbic DA
system to drugs with addictive potential.

Key words: conditional knockout; GIRK; Kir3; morphine; rostromedial tegmental area; ventral tegmental area

Introduction
The dopamine (DA) projection from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc) is a critical anatomic
substrate for drug-induced exploratory/seeking behavior (motor
activation) and an associated anticipatory state comparable to
“wanting” (Robinson and Berridge, 1993; Di Chiara, 1998; Ber-
ridge, 2012). Neuroadaptations within this pathway underlie the
development and expression of behavioral sensitization and drug
seeking associated with repeated drug administration (Grimm et
al., 2001; Berridge, 2012; Salamone and Correa, 2012). Opioids
enhance VTA DA neuron activity (Gysling and Wang, 1983),

leading to increased DA levels and neuronal activation in the
NAc, which in turn augments motor activity (Di Chiara and Im-
perato, 1988; Kalivas et al., 1990; Garcia et al., 1995; Bontempi
and Sharp, 1997). The relevance of the opioid-induced in-
crease in DA neurotransmission is underscored by the inhib-
itory impact of DA receptor antagonists and intra-NAc DA
depletion on opioid-induced motor activity (Stinus et al.,
1980; Kalivas et al., 1983; Longoni et al., 1987) and the lack of
morphine-induced motor activation in DA-deficient mice
(Hnasko et al., 2005).

The motor-stimulatory and associated neurochemical effects
of opioids are dependent on the �-opioid receptor (MOR; Tian et
al., 1997; Contarino et al., 2002; Chefer et al., 2003; Yoo et al.,
2003). MOR activation has been proposed to inhibit GABA neu-
rons that dampen the output of VTA DA neurons (disinhibition),
leading to increased DA neurotransmission (Johnson and North,
1992). Indeed, VTA DA neurons in the rat receive opioid-
sensitive input from GABA neurons in the VTA and rostromedial
tegmental nucleus (RMTg; Matsui and Williams, 2011; Matsui et
al., 2014). Both presynaptic and postsynaptic mechanisms have
been proposed to mediate the inhibitory impact of opioids on
midbrain GABA neurotransmission (Johnson and North, 1992;
Bergevin et al., 2002; Matsui and Williams, 2011; Matsui et al.,
2014), though their relative significance to the cellular and behav-
ioral effects of opioids remains unclear.
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The postsynaptic inhibitory effect of opioids on GABA neu-
rons is thought to involve activation of G-protein-gated inwardly
rectifying K� (GIRK/Kir3) channels (Johnson and North, 1992;
Lüscher and Ungless, 2006). In support of this contention, loss of
GIRK1 or GIRK2 correlates with diminished opioid inhibition of
locus ceruleus and spinal cord neurons (Torrecilla et al., 2002;
Marker et al., 2006) and blunted intrathecal morphine and
DAMGO (C26H35N5O6) analgesia (Marker et al., 2004, 2005).
Moreover, loss of GIRK2 correlates with diminished systemic
morphine-induced analgesia (Mitrovic et al., 2003), and ablation
of GIRK channels in the locus ceruleus precludes the induction of
opioid dependence (Cruz et al., 2008).

Here, we sought to determine whether and how GIRK chan-
nels contribute to opioid-induced motor activation. Our work-
ing hypothesis was that opioids inhibit midbrain GABA neurons
in a GIRK-dependent manner, leading to disinhibition of VTA
DA neurons and an associated increase in motor activity. Using
novel mutant mice and pharmacological tools, however, we
found that GIRK channel activation in GABA neurons plays little
role in opioid-induced motor activity. Instead, our data suggest
that the GIRK channel in VTA DA neurons modulates the sensi-
tivity to the motor-stimulatory effects of opioids in mice.

Materials and Methods
Animals. Animal experimentation was reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Min-
nesota. The generation of constitutive Girk�/� mice was described pre-
viously (Signorini et al., 1997; Bettahi et al., 2002; Torrecilla et al., 2002).
GAD67- enhanced green fluorescent protein (eGFP) mice (Tamamaki et
al., 2003) and Pitx3-eGFP mice (Zhao et al., 2004) were generously pro-
vided by Drs. T. Kaneko and Meng Li, respectively. Gad2tm2(cre)Zjh/J
(GAD-Cre), B6.SJL-Slc6a3 tm1.1�(cre)Bkmn/J (DAT-Cre), and C57BL/6J
mice were purchased from The Jackson Laboratory. Girk2flox/flox mice
were generated under contract by InGenious Targeting Labs.

Drugs. DAMGO, naloxone, and baclofen were purchased from Sigma.
CGP54626 (C18H28Cl2NO3P.HCl) was purchased from Tocris Biosci-
ence. rTertiapin-Q (TPN) and GIRK2 antibody were purchased from
Alomone Labs. Morphine was purchased from Boynton Pharmacy (Uni-
versity of Minnesota). ML297 (C17H14F2N4O) was synthesized in the
Vanderbilt Institute of Chemical Biology Chemical Synthesis Core
and Vanderbilt Molecular Libraries Probe Production Centers Net-
work Specialized Chemistry Center.

Generation of Girk2flox/flox mice. The mouse Girk2 gene (also known as
Kcnj6; Gene ID 16522) consists of at least seven exons and spans �250
kbp on the reverse strand of chromosome 16 (94, 749, 266 –94, 997, 696).
Several alternative splice variants have been identified that use one of two
potential translation start sites (Wei et al., 1998). Exon 4 was targeted
because it is present in all known Girk2 splice variants and because it
contains the coding sequence for key functional domains of the GIRK2
protein. A C57BL/6 BAC clone (RP23: 155F22) containing Girk2 exon 4
and the surrounding sequence was identified and used to generate the
targeting construct. The targeting construct was validated by sequencing,
linearized, and electroporated into iTL BA1 (C57BL/6 � 129/SvEv) hy-
brid embryonic stem cells. Neomycin (NEO)-resistant clones (400) were
screened by PCR, which identified five candidate clones that were ampli-
fied, reanalyzed by PCR, and evaluated by Southern blotting for proper
integration of the targeting construct (including both 5� and 3� homol-
ogy arms); three of these five clones harbored a properly targeted Girk2
allele. Two ES clones (#152 and #364) were then microinjected into
C57BL/6 blastocysts, resulting in seven chimeras exhibiting a high per-
centage of agouti coat color. These mice were mated to C57BL/6N flip-
pase (Flp) deleter mice [C57BL/6-Tg(ACTFLPe)] to remove the NEO
cassette. Two F1 offspring (deriving from ES clone #364) were identified
that lacked the NEO cassette, but did contain intact 5� and 3� homology
arms and loxP sites (as assessed by PCR and DNA sequencing). These
mice, which were heterozygous for the conditional mutant allele
(Girk2flox/wt), were then backcrossed with C57BL/6J mice to amplify the

colony. Resulting Girk2flox/wt offspring were then inbred to produce mice
homozygous for the Girk2flox allele (Girk2flox/flox mice).

Quantitative RT-PCR. Punches (2 mm diameter, 2 mm thick) from the
cortex, hippocampus, and half of the cerebellum were taken from wild-
type and Girk2flox/flox siblings (7–10 weeks old). Punches were frozen on
crushed dry ice and stored at �80°C. Total RNA of cortex and hippocam-
pus was isolated using the RNeasy Plus Micro kit (Qiagen). Total RNA
from the cerebellum was isolated using TRIzol (Invitrogen) according to
the manufacturer’s recommendations and treated with recombinant
DNase I (Roche). Reverse transcription was performed using an iScript
cDNA synthesis kit (Bio-Rad). Quantitative PCR was performed on a
LightCycler 480 II system in a final volume of 20 �l with a LightCycler
480 SYBR Green I Master kit (Roche). After preincubation at 95°C for 5
min, amplification consisted of 45 cycles of denaturation for 10 s at 95°C,
followed by annealing for 30 s at 60°C and extension for 10 s at 72°C.
qRT-PCR oligonucleotide sequences for GIRK2 are as follows: GIRK2,
forward, 5�-CGTGGAGTGAATTATTGAATCT-3�; GIRK2, reverse, 5�-
GTCATTTCTTCTTTGTGCTTTT-3�. GAPDH mRNA levels were used
for normalization purposes using GAPDH QuantiTect oligonucleotides
(Qiagen). Samples were analyzed using the 2 [�Ct] method (Livak and
Schmittgen, 2001).

Quantitative immunoblotting. Punches (2 mm diameter, 2 mm thick)
of defined brain regions were taken from wild-type and Girk2flox/flox sib-
lings (7–10 weeks old). Samples were sonicated in 1% SDS lysis buffer
containing a Halt phosphatase and protease inhibitor cocktail (Thermo
Fisher Scientific), heated at 85°C for 10 min, and centrifuged at 4°C for 20
min at 16,000 � g. Protein samples (40 �g) were then separated by
SDS-PAGE and transferred to nitrocellulose membranes. Membranes
were blocked in 5% milk/PBS, incubated overnight at 4°C with antibod-
ies against GIRK2 (1:200; Alomone Labs) or �-actin (1:10,000; Abcam),
and diluted in 5% milk/PBS/0.1% Tween 20. Membranes were washed
with PBS/0.1% Tween 20 and incubated with donkey anti-rabbit (926-
68072; 1:5000; LI-COR Biosciences) or donkey anti-mouse (926-32212;
1:1000 –5000; LI-COR) secondary antibodies. Blots were developed us-
ing the Odyssey infrared imaging system (LI-COR), and the integrated
density of each band was measured using ImageJ software (NIH).

Immunohistochemistry. Mice (7–10 weeks old) were given a lethal dose
of ketamine/xylazine (250 and 25 mg/kg, i.p., respectively) and perfused
transcardially with Ca 2�-free Tyrode’s solution followed by 4% parafor-
maldehyde containing 14% picric acid. Brains were postfixed overnight
in Sorenson’s buffer containing 10% sucrose at 4°C. Tissue was sectioned
coronally at 12 �m by cryostat and mounted to slides. Sections contain-
ing the VTA were washed in TBS for 10 min and then placed in boiling
citric acid (10 mM; 30 min). Slides were then washed in TBS (three times,

Figure 1. Constitutive Girk subunit ablation and morphine-induced motor activity. The total
distance traveled by adult male wild-type (white; n � 26/dose), Girk1�/� (gray; n � 18/
dose), and Girk2�/� (black; n � 7/dose) mice during a 60 min test following systemic admin-
istration of saline (0) or morphine (3, 10, and 30 mg/kg, i.p.) is shown. Main effects of genotype
(F(2,48) � 12.8, p 	 0.0001) and dose (F(3,144) � 133.6, p 	 0.0001) were observed, as well as
a significant interaction between genotype and dose (F(6,144) � 5.4, p 	 0.0001). ***p 	
0.001 versus wild-type (within dose).
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5 min each) and incubated for 1 h in TBS blocking solution containing
casein, Tween 20, and Triton X-100 (all at 0.2%). Sections were exposed
to rabbit anti-GIRK2 antibody (1:1000; Alomone Labs) diluted in TBS
solution containing casein and Tween 20 (both 0.2%) overnight at room
temperature in a humidity chamber. The following day, sections were
washed in TBS (three times, 20 min each) and then incubated for 2 h in
donkey anti-rabbit IgG Cy3 secondary antibody (1:500; Jackson Immu-
noResearch) diluted in TBS containing casein and Tween 20 (both at
0.2%). Sections were washed in TBS (three times, 20 min each), dehy-
drated through a series of graded alcohols, cleared in xylene, and cover-
slipped with DPX (Thermo Fisher Scientific). Fluorescence was
visualized with an IX81ZDC2 Olympus microscope with disk-scanning
unit and imaged with MetaMorph Advanced software. Digital images
were colorized with ImageJ 64 software and prepared for micrographic
presentation in Adobe Illustrator and Photoshop 6 (Adobe Systems); no
adjustments were made to saturation, brightness, or contrast.

Slice electrophysiology. Coronal and horizontal slices from wild-type
and mutant mice (4 –10 weeks old) were prepared as described previ-
ously (Arora et al., 2011). VTA neurons found in the lateral aspect of the
VTA, near the medial terminal nucleus of the accessory optic tract,
were targeted for analysis. Upon achieving whole-cell access, the cur-
rent response to a 1 s voltage ramp (�60 to �120 mV) was used to
measure Ih presence and amplitude, and spontaneous activity (I � 0)
was assessed. For rheobase measurements, cells were held in current-
clamp mode at 0 pA to obtain resting membrane potential, and then
progressively increasing current pulses (1 s duration) were applied
until the cell fired an action potential. Changes in somatodendritic

holding current evoked by baclofen, DAMGO, or ML297 were mea-
sured at a holding potential of �60 mV, as described previously
(Arora et al., 2011).

Some studies involved targeted evaluation of VTA DA and GABA
neurons, as defined by eGFP expression in VTA neurons from Pitx3-
eGFP and GAD67-eGFP mice, respectively (Tamamaki et al., 2003; Zhao
et al., 2004). For other studies, we relied on morphological and functional
criteria to identify “putative” VTA GABA and DA neurons. Specifically,
small (apparent capacitance 	40 pF) VTA neurons exhibiting little or no
Ih current (	35 pA) were identified as putative GABA neurons, as these
properties were typical of eGFP-positive VTA neurons from GAD67-
eGFP mice (Labouebe et al., 2007). Larger (apparent capacitance 
50
pF) VTA neurons exhibiting substantial Ih current (
100 pA) were iden-
tified as putative DA neurons, because these properties correlated well
with tyrosine hydroxylase expression (Cruz et al., 2004; Arora et al.,
2011), and this was a typical profile for eGFP-positive VTA neurons in
slices from Pitx3-eGFP mice (Labouebe et al., 2007).

Morphine-induced motor activity. Systemic morphine-induced loco-
motor activity assessments were performed as described previously
(Pravetoni and Wickman, 2008). Subjects (6 –12 weeks old) were han-
dled and acclimated to the testing room for 1 h, followed by habituation
to activity chambers and systemic injections (saline, intraperitoneally),
on each of the 3 d preceding testing. Total distance traveled during the 60
min period following saline injection on the last acclimation day was
defined as the response to 0 mg/kg morphine. Subjects were then given an
ascending series of systemic morphine doses (3, 10, and 30 mg/kg i.p.),
with doses separated by 3 d intervals.

Figure 2. Generation of Girk2flox/flox mice. A, Depiction of the mouse Girk2/Kcnj6 gene, highlighting the seven known exons (rectangles with corresponding numbers below; Wei et al., 1998).
Although several alternative splice variants have been identified, using two distinct translation initiation codons (ATG) and four distinct translation stop codons (TGA), all known variants contain
exon 4. Shaded regions of exons denote protein-coding sequences. Some exons (1, 4, and 6) contain internal splice acceptor sites, denoted by vertical lines. B, Schematic depictions of a GIRK2 subunit.
The image on the left shows the membrane topology of a GIRK2 subunit. Each subunit contains intracellular N- and C-terminal domains, two membrane-spanning domains (M1 and M2), two
extracellular loops (�1 and�2), and a pore domain (P). The schematic on the right is a linear depiction of the GIRK2a subunit, a prominent isoform in the brain (Wei et al., 1998). The region encoded
by exon 4, which includes most of the N terminus (NT), both membrane-spanning domains and extracellular loops, the pore domain, and much of the C terminus (CT), is denoted by arrows. C, The
Girk2 targeting strategy included engineering a loxP site just upstream (214 bp) of exon 4 and incorporating a NEO resistance cassette containing Flp recognition target (FRT) sites and a second loxP
site; this cassette was positioned 795 bp downstream from exon 4. In total, the target region spanned 1.93 Kbp and was flanked by a 5� homology arm (extending �5.4 Kbp upstream from exon
4) and a 3� homology arm (an �7 Kbp fragment found immediately downstream from the target region). The NEO cassette was removed by crossing selected chimeras with C57BL/6N Flp deleter
mice, yielding the Girk2flox allele. D, Tissue from the cortex (n � 9 –10/genotype; t(17) � 0.09, p � 0.9), hippocampus (n � 6 –7/genotype; t11 � 0.4, p � 0.7), and cerebellum (n �
7– 8/genotype; t(13) � 1.3, p � 0.2) of wild-type and Girk2flox/flox (f/f) mice was evaluated for GIRK2 mRNA levels using quantitative RT-PCR. E, GIRK2 protein immunoreactivity (ir) relative to
�-actin in samples from the cortex (n � 6 –7/genotype; t(11) � 0.4, p � 0.7), hippocampus (n � 5–7/genotype; t(10) � 0.05, p � 1.0), and cerebellum (n � 4 –7/genotype; t(9) � 0.6, p � 0.6)
of wild-type and Girk2flox/flox (f/f) mice was assessed using quantitative immunoblotting. The level of GIRK2, which is seen as a doublet (top), was compared to the level of �-actin control (bottom)
in each sample. Gel images of GIRK2 and �-actin were cropped and aligned with a molecular weight scale showing the markers for 52 and 38 kDA.
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Intracranial manipulations. Mice (6 – 8
weeks old) were anesthetized with ketamine
and xylazine (100 and 10 mg/kg, i.p.) and
placed in a stereotaxic frame (David Kopf In-
struments). For intracranial pharmacology
studies, bilateral stainless-steel guide cannulae
(Plastics One) targeting the VTA (AP, �3.08
mm; ML, �0.5 mm; DV, �3.5 mm) or RMTg
(AP, �3.90 mm; ML, �0.5 mm; DV, �3.4
mm) were implanted 1 mm above the infusion
target. Cannulae were held in place by
stainless-steel mounting screws (0 – 80 � 3/32;
Plastics One) and dental acrylate (Henry
Schein), with stylets inserted following surgery
to prevent blockage. Mice were allowed to re-
cover for 7–9 d before behavioral testing.

On day 1 of testing, mice were gently re-
strained (mimicking the injection procedure)
and placed in the open-field chamber. On day
2, mice were restrained, and then dummy can-
nulae were removed and replaced with injec-
tion cannulae attached to the delivery system.
On day 3, mice were given infusions (0.5 �l/
side/min) of vehicle (saline or saline/DMSO)
or drug (DAMGO or ML297) using a KSD230
multichannel syringe pump controller (KD
Scientific). Injection cannulae consisted of 20
mm, 33 ga stainless-steel hypodermic tubes in-
serted into a 9 mm, 26 ga segment to protrude
1 mm beyond the tip of the 10 mm guide can-
nula. Drug was delivered via catheter lines con-
nected to a 10 �l Hamilton syringe. After
infusion, injection cannulae were held in place
for an additional 1–2 min to ensure proper
drug diffusion. Thereafter, subjects were
placed in the motor activity monitoring units
for 60 min. Guide cannulae placement was as-
sessed by post hoc histology.

For the viral GIRK3 reconstitution study,
cDNAs for yellow fluorescent protein (YFP)
fused to mouse GIRK3 or GFP alone as a con-
trol were subcloned into a CaMKII-pBOB
third-generation self-inactivating lentiviral
vector (kindly provided by Dr. Inder Verma,
Laboratory of Genetics, Salk Institute for Bio-
logical Studies, La Jolla, CA). Lentivirus was
produced by the Gene Transfer, Targeting, and
Therapeutics Core at The Salk Institute for Bi-
ological Studies. Viral titer was �8 � 10 9

TU/ml as determined by real-time PCR of in-
fected 293T cells. GIRK3-YFP or control lenti-
virus was injected into the VTA (AP, �3.08
mm; ML, �0.5 mm; DV, �4.4 mm) of male
mice (6 –7 weeks old) using a 5 �l Hamilton
syringe. Following infusion (0.5 �l/site; 0.5 �l/
min), the syringe was left in place for 10 min to
reduce backflow. Systemic morphine-induced
motor activity was evaluated 21 d after viral infusion, and only data from
mice with confirmed viral expression in the VTA were analyzed.

Statistical analysis. Data are presented throughout as the mean � SEM.
Statistical analyses were performed using Prism 6 (GraphPad Software)
and SigmaPlot 11.0 (Systat Software). Unless specifically noted, male and
female mice were used for all studies. No sex differences were observed
for any measured parameter, and thus data from male and female mice
were pooled to increase statistical power. Electrophysiological data and mo-
tor activity, data were analyzed with a Student’s t test, one-way or two-way
ANOVA, or two-way repeated measures ANOVA followed by individual
comparisons using the Bonferroni post-test method. For all statistical com-
parisons, differences were considered significant at p 	 0.05.

Results
Morphine-induced motor activity in Girk�/� mice
We began by evaluating the impact of constitutive Girk subunit
ablation on systemic morphine-induced motor activity. Since ab-
lation of either Girk1 or Girk2 correlated with diminished opioid
analgesia (Mitrovic et al., 2003; Marker et al., 2004, 2005), and
since Girk2 ablation correlated with decreased opioid-induced
hypothermia (Costa et al., 2005), we predicted that mice lacking
GIRK1 and/or GIRK2 would exhibit diminished systemic
morphine-induced motor activity. Surprisingly, however, the
motor-stimulatory effect of systemic morphine was enhanced in

Figure 3. GABA neuron-specific ablation of GIRK channels and morphine-induced motor activity. A, Representative traces of
currents evoked by baclofen (Bac; 200 �M) in putative VTA DA neurons from GAD-Cre(�):Girk2flox/flox (black) and GAD-Cre(�):
Girk2flox/flox (gray) mice. Currents were reversed by the GABAB receptor antagonist CGP54626 (CGP; 2 �M). B, Summary plot of
baclofen-induced currents in putative VTA DA neurons from GAD-Cre(�):Girk2flox/flox (white; n � 7) and GAD-Cre(�):Girk2flox/flox

(gray; n � 8) mice. No genotype-dependent difference was observed (t(13) � 0.09, p � 0.9). C, Representative traces of currents
evoked by baclofen (200 �M) in putative VTA GABA neurons from GAD-Cre(�):Girk2flox/flox (left, black) and GAD-Cre(�):Girk2flox/flox

(right, gray) mice. D, Summary plot of baclofen-induced currents in putative VTA GABA neurons from GAD-Cre(�):Girk2flox/flox

(white; n � 6) and GAD-Cre(�):Girk2flox/flox (gray; n � 5) mice. A significant genotype-dependent difference was observed
(t(9) � 4.1, **p 	 0.01). E, Total distance traveled (in meters) by GAD-Cre(�):Girk2flox/flox (white; n � 14) and GAD-Cre(�):
Girk2flox/flox (gray; n �7) mice during a 60 min period following systemic (intraperitoneal) administration of saline (0) or morphine
(3, 10, and 30 mg/kg). A main effect of dose (F(3,57) � 76.6, p 	 0.0001) was observed, but there was no main effect of genotype
(F(1,19) � 0.02, p � 0.9), nor was there an interaction between genotype and dose (F(3,57) � 0.3, p � 0.8). Calibrations: A, 60 pA,
200 s; C, 20 pA, 200 s.
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Girk2�/� mice at the higher doses tested (10 and 30 mg/kg; Fig.
1). Girk1�/� mice also showed increased morphine-induced ac-
tivity, but only at the highest morphine dose. Thus, GIRK chan-
nels modulate systemic morphine-induced motor activity, but in
a manner inconsistent with their predicted role as proximal me-
diators of the underlying opioid-induced signaling.

Morphine-induced motor activity in mice lacking GIRK
channels in GABA neurons
GIRK channel activation in GABA neurons has been implicated
in the opioid-induced disinhibition of VTA DA neurons and
associated behavior (Johnson and North, 1992; Lüscher and
Ungless, 2006). Global and constitutive GIRK subunit ablation,
however, may impact excitability in multiple cell types that exert
opposing influences on morphine-induced motor activity (Arora
et al., 2010). To evaluate the impact of selective ablation of GIRK
channels in GABA neurons on morphine-induced motor activ-
ity, we generated conditional Girk2�/� (Girk2flox/flox) mice (Fig.

2A–C). After determining that Girk2flox/flox mice exhibited nor-
mal levels of GIRK2 mRNA and protein in multiple brain regions
(Fig. 2D,E), we crossed Girk2flox/flox mice with Gad2tm2(cre)Zjh/J
(GAD-Cre) mice, which express Cre recombinase under the con-
trol of the Gad2 promoter. Cre recombinase-driven reporter ex-
pression in GAD-Cre mice is observed throughout the brain, but
is restricted to GABA neurons (Taniguchi et al., 2011).

To assess the functional impact and cell-type specificity of
GIRK channel ablation in GAD-Cre:Girk2flox/flox mice, we mea-
sured somatodendritic currents evoked by the GABAB receptor
agonist baclofen in putative GABA and DA neurons of the VTA.
Previous work has shown that baclofen-induced currents in these
two neuron populations are mediated in large part by GIRK2-
containing channels (Cruz et al., 2004; Labouebe et al., 2007). As
predicted, baclofen-induced currents in putative VTA DA neu-
rons were comparable in slices from GAD-Cre(�):Girk2flox/flox and
GAD-Cre(�):Girk2flox/flox mice (Fig. 3A,B). In contrast, currents in
putative VTA GABA neurons were significantly smaller in slices

Figure 4. Characterization of the GIRK channel in VTA GABA neurons. A, Proposed GIRK subunit and receptor expression patterns in VTA DA and GABA neurons. B, Typical current induced by
baclofen (200 �M) and reversed by CGP54626 (CGP; 2 �M) in a putative VTA GABA neuron from a wild-type mouse. C, The impact of pharmacologic and genetic ablation of GIRK channels on
baclofen-induced currents in putative VTA GABA neurons (F(5,58) � 12.5; p 	 0.0001). Currents are plotted for putative VTA GABA neurons from wild-type mice in the absence (control; n � 21) or
presence of external Ba 2� (0.3 mM; n � 8) or TPN (200 nM; n � 4), and in neurons from Girk1�/� (red; n � 9), Girk2�/� (gray; n � 14), and Girk3�/� mice (gray; n � 8). *p 	 0.05, ***p 	
0.001 versus control. D, Responses of two VTA GABA neurons (eGFP-positive VTA neurons in slices from GAD67-eGFP mice) to a saturating concentration of DAMGO (3 �M). The response observed
in the neuron shown on the left was reversed by naloxone (Nal; 10 �M). E, Summary of DAMGO-induced currents in putative VTA GABA neurons from wild-type (4 of 15 responders; 28.6 � 2.7 pA)
and Girk1�/� (0 of 13 responders) mice. Approximately one-third (4 of 15) of putative VTA GABA neurons evaluated exhibited a response to DAMGO (defined as a naloxone (Nal)-reversible current
of 
15 pA); none of the neurons in slices from Girk1�/� mice exhibited a response to DAMGO. Calibrations: B, D, 5 pA, 120 s.
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from GAD-Cre(�):Girk2flox/flox mice com-
pared to GAD-Cre(�):Girk2flox/flox controls
(Fig. 3C,D). Despite the loss of GIRK chan-
nels in putative GABA neurons in GAD-
Cre(�):Girk2flox/flox mice, no difference in
systemic morphine-induced motor ac-
tivity was observed between these mice
and GAD-Cre(�):Girk2flox/flox controls
(Fig. 3E).

Impact of GIRK channel manipulations
on intracranial DAMGO-induced
activity
VTA DA neurons express a unique GIRK
channel subtype (GIRK2/GIRK3 hetero-
mer), whereas single-cell RT-PCR analy-
sis suggests that VTA GABA neurons may
express GIRK1, GIRK2, and GIRK3 (Fig.
4A; Cruz et al., 2004; Labouebe et al.,
2007). To test this proposal directly, we
characterized GIRK channel activity in
VTA GABA neurons. In slices from wild-
type mice, baclofen (200 �M) reliably
evoked an outward (inhibitory) current in
putative VTA GABA neurons (Fig. 4B).
Bath application of the nonselective K�

channel blocker Ba 2� (0.3 mM) or the
GIRK channel blocker TPN (200 nM)
blunted baclofen-induced currents (50 –
60%) in these neurons (Fig. 4C).
Baclofen-induced currents in putative
VTA GABA neurons from Girk1�/� or
Girk2�/� mice (but not Girk3�/� mice)
were attenuated relative to controls and
were comparable in magnitude to cur-
rents measured in wild-type neurons in
the presence of GIRK channel blockers
(Fig. 4C).

To test whether GIRK1-containing
channels mediate the MOR-dependent in-
hibition of VTA GABA neurons, we mea-
sured somatodendritic currents evoked by
the MOR agonist DAMGO. Outward cur-
rents evoked by DAMGO (3 �M) and re-
versed by naloxone (10 �M) were observed
in only a subset (4 of 15) of VTA GABA neurons (Fig. 4D,E). None
of the putative VTA GABA neurons from Girk1�/� mice (0 of 13)
displayed an evident DAMGO-induced current (Fig. 4E), support-
ing the contention that GIRK1-containing GIRK channels mediate
the direct inhibitory effect of MOR agonists on a subset of VTA
GABA neurons.

Since Girk1 ablation should alter GIRK channel activity in
VTA GABA but not VTA DA neurons, we next compared the
motor activity evoked by infusion of DAMGO into the VTA of
wild-type and Girk1�/� mice. Intra-VTA DAMGO increased
motor activity in wild-type mice, with the maximal response ob-
served at 1 nmol (Fig. 5A,B). The motor-stimulatory effect of
intra-VTA DAMGO was completely preserved in Girk1�/� mice.
Administration of DAMGO to the adjacent RMTg also evoked
increased motor activity in wild-type mice, in a dose-dependent
manner, with peak response observed at the 0.1 nmol dose (Fig.
5C,D). Intra-RMTg opioid-induced motor activity was not re-
duced in Girk1�/� mice. Rather, elevated motor activity was seen

in Girk1�/� mice at the two highest doses tested. These findings
argue that GIRK channel activation in midbrain GABA neurons
is not required for opioid-induced motor activity.

To test whether GIRK channel activation in GABA neurons is
sufficient to enhance motor activity, we employed a novel direct-
acting agonist (ML297) of GIRK1-containing GIRK channels
(Kaufmann et al., 2013). In VTA slices, ML297 induced an out-
ward current in putative GABA neurons from wild-type mice,
but not in putative GABA neurons from Girk1�/� mice (Fig.
6A,B). ML297 also evoked no response in VTA DA neurons (Fig.
6A), suggesting that intracranial infusion of ML297 should selec-
tively inhibit neurons expressing GIRK1-containing channels
(e.g., VTA GABA neurons) without affecting neurons expressing
GIRK1-lacking channels (e.g., VTA DA neurons). When admin-
istered directly to the VTA or RMTg of wild-type mice, ML297
failed to increase motor activity (Fig. 6C–E). Thus, direct activa-
tion of GIRK1-containing channels in the VTA and RMTg is
insufficient to trigger motor activation.

Figure 5. Intracranial DAMGO-induced motor activity. A, Open-field motor activity of adult male wild-type (black; n � 15) and
congenic Girk1�/� (red; n � 15) mice during a 60 min period following bilateral intra-VTA infusion of 0 nmol (saline; n �
15/genotype), 0.01 nmol (n�5– 6/genotype), 0.1 nmol (6 –7/genotype), 1 nmol (5– 8/genotype), and 10 nmol (5– 8/genotype)
of DAMGO. A main effect of DAMGO dose was observed (F(4,70) � 36.2, p 	 0.001), but there was no effect of genotype (F(1,70) �
0.005, p � 1.0) or genotype/concentration interaction (F(4,70) � 0.8, p � 0.5). B, Schematic of coronal sections (from bregma)
depicting cannulae placements in mice used for intra-VTA experiments. C, Open-field motor activity of male wild-type (black; n �
11) and congenic Girk1�/� (red; n � 10) mice during a 60 min test following bilateral intra-RMTg infusion of 0 nmol (saline; n �
10 –11/genotype), 0.01 nmol (n � 5–7/genotype), 0.1 nmol (5–7/genotype), 1 nmol (6 –10/genotype, and 10 nmol (6 –10/
genotype) of DAMGO. A main effect of DAMGO dose (F(4,67) � 18.2, p 	 0.001) and genotype (F(1,67) � 5.2, p 	 0.05) was
observed, but there was no genotype/concentration interaction (F(4,67) � 2.0, p � 0.1). D, Schematic of cannulae placements in
mice evaluated in the intra-RMTg DAMGO study.
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Morphine-induced activity in mice lacking GIRK channels in
DA neurons
Collectively, the data presented above argue that GIRK channel
activation in GABA neurons is not required for opioid-induced
motor activation. To test whether loss of GIRK channels in DA
neurons modulates opioid-induced motor activity, Girk2flox/flox

mice were crossed with B6.SJL-Slc6a3 tm1.1c�(cre)Bkmn/J (DAT-
Cre) mice, which express Cre recombinase under the control of

the DA transporter (DAT) promoter. Cre
recombinase-driven reporter expression
in DAT-Cre mice is restricted to DA neu-
rons (Bäckman et al., 2006). Immunohis-
tochemical analysis revealed a striking
reduction in GIRK2 immunoreactivity in
the VTA from DAT-Cre(�):Girk2flox/flox

mice (Fig. 7A).
To assess the functional impact and

cell-type specificity of GIRK channel abla-
tion in DAT-Cre(�):Girk2flox/flox mice, we
measured baclofen-induced GIRK cur-
rents in VTA DA neurons. To permit
direct electrophysiological characteriza-
tion of DA and non-DA VTA neurons,
DAT-Cre:Girk2flox/flox mice were crossed
with mice expressing eGFP under the con-
trol of the promoter for the DA neuron-
specific transcription factor Pitx3 (Zhao
et al., 2004). As predicted, baclofen-
induced currents in small eGFP-negative
neurons lacking Ih current (putative VTA
GABA neurons) were comparable in
slices from Pitx3-eGFP(�)/DAT-Cre(�):
Girk2flox/flox and Pitx3-eGFP(�)/DAT-
Cre(�):Girk2flox/flox mice (Fig. 7B,C). In
contrast, baclofen-induced currents in
eGFP-positive (DA) VTA neurons were
dramatically reduced in slices from Pitx3-
eGFP(�)/DAT-Cre(�):Girk2flox/flox mice
compared to controls (Fig. 7D,E). Impor-
tantly, like constitutive Girk2�/� mice,
DAT-Cre(�):Girk2flox/flox mice were
more sensitive to the motor-stimulatory
effect of systemic morphine than DAT-
Cre(�):Girk2flox/flox controls (Fig. 7F).

Since some VTA DA neurons are di-
rectly inhibited by MOR agonists (Cameron
et al., 1997; Margolis et al., 2003, 2014; Ford
et al., 2006), we evaluated the impact of the
DA neuron-specific loss of GIRK2 on
DAMGO-induced currents in VTA DA
neurons. DAMGO (3 �M) evoked nalo-
xone-sensitive outward currents in a subset
(5 of 25) of VTA DA neurons from Pitx3-
eGFP(�)/DAT-Cre(�):Girk2flox/flox mice
(Fig. 7G,H). Though a similar fraction of
VTA DA neurons from Pitx3-eGFP(�)/
DAT-Cre(�):Girk2flox/flox mice exhibited
DAMGO-induced outward currents, cur-
rent amplitudes were significantly blunted
relative to controls, indicating that activa-
tion of GIRK2-containing channels con-
tributes to the direct inhibitory effect of
DAMGO in this subset of VTA DA neurons.

We also asked whether there were differences in the excitabil-
ity of VTA DA neurons from Pitx3-eGFP(�)/DAT-Cre(�):
Girk2flox/flox and Pitx3-eGFP(�)/DAT-Cre(�):Girk2flox/flox mice.
VTA DA neurons from both genotypes exhibited tonic sponta-
neous firing patterns (data not shown), with no difference in
firing rate [Cre(�), 2.2 � 0.3 Hz vs Cre(�), 2.0 � 0.2 Hz; n �
31–33/group; p � 0.6]. Similarly, there was no difference in rheo-
base [Cre(�), �12 � 5.0 pA vs Cre(�), �13.9 � 3.6 pA; n �

Figure 6. Direct activation of GIRK1-containing GIRK channels and motor activity. A, ML297 (10 �M) evoked a Ba 2�-sensitive
(0.3 mM) outward current in putative VTA GABA neurons from wild-type (left, black) but not Girk1�/� (middle, gray) mice. ML297
did not evoke an outward current in VTA DA neurons (right, black; n � 6), as shown in this recording from an eGFP-positive neuron
from a Pitx3-eGFP mouse. Calibrations: left and middle, 15 pA, 180 s; right, 30 pA, 200 s. B, Summary of ML297-induced currents
in putative VTA GABA neurons from wild-type (n � 6) and Girk1�/� (n � 5) mice (t(9) � 2.9). *p 	 0.05). C, Open-field motor
activity of male wild-type mice during a 60 min test following bilateral infusion of vehicle (0.1% DMSO; white) or ML297 (10 nmol;
black) into the VTA (n � 10/group, t(18) � 0.4, p � 0.7) or RMTg (n � 9/group, t(16) � 0.3, p � 0.7). D, E, Schematic of coronal
sections (from bregma) depicting cannulae placements in mice used for the intra-VTA and intra-RMTg ML297 studies.
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26 –30/group; p � 0.8] or holding current
[Vhold � �60 mV; Cre(�), 10.82 � 17.9
pA vs Cre(�), 44.35 � 20.6 pA; n � 26 –
27/group; p � 0.1] between Pitx3-
eGFP(�)/DAT-Cre(�):Girk2flox/flox and
control mice. Thus, the cell-specific loss of
GIRK2 did not significantly alter key mea-
sures of excitability in VTA DA neurons.

Morphine-induced activity in
Girk3�/� mice
Data from DAT-Cre(�):Girk2flox/flox mice
suggest that loss of GIRK channels in VTA
DA neurons contributes in part to the
increased sensitivity of constitutive
Girk2�/� mice to systemic morphine-
induced motor activity, and that en-
hanced GIRK channel activity in these
neurons might yield diminished opioid
sensitivity. Since prior work has shown
that the residual GIRK channel in VTA
DA neurons from Girk3�/� mice (GIRK2
homomer) is more sensitive to GABABR-
dependent stimulation than its wild-type
counterpart (GIRK2/GIRK3 heteromer)
(Cruz et al., 2004), we next evaluated the
impact of Girk3 ablation on systemic
morphine-induced motor activity. Con-
stitutive Girk3�/� mice were significantly
less sensitive to morphine-induced motor
activity than wild-type counterparts (Fig.

Figure 7. DA neuron-specific ablation of GIRK channels and systemic morphine-induced motor activity. A, GIRK2 immunola-
beling in midbrain sections from DAT-Cre(�):Girk2flox/flox and DAT-Cre(�):Girk2flox/flox mice. Images shown were taken from
slices �2.98 mm relative to bregma. SNR, Substantia nigra pars reticulata. B, Representative traces evoked by baclofen (Bac, 200

4

�M) in putative VTA GABA (eGFP-negative) neurons from
Pitx3-eGFP(�)/DAT-Cre(�):Girk2flox/flox (left, black) and
Pitx3-eGFP(�)/DAT-Cre(�):Girk2flox/flox (right, gray) mice. C,
Summary of baclofen-induced currents in putative VTA GABA
(eGFP-negative) neurons from Pitx3-eGFP(�)/DAT-Cre(�):
Girk2flox/flox (white; n � 10) and Pitx3-eGFP(�)/GADCre(�):
Girk2flox/flox (gray; n � 7) mice (t(15) � 0.2, p � 0.8). D,
Representative currents evoked by baclofen (200 �M) in VTA
DA (eGFP-positive) neurons from Pitx3-eGFP(�)/DAT-
Cre(�):Girk2flox/flox (left, black) and Pitx3-eGFP(�)/DAT-
Cre(�):Girk2flox/flox (right, gray) mice. E, Summary of
baclofen-induced currents in VTA DA (eGFP-positive) neurons
from Pitx3-eGFP(�)/DAT-Cre(�):Girk2flox/flox (white; n �
10) and Pitx3-eGFP(�)/DAT-Cre(�):Girk2flox/flox (gray; n �
12) mice (t(20) � 5.2, ***p 	 0.0001). F, Open-field motor
activity of DAT-Cre(�):Girk2flox/flox (white; n � 6/dose) and
DAT-Cre(�):Girk2flox/flox (gray; n�12/dose) mice during a 60
min period following systemic administration of saline (0) or
morphine (3, 10, and 30 mg/kg). Main effects of dose (F(3,48)

� 85.3, p 	 0.0001) and genotype (F(1,16) � 2.9, p � 0.1)
were observed, along with a dose/genotype interaction (F(3,48)

� 2.9, p 	 0.05). G, Responses of DA neurons from DAT-
Cre(�):Girk2flox/flox and DAT-Cre(�):Girk2flox/flox mice to a
saturating concentration of DAMGO (3 �M). DAMGO-induced
currents were reversed by naloxone (Nal, 10 �M). H, Summary
of DAMGO-induced currents in VTA DA neurons from DAT-
Cre(�):Girk2flox/flox (5/25 responders; 80.1 � 18.4 pA) and
DAT-Cre(�):Girk2flox/flox (4/20 responders; 22.7 � 3.4 pA)
mice. Calibrations: B, G, 40 pA, 200 s; D, 60 pA, 200 s. *p 	
0.05 versus DAT-Cre(�):Girk2flox/flox mice; **p 	 0.01 versus
DAT-Cre(�):Girk2flox/flox mice; ***p 	 0.001 versus DAT-
Cre(-):Girk2flox/flox mice.

7138 • J. Neurosci., May 6, 2015 • 35(18):7131–7142 Kotecki et al. • GIRK Channels and Opioid-Induced Motor Activity



8A). To determine whether the loss of GIRK3 in the VTA under-
lies the diminished sensitivity of Girk3�/� mice to systemic
morphine-induced motor activity, we restored GIRK3 expres-
sion in the VTA of Girk3�/� mice using a recombinant lentivirus.
Viral expression of GIRK3 in the VTA of Girk3�/� mice restored
normal sensitivity to the motor-stimulatory effect of morphine
(Fig. 8A–C).

Discussion
Opioid-induced motor-activation is an unconditioned behav-
ioral response that involves increased DA neurotransmission in
the mesolimbic (VTA–NAc) pathway (Stinus et al., 1980; Kalivas
et al., 1983). GIRK channels have been proposed to mediate the
direct inhibitory effects of opioids on midbrain GABA neurons
that suppress VTA DA neuron output, and thus we predicted that
loss of GIRK signaling would suppress opioid-induced motor
activity. Instead, we found that GIRK channel activation in GABA
neurons is not required for opioid-induced motor activation in
mice, nor is it sufficient to evoke an increase in motor activity. GIRK
channels in VTA DA neurons are, however, a key determinant of
sensitivity to the motor-stimulatory effect of opioids.

The opioid-induced disinhibition of VTA DA neurons was
proposed initially to involve the direct inhibition of local (VTA)
GABA neurons (Johnson and North, 1992). In support of this

model, MOR expression within the VTA
is most prominent in GABA neurons
(Garzón and Pickel, 2001), VTA GABA
neurons synapse onto VTA DA neurons
(Omelchenko and Sesack, 2009; Tan et al.,
2012; Bocklisch et al., 2013; Matsui et al.,
2014), opioids hyperpolarize and/or in-
hibit the spontaneous activity of VTA
GABA neurons (Johnson and North,
1992; Cameron et al., 1997; Steffensen et
al., 2006; Chieng et al., 2011), and input to
VTA DA neurons from VTA GABA neu-
rons is opioid sensitive (Matsui et al.,
2014). Moreover, inhibition of VTA
GABA neurons leads to activation of VTA
DA neurons (Bocklisch et al., 2013). Pre-
vious evidence, however, suggests that the
disinhibition of VTA DA neurons reflects
the opioid-induced inhibition of GABAer-
gic input from the RMTg (Barrot et al.,
2012; Bourdy and Barrot, 2012). Indeed,
most midbrain (VTA) DA neurons in ro-
dents and nonhuman primates are inner-
vated and inhibited by RMTg GABA
projections (Hong et al., 2011; Barrot et
al., 2012), and this comparably dense in-
put may be better poised to regulate the
excitability of VTA DA neurons than the
more sparse input from VTA GABA neu-
rons (Omelchenko and Sesack, 2009; Jal-
abert et al., 2011; Lecca et al., 2011).

Whether the opioid-induced disinhi-
bition of VTA DA neurons is attributable
to the inhibition of VTA or RMTg GABA
neurons or reflects a broad suppression of
GABA input to VTA DA neurons from
these and other structures, including the
NAc and ventral pallidum (Kalivas et al.,
1993; Watabe-Uchida et al., 2012), our
data argue that the opioid-induced inhibi-

tion of GABAergic input to VTA DA neurons involves a presynaptic
mechanism and/or non-GIRK somatodendritic mechanism(s), at
least in the mouse. Consistent with the former possibility, MOR
labeling in the VTA is found on axon terminals of GABA neurons
(Garzón and Pickel, 2001), and opioid inhibition of GABAergic
neurotransmission in several brain regions, including the VTA, is
mediated by a reduced probability of presynaptic neurotransmit-
ter release (Bergevin et al., 2002; Matsui and Williams, 2011;
Matsui et al., 2014). Furthermore, pharmacological inactivation
of the RMTg blocked the ability of intra-VTA morphine to acti-
vate VTA DA neurons (Jalabert et al., 2011), arguing that the dis-
inhibitory effect of intra-VTA opioids on VTA DA neurons is due to
inhibition of RMTg GABA afferents.

Non-GIRK postsynaptic mechanisms may also contribute to
the opioid-induced disinhibition of VTA DA neurons. Notably,
the opioid-induced hyperpolarization and inhibition of sponta-
neous activity in VTA and RMTg GABA neurons has been ob-
served by multiple groups (Chieng et al., 2011; Lecca et al., 2011;
Matsui and Williams, 2011). Indeed, DAMGO suppressed the
spontaneous activity of 92% of eGFP-positive (GABA) VTA neu-
rons from GAD67-eGFP mice (Chieng et al., 2011). Using this
same mouse line, we show here that most VTA GABA neurons
lack an evident DAMGO-induced inhibitory current, reminis-

Figure 8. Girk3 ablation and rescue: morphine-induced motor activity. A, Total distance traveled by wild-type (white; n � 6)
and Girk3�/� (gray; n � 6) mice, as well as Girk3�/� mice given intra-VTA GIRK3 (red; n � 5) or control (black; n � 5) lentivirus,
during a 60 min period following systemic administration of saline (0) or morphine (3, 10, and 30 mg/kg). A main effect of dose
(F(3,54) � 103.4, p 	 0.0001) and genotype (F(3,18) � 3.2, p 	 0.05) was observed, but there was no dose/genotype interaction
(F(9,54) � 1.8, p � 0.1). **p 	 0.01 versus wild-type; ��p 	 0.01 versus Girk3�/�; #p 	 0.05 versus Girk3�/� � control. B,
Representative image showing lentiviral-driven GIRK3-YFP (YFP expression shown in red) expression in the VTA of a Girk3�/�

mouse. SN, Substantia nigra; PBP, parabrachial pigmented nucleus; IF, interfascicular nucleus; MM, medial mammillary nucleus. C,
Schematic of coronal sections (from bregma) depicting viral expression in mice included in this study.
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cent of findings in the rat (Margolis et al., 2012). Similarly, only
one-third of the RMTg neurons projecting to the ventral mid-
brain (VTA and susbstantia nigra) were hyperpolarized by MOR
agonists (Matsui and Williams, 2011). Our finding that intra-
RMTg DAMGO stimulated motor activity, however, argues that
the direct inhibition of RMTg neurons is sufficient to stimulate
motor activity. Interestingly, morphine was reported to suppress
excitatory input to RMTg neurons via a GIRK-independent post-
synaptic mechanism (Lecca et al., 2011). Thus, MOR may couple
preferentially to a non-GIRK somatodendritic effector(s) in mid-
brain GABA neurons. At present, the behavioral relevance of the
opioid-induced, GIRK-dependent, and GIRK-independent inhi-
bition of midbrain GABA neurons is unclear.

Some VTA DA neurons express MOR, and both direct excit-
atory and inhibitory effects of MOR activation on VTA DA neu-
rons have been reported (Margolis et al., 2014). Consistent with
previous reports (Cameron et al., 1997; Ford et al., 2006; Margolis
et al., 2014), we found that �20% of mouse VTA DA neurons
were inhibited by DAMGO. Moreover, we show that GIRK chan-
nel activation mediates the direct inhibitory effect of DAMGO on
this subset of VTA DA neurons. Disruption of MOR-GIRK sig-
naling in these neurons, however, seems unlikely to explain the
enhanced morphine-induced motor activity observed in
Girk2�/� or DAT-Cre(�):Girk2flox/flox mice. Indeed, if MOR-
GIRK signaling in these neurons underlies the motor-stimulatory
effect of systemic or intra-VTA opioids, then the loss of GIRK
channels should diminish and not enhance the opioid-induced
behavior. It is possible, however, that this VTA DA neuron sub-
population normally tempers opioid-induced motor stimula-
tion, perhaps akin to a negative feedback pathway. In this
scenario, diminished MOR-GIRK signaling could result in en-
hanced opioid-induced motor stimulation.

The output of VTA DA neurons is tempered by “long-loop”
(GABABR-dependent) and D2 DA autoreceptor (D2R)-mediated
negative feedback mechanisms that are engaged by in vivo admin-
istration of drugs of abuse (Einhorn et al., 1988; Sugita et al.,
1992). The GIRK2/GIRK3 channel mediates the inhibitory effect
of GABABR and D2R activation on VTA DA neurons (Beckstead
et al., 2004; Cruz et al., 2004). The enhanced morphine-induced
motor activity seen in DAT-Cre(�):Girk2flox/flox mice may reflect,
therefore, the loss of these feedback mechanisms. In support of
this contention, key excitability measures in the absence of drug
were comparable in VTA DA neurons from DAT-Cre(�):
Girk2flox/flox and DAT-Cre(�):Girk2flox/flox mice. Furthermore,
our observations with Girk3�/� mice and viral reconstitution of
GIRK3 in the VTA, together with previous work showing that
Girk3 ablation correlates with enhanced sensitivity of the residual
GIRK channel to GPCR-dependent activation (Labouebe et al.,
2007), argues that the sensitivity of the VTA DA neuron GIRK
channel to GPCR stimulation is a critical determinant of
morphine-induced motor activity.

Acute and repeated psychostimulant exposure suppresses
GABAB and D2 DA receptor-dependent inhibitory signaling in
VTA DA neurons (Hearing et al., 2012). A single injection of
cocaine, for example, transiently suppressed GABABR-GIRK sig-
naling in VTA DA neurons by triggering a subcellular redistribu-
tion of GIRK channels from the membrane to intracellular sites
(Arora et al., 2011). As decreased GIRK-dependent signaling in
VTA DA neurons should correlate with enhanced opioid-
induced motor activity, our findings suggest a plausible explana-
tion for behavioral cross-sensitization observed between opioids
and psychostimulants (Stewart and Vezina, 1987; DuMars et al.,

1988; Lett, 1989; Vezina and Stewart, 1990; Cador et al., 1995;
McDaid et al., 2005).

Although the vast majority of neurons in the mouse VTA are
dopaminergic or GABAergic (Chieng et al., 2011), some gluta-
matergic neurons are present as well (Yamaguchi et al., 2007;
Nair-Roberts et al., 2008). Most glutamatergic neurons are found
in the medial aspect of the VTA (Yamaguchi et al., 2007), includ-
ing some that coexpress VGlut2 and TH (Yamaguchi et al., 2011;
Morales and Root, 2014). We targeted the lateral aspect of the
VTA to minimize the potential impact of this small neuron pop-
ulation on our study. Whereas many of our experiments used
transgenic mice with fluorescently tagged GABA and DA neu-
rons, some experiments relied on a combination of cell size (ap-
parent capacitance) and Ih current size to identify putative VTA
GABA and DA neurons. This combination of features, as well as
the amplitude of the baclofen-induced somatodendritic current,
has proven useful for distinguishing between DA and GABA neu-
rons in the mouse VTA (Cruz et al., 2004; Labouebe et al., 2007;
Arora et al., 2011). We cannot exclude the possibility, however,
that some putative VTA DA and GABA neurons evaluated in this
study were glutamatergic neurons. At present, the expression of
GIRK channels and MOR in VTA glutamatergic neurons and
their relevance to the motor-stimulatory effects of systemic and
intracranial opioids are unclear.

Opioids such as morphine are the most commonly adminis-
tered drugs for pain, despite possessing an unfavorable side-effect
profile and significant addictive liability (Inturrisi, 2002). Given
the increase in abuse of prescription opioids (Maxwell, 2011), it is
particularly important that we understand the circuitry, cell
types, and mechanisms mediating both the beneficial and prob-
lematic effects of opioids. These insights may suggest novel ap-
proaches to eliciting the beneficial outcome associated with
opioids (analgesia) while avoiding undesirable side effects (ad-
diction). Data described herein suggest that the unique GIRK
channel subtype (GIRK2/GIRK3 heteromer) in VTA DA neurons
sets the sensitivity of the mesolimbic circuit to morphine. Given
that previous work has implicated this channel in circuit-level
and behavioral effects of other drugs of abuse (Cruz et al., 2004;
Munoz and Slesinger, 2014), these findings suggest that thera-
peutic approaches targeting the GIRK2/GIRK3 channel might
prove useful for treating some aspects of drug addiction.
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