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Dopamine (DA) neurons of the VTA have been widely implicated in the cellular and behavioral responses to drugs of abuse. Inhibitory G
protein signaling mediated by GABAB receptors (GABABRs) and D2 DA receptors (D2Rs) regulates the excitability of VTA DA neurons, DA
neurotransmission, and behaviors modulated by DA. Most of the somatodendritic inhibitory effect of GABABR and D2R activation on DA
neurons reflects the activation of G protein-gated inwardly rectifying K � (GIRK) channels. Furthermore, GIRK-dependent signaling in
VTA DA neurons can be weakened by exposure to psychostimulants and strengthened by phasic DA neuron firing. The objective of this
study was to determine how the strength of GIRK channel activity in VTA DA neurons influences sensitivity to cocaine. We used a
Cre-dependent viral strategy to overexpress the individual GIRK channel subunits in VTA DA neurons of male and female adult mice,
leading to enhancement (GIRK2) or suppression (GIRK3) of GIRK channel activity. Overexpression of GIRK3 decreased somatodendritic
GABABR- and D2R-dependent signaling and increased cocaine-induced locomotor activity, whereas overexpression of GIRK2 increased
GABABR-dependent signaling and decreased cocaine-induced locomotion. Neither manipulation impacted anxiety- or depression-
related behavior, despite the link between such behaviors and DA signaling. Together, these data show that behavioral sensitivity to
cocaine in mice is inversely proportional to the strength of GIRK channel activity in VTA DA neurons and suggest that direct activators of
the unique VTA DA neuron GIRK channel subtype (GIRK2/GIRK3 heteromer) could represent a promising therapeutic target for treat-
ment of addiction.
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Introduction
Dopamine (DA) neurons of the VTA are an integral part of the
mesocorticolimbic system, a network of brain regions that medi-

ates behavioral responses to reward and drugs of abuse, including
cocaine (Juarez and Han, 2016). Cocaine inhibits membrane
monoamine transporters, including the DA transporter (DAT)
(Rocha, 2003; Hall et al., 2004). As a result, cocaine increases DA
levels in brain regions receiving dopaminergic projections (e.g.,
NAc), and locally within the VTA (Di Chiara and Imperato, 1988;
Aragona et al., 2008). Cocaine exposure engages inhibitory G
protein signaling in VTA DA neurons, including that mediated
by somatodendritic D2 DA autoreceptors (D2Rs) and GABAB
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Significance Statement

Inhibitory G protein signaling in dopamine (DA) neurons, including that mediated by G protein-gated inwardly rectifying K�

(GIRK) channels, has been implicated in behavioral sensitivity to cocaine. Here, we used a viral approach to bidirectionally
manipulate GIRK channel activity in DA neurons of the VTA. We found that decreasing GIRK channel activity in VTA DA neurons
increased behavioral sensitivity to cocaine, whereas increasing GIRK channel activity decreased behavioral sensitivity to cocaine.
These manipulations did not alter anxiety- or depression-related behaviors. These data highlight the unique GIRK channel
subtype in VTA DA neurons as a possible therapeutic target for addiction.
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receptors (GABABRs). Elevated VTA DA levels stimulate D2Rs
(Brodie and Dunwiddie, 1990; Ford, 2014), whereas GABAergic
inputs activate GABABRs on VTA DA neurons (Edwards et al.,
2017). The direct inhibitory effect of D2R and GABABR activation
on VTA DA neurons is mediated largely by activation of G
protein-gated inwardly rectifying K� (GIRK/Kir3) channels
(Cruz et al., 2004; Labouèbe et al., 2007; Arora et al., 2010).
Whereas most neuronal GIRK channels contain GIRK1 and
GIRK2 subunits (Luján et al., 2014), VTA DA neurons express a
GIRK2/GIRK3 heteromeric channel (Cruz et al., 2004).

Work with knockout mice suggests that behavioral sensitivity
to cocaine is inversely proportional to the strength of GIRK-
dependent signaling in DA neurons. Girk2� / � mice exhibit in-
creased locomotor responses to cocaine and morphine (Arora et
al., 2010; Kotecki et al., 2015) and altered cocaine self-admi-
nistration (Morgan et al., 2003), as do mice lacking GIRK chan-
nels in DA neurons (DATCre(�):Girk2fl/fl mice) (Kotecki et al.,
2015; McCall et al., 2017). However, Girk2� / � mice exhibit an
array of other behavioral phenotypes (Signorini et al., 1997; Bled-
nov et al., 2001, 2003; Marker et al., 2004, 2005; Costa et al., 2005;
Pravetoni and Wickman, 2008), as well as adaptations in excit-
atory and inhibitory neurotransmission in multiple reward-
associated neuron populations (Arora et al., 2010; Hearing et al.,
2013), making it challenging to attribute changes in cocaine-
related behavior to a specific population. While DATCre(�):
Girk2fl/fl mice afford increased cell specificity over Girk2� / �

mice, GIRK-dependent signaling in all DA neurons, including
those in the VTA, substantia nigra, and hypothalamus (Meister
and Elde, 1993; Lorang et al., 1994; Demaria et al., 2000), is likely
altered in this model.

Suppression of inhibitory G protein signaling in the VTA by
pertussis toxin enhances the behavioral effects of cocaine (Steke-
tee and Kalivas, 1991), suggesting that this signaling tempers
behavioral sensitivity to cocaine. Notably, GIRK-dependent sig-
naling in VTA DA neurons following psychostimulant exposure
is decreased through channel internalization (Arora et al., 2011;
Munoz et al., 2016). The strength of GIRK channel activity in
VTA DA neurons is also modulated by neuronal excitability, with
large depolarization events (e.g., phasic DA neuron firing) poten-
tiating GIRK-dependent signaling, and hyperpolarization or
tonic DA neuron firing reducing GIRK-dependent signaling (La-
live et al., 2014). These observations converge on a working
model wherein in vivo psychostimulant exposure inhibits DA
neurons via GABABR and D2R activation, leading to decreased
strength of inhibitory G protein signaling mediated by GIRK
channel activation and, consequently, increased behavioral sen-
sitivity to cocaine (Hearing et al., 2012; Marron Fernandez de
Velasco et al., 2015; Rifkin et al., 2017).

Here, we used viral and genetic approaches to determine how
the strength of GIRK channel activity in VTA DA neurons influ-
ences behavioral sensitivity to cocaine in mice. Because VTA DA
neurons project to a number of brain regions implicated in anx-
iety and depression, including the hippocampus, amygdala, and
PFC, and activation of DA receptors in these brain regions influ-
ences anxiety- and depression-like behaviors (Zarrindast and
Khakpai, 2015; Belujon and Grace, 2017), we also asked whether
manipulation of GIRK channel activity in VTA DA neurons im-
pacted negative affective behavior. We found that, while anxiety
and depression-related behaviors were unaltered by our manip-
ulations, behavioral sensitivity to cocaine was inversely related to
the strength of GIRK-dependent signaling in VTA DA neurons.

Materials and Methods
Mice. All studies were approved by the Institutional Animal Care and Use
Committee at the University of Minnesota. B6.SJL-Slc6a3tm1.1(cre)Bkmn/J
(stock #006660, The Jackson Laboratory, RRID:IMSR_JAX:006660),
hereafter referred to as DATCre(�) mice, heterozygous for Cre, were
used in all viral manipulation studies. This DATCre line has been widely
used for the selective viral manipulation of DA neurons, offers improved
selective targeting of dopaminergic over other available DA neuron-
targeting Cre lines, and does not exhibit altered DAT expression in
heterozygotes (Bäckman et al., 2006; Lammel et al., 2015; Stuber et al.,
2015). The generation of DATCre:Girk2fl/fl mice was described previ-
ously (Kotecki et al., 2015). All mice for this study were bred in-house.
Male and female mice were used for all studies, with groups balanced by
sex. All mice were maintained on a 12 h light/dark cycle, and were pro-
vided ad libitum access to food and water.

Reagents. Baclofen, CGP54626, quinpirole, sulpiride, Triton-X, and
DPX were purchased from Sigma-Aldrich. Cocaine was obtained through
Boynton Health Pharmacy at the University of Minnesota. Saline (0.9%)
was purchased from Baxter Healthcare. Normal donkey serum was pur-
chased from Gemini Bio-Products. The anti-TH antibody, made in
sheep, was purchased from PelFreez (catalog #P60101-0, RRID:
AB_461070); and the anti-GFP antibody, made in chicken, was pur-
chased from Abcam (catalog #ab13970, RRID:AB_300798). Donkey
anti-sheep Cy5 (catalog #703-225-155, RRID:AB_2340370) and donkey
anti-chicken Cy2 (catalog #713-175-147, RRID:AB_2340730) secondary
antibodies were purchased from Jackson ImmunoResearch Laborato-
ries. All viruses were produced by the University of Minnesota Viral
Vector and Cloning Core (Minneapolis). AAV8-DIO-hSyn-GIRK2c-
IRES-GFP and AAV8-DIO-hSyn-GIRK3-IRES-GFP vectors were used to
overexpress GIRK2 and GIRK3, respectively, in a Cre-dependent man-
ner. Cre-dependent viruses expressing GFP (AAV8-DIO-hSyn-GFP) or
mCherry (AAV8-DIO-hSyn-mCherry) served as controls.

Intracranial viral manipulations. Mice (�45 d) were placed in a stereo-
taxic frame (David Kopf Instruments) under isoflurane anesthesia. Mi-
croinjectors, made by affixing a 33-gauge stainless-steel hypodermic tube
within a shorter 26-gauge stainless-steel hypodermic tube, were attached
to polyethylene-20 tubing affixed to 10 �l Hamilton syringes, and were
lowered through burr holes in the skull to the VTA (from bregma: �2.6
mm anteroposterior, �0.6 – 0.7 mm mediolateral, �4.7 mm dorsoven-
tral); 500 nl (2.16 � 10 13 to 3.26 � 10 14 genocopies/ml) of virus per side
was injected over 5 min. Microinjectors were left in place for 10 min
following infusion to reduce solution backflow along the infusion track.
Immunohistochemistry, slice electrophysiology, and behavioral experi-
ments were performed 3 weeks after surgery to allow for full recovery and
viral expression.

Immunohistochemistry. Mice were anesthetized with ketamine/xyla-
zine and transcardially perfused with PB, followed by 4% PFA in 0.1 M

PB. Brains were extracted and postfixed overnight in 4% PFA in PB at
4°C. Brains were then rinsed with PB and transferred to 30% sucrose in
PB. Horizontal slices of VTA (50 �m) were prepared using a sliding
microtome (SM 2000R, Leica Microsystems) and stored in PB at 4°C.
Three slices, separated by �350 �m, were stained for each mouse; 3
separate mice per viral condition were analyzed. All steps were performed
at room temperature, with free-floating slices, in a 24-well plate on a
rocker. Slices were rinsed in PBS (3 � 10 min) and incubated in blocking
solution (0.3% Triton-X and 3% normal donkey serum in PBS) for 2 h.
Slices were then incubated overnight in blocking solution containing a
sheep anti-TH antibody (1:500) and chicken anti-GFP antibody (1:500).
Slides were rinsed with PBS (3 � 10 min) and then incubated in second-
ary antibodies diluted in PBS (1:500 donkey anti-sheep Cy5; 1:200 don-
key anti-chicken Cy2) for 2 h, after which slices were rinsed with PBS
(6 � 10 min). Slices were mounted on glass slides and allowed to fully dry
before being dehydrated with 3 min incubations in: 70% EtOH, 80%
EtOH, 95% EtOH, 100% EtOH, and xylene. Slides were mounted using
DPX and allowed to dry. Slides were imaged by the University Imaging
Center at the University of Minnesota on an A1R confocal microscope
(Nikon) imaged with the Galvano scanner using 488 nm and 567 nm
lines and filters. The images were collected using a 10�, 0.45 NA plan
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Apo objective at 1024 � 1024 pixels, with a zoom of 1� using the Scan
Large Area feature using Perfect Focus. Four 15 �m z steps were col-
lected, and images were generated in Nis-Elements AR (Nikon) using
Extended Depth of Focus. To assess the fidelity and penetrance of the
viruses, the Cy2 and Cy5 channels were merged using Fiji (https://imagej.
nih.gov/ij/), with Cy2 as green and Cy5 as magenta. In the region of viral
expression with in the VTA, the number of Cy2 � neurons, Cy5 � neu-
rons, and Cy2 �/Cy5 � neurons were quantified using the cell counter
plugin in Fiji. Representative images in Figure 1 were taken with an
IX81ZDC2 Olympus microscope at 20�.

Slice electrophysiology. Somatodendritic currents were evaluated in
both behaviorally naive mice (3 weeks following viral injection; 66 –73 d)
and at the conclusion of behavioral testing (5– 6 weeks following viral
injection; 80 –110 d). Horizontal slices (225 �m) containing the VTA
were prepared in ice-cold sucrose ACSF, as described previously (Kotecki
et al., 2015; McCall et al., 2017). Neurons medial to the medial terminal
nucleus of the accessory optic tract (MT), and identified via Cre-
dependent viral-mediated fluorescence, were targeted for analysis.
Whole-cell data were acquired using a Multiclamp 700A amplifier and
pCLAMP version 9.2 software (Molecular Devices). Ih amplitude was
assessed using a 1 s voltage ramp (�60 to �120 mV). Spontaneous
activity was measured in current-clamp mode (I � 0) for 1 min. For
rheobase assessments, cells were held in current-clamp mode and given
1 s current pulses, beginning at �80 pA and progressing in 20 pA incre-
ments until spiking was elicited. Rheobase was defined as the minimum
current step evoking one or more action potentials. Agonist-induced
somatodendritic currents were measured at a holding potential (Vhold) of
�60 mV. All command potentials factored in a junction potential of �15
mV predicted using JPCalc software (Molecular Devices). Series and
membrane resistances were tracked throughout the experiment. If series
resistance was unstable, the experiment was excluded from analysis.

Behavior. All mice in this study were evaluated in elevated plus maze
(EPM), forced swim test (FST), and open field cocaine-induced locomo-
tor activity assays in the light cycle, in this order, with at least 1 d sepa-
rating each test. For the EPM test, mice were transferred to the testing
room 1 h before evaluation. Mice were placed in the middle of the maze,
facing a corner between an open and closed arm. Video was recorded
using ANY-Maze Maze 5.2 (Stoelting) software and a STC-TB83USB-AS
camera (Sensor Technologies America). Mice were allowed to freely ex-
plore the maze for 5 min. Between tests, the maze was wiped down with
70% EtOH. Time in arms, number of arm entries, and total distance
traveled were analyzed using ANY-Maze software. For the FST study,
mice were transferred to the testing room 1 h before evaluation. Mice
were placed in a 4 L beaker filled with �1.5 L of 23°C water, for 6 min.
Video was recorded using ANY-Maze software and a C615 camera (Log-
itech), and the latency to first immobile bout and total immobility time
during the final 4 min of testing were analyzed by hand using ANY-Maze
software. Cocaine-induced activity was assessed in open field activity
chambers (Med Associates), as described previously (Pravetoni and
Wickman, 2008). In brief, subjects were acclimated over 3 d, during
which the animals were handled on 1 d and exposed to intraperitoneal
injection (saline) on 2 d, and then placed in the open field. Distance
traveled during the 60 min period following saline injection on the last
acclimation day was taken as baseline activity. Cocaine-induced activity
was then assessed following administration of three cocaine doses (3, 15,
and 30 mg/ kg i.p.), with each dose separated by 3 d, as described previ-
ously (Kotecki et al., 2015).

Viral targeting accuracy was assessed in all subjects using fluorescence
microscopy before post hoc slice electrophysiology experiments. To assess
and summarize the expression pattern and spread of virus, 2� images of
brightfield and fluorescent viral expression were taken with an
IX81ZDC2 Olympus microscope, overlaid, and matched to figures in the
horizontal atlas of the mouse brain (Franklin and Paxinos, 2008), and
spread patterns were summarized. The pattern of viral spread for each
mouse was overlaid on a simplified version of the atlas, with each spread
pattern at 10% transparency to provide a sense of viral spread for indi-
vidual subjects, and cumulatively for the study. Only data from mice in
which the majority (�80%) of expression was confined to the VTA, with

limited or no diffusion to adjacent structures (i.e., SN pars compacta),
were analyzed in behavioral studies.

Experimental design and statistical analyses. Data are presented
throughout as mean � SEM. Statistical analyses were performed using
Prism 5 (GraphPad Software) and SigmaPlot 11.0 (Systat Software). All
studies involved balanced groups of male and female mice. Data were
analyzed first for effects of sex and viral condition, or sex and genotype,
using two-way ANOVA when those were the only variables. For cocaine
locomotor activity data with multiple testing days, the interaction of sex
for each virus or genotype group was assessed using two-way repeated-
measures ANOVA. When there was no effect of sex, male and female data
were pooled. When there was an effect of sex or an interaction of sex with
another factor, male and female data were analyzed and presented sepa-
rately. Data were analyzed by t test, Mann–Whitney U test, two-way
ANOVA, or repeated-measures ANOVA, with Bonferroni or post hoc
tests, as appropriate. Differences were considered significant if p 	 0.05.

Results
Viral manipulation of GIRK channel activity in VTA
DA neurons
To manipulate the strength of GIRK channel activity in VTA DA
neurons, we used a Cre-dependent viral strategy to overexpress
GIRK2 or GIRK3 in adult DATCre(�) mice. We predicted that
the overexpression of GIRK2 in VTA DA neurons would enhance
GIRK channel activity, as GIRK2 can form functional homo-
meric channels and mediates the forward trafficking of GIRK
channels (Lesage et al., 1995; Ma et al., 2002). Conversely, we
predicted that the overexpression of GIRK3 would suppress
GIRK channel activity, as GIRK3 is unable to form functional
homomeric channels, it harbors a lysosomal targeting sequence
that can promote GIRK channel internalization, and its presence
correlates with decreased sensitivity of the VTA DA GIRK chan-
nel to GABABR-induced activation (Lesage et al., 1995; Ma et al.,
2002; Labouèbe et al., 2007; Lunn et al., 2007).

We infused Cre-dependent control, GIRK2, or GIRK3 expres-
sion vectors into the VTA of DATCre(�) mice (Fig. 1A). Follow-
ing viral infusion (3 weeks), we performed immunohistochemistry
with horizontal sections containing the VTA, to assess the fidelity
of our viral manipulations (Fig. 1B–E). Similar to published re-
ports involving DATCre(�) mice (Lammel et al., 2015), we
found that the vast majority of GFP-positive neurons examined
in slices from mice treated with control (96%), GIRK2 (93%), or
GIRK3 (92%) vectors expressed TH (TH�; Fig. 1C–E). More-
over, 75% of TH� neurons in the region of viral expression were
also GFP�, as measured in sections from DATCre(�) mice
treated with control vector. Thus, our approach yielded a selec-
tive manipulation of VTA DA neurons in adult mice.

To assess the functional consequences of overexpressing
GIRK2 or GIRK3 in VTA DA neurons, we measured somatoden-
dritic currents in acutely isolated brain slices evoked by a maxi-
mal concentration of the GABABR agonist baclofen (200 �M), as
GIRK channels mediate �80% of this inhibitory current in VTA
DA neurons (Labouèbe et al., 2007; Arora et al., 2010; Kotecki et
al., 2015). As predicted, overexpression of GIRK2 in VTA DA
neurons yielded enhanced GABABR-dependent currents com-
pared with currents from control VTA DA neurons (Fig. 1F).
Overexpression of GIRK2 did not, however, yield significant dif-
ferences in apparent capacitance, membrane resistance, Ih, or
spontaneous activity (Table 1). There was a significant increase in
rheobase (Table 1), however, suggesting that GIRK2 overexpres-
sion decreased baseline neuronal excitability. Conversely, GIRK3
overexpression in VTA DA neurons suppressed GABABR-
dependent currents (Fig. 1G). There were no significant differ-
ences in apparent capacitance, membrane resistance, Ih, rheobase, or
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spontaneous activity followingGIRK3overexpression(Table1).Thus,
the overexpression of GIRK2 or GIRK3 in VTA DA neurons bidirec-
tionally alters the strength of GIRK-dependent signaling.

Negative affective behaviors and cocaine sensitivity in
DATCre:Girk2fl/fl mice
Previously, we reported that the genetic ablation of Girk2 in DA
neurons correlated with an increased acute locomotor response

to cocaine (McCall et al., 2017). Intriguingly, the excitability of
VTA DA neurons has also been shown to influence negative af-
fective behavior (Anstrom and Woodward, 2005; Nestler and
Carlezon, 2006; Krishnan et al., 2007; Cao et al., 2010; Chaudhury
et al., 2013; Russo and Nestler, 2013; Tye et al., 2013; Polter and
Kauer, 2014). Thus, we sought to assess how manipulation of
GIRK channel activity in VTA DA neurons altered performance
in anxiety (EPM), depression (FST), and cocaine-induced motor

Figure 1. Viral overexpression of GIRK channel subunits in VTA DA neurons. A, DATCre(�) mice were given intra-VTA infusion of Cre-dependent control, GIRK2, or GIRK3 vector. Following viral
injection (3 w), mice were processed for either immunohistochemistry or slice electrophysiology. B, Control virus expression in the VTA of DATCre(�) mice. In the region of viral infusion, the
percentage of GFP � neurons that were also dopaminergic (TH �) was calculated to determine viral fidelity in control (C), GIRK2 (D), and GIRK3 (E) viral conditions. F, The overexpression of GIRK2
(n � 7 cells from 3 mice, 547 � 111 pA) enhanced GABABR currents compared with cells expressing a control virus (n � 6 cells from 2 mice, 238 � 24 pA; Mann–Whitney U test, U � 6, p � 0.035).
G, The overexpression of GIRK3 (n � 8 cells from 5 mice, 33 � 7 pA) diminished GABABR currents compared with cells expressing a control virus (n � 4 cells from 3 mice, 255 � 44 pA;
Mann–Whitney U test, U � 0, p � 0.004). *p 	 0.05. **p 	 0.01.

Table 1. Baseline electrophysiological parameters for neurons in Figure 1

n Cm (pF) Rm (M
) Ih (pA) Rheobase (pA) Active neurons Frequency (Hz)

Control 6 47 � 4 367 � 70 99 � 38 �27 � 11 4/6 1.85 � 0.51
GIRK2 7 48 � 7 230 � 55 32 � 12 43 � 22* 4/7 1.17 � 0.27

t(11) � 0.290 t(11) � 1.547 U � 12. t(11) � 2.671 t(6) � 1.187
p � 0.778 p � 0.150 p � 0.234 p � 0.022 p � 0.280

Control 4 48 � 1 243 � 119 191 � 85 �15 � 25 4/4 2.12 � 0.49
GIRK3 8 40 � 6 383 � 136 58 � 13 �8 � 14 7a/8 2.40 � 0.66

U � 6.5 t(10) � 0.659 U � 7 t(10) � 0.284 t(8) � 0.316
p � 0.125 p � 0.523 p � 0.154 p � 0.783 p � 0.760

aOne burst firing neuron was included in the count of neurons spontaneously active for the GIRK3 condition but was not included in firing frequency analysis.

*p 	 0.05.
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activity tests (Fig. 2A). Because this behavioral battery approach
had not been previously used by our laboratory, we evaluated
DATCre(�):Girk2fl/fl and DATCre(�):Girk2fl/fl mice before test-
ing the impact of VTA DA neuron-specific GIRK channel
manipulations.

DATCre(�):Girk2fl/fl mice exhibited similar percent time in
open arms of the EPM compared with DATCre(�):Girk2fl/fl mice
(Fig. 2B), and there were no genotype differences in percent time
spent in closed arms (Cre�, 63 � 3%; Cre�, 59 � 4%, t test, t(36)

� 0.820, p � 0.418), number of entries into open arms (Cre�,
10 � 1 entries; Cre�, 10 � 1 entries, Mann–Whitney test, U �
150.5, p � 0.393), and number of entries into closed arms (Cre�,
11 � 1 entries; Cre�, 11 � 1 entries; t test, t(36) � 0.7710, p �
0.446). Thus, loss of GIRK channel activity in DA neurons does
not appear to influence anxiety-like behavior.

In the FST, we did not observe a difference in time immobile
for DATCre(�):Girk2fl/fl mice and DATCre(�):Girk2fl/fl mice
(Fig. 2C). We did observe a main effect of sex in the latency to
immobility measure (ANOVA, F(1,34) � 12.67, p � 0.001), how-

ever; and as such, these data were analyzed separately by sex (Fig.
2D). While female mice did not display an effect of genotype on
latency to immobility (Fig. 2D), male DATCre(�):Girk2fl/fl mice
exhibited a longer latency than male DATCre(�):Girk2fl/fl mice,
suggesting an antidepressive behavioral phenotype. Notably, the
reduced time to immobility in male DATCre(�):Girk2fl/fl mice
(Fig. 2D) is consistent with a previous report, which found that
male Cre� mice from a separately developed DATCre:Girk2fl/fl

mouse line displayed an antidepressive behavioral phenotype
(Honda et al., 2018). Thus, GIRK channel activity in DA neurons
appears to enhance depression-related behavior in male mice.

Finally, we assessed cocaine-induced motor activity in DAT-
Cre(�):Girk2fl/fl mice (Fig. 2A,E). Similar to our previous study
(McCall et al., 2017), we observed a significant interaction of sex
and cocaine dose in DATCre(�):Girk2fl/fl mice (F(3,54) � 4.133,
p � 0.010); as such, males and females were analyzed separately.
We did not observe a difference in total distance traveled by males
on the first day (handling [H]) of exposure to the open field (Fig.
2E); however, female Cre� mice traveled further than Cre� mice

Figure 2. Negative affective and cocaine locomotor behavior in DATCre(�):Girk2fl/fl mice. A, Adult male and female DATCre(�):Girk2fl/fl and DATCre(�):Girk2fl/fl mice were tested in EPM, FST,
and cocaine locomotor activity tests, with each task separated by at least 1 d. B, Percent time in open arms in the EPM is not different in Cre � (n � 18, 24 � 4%) and Cre � (n � 20, 31 � 4%;
Mann–Whitney U test, U � 132, p � 0.165). C, Time immobile for Cre � (n � 18, 160 � 6 s) and Cre � (n � 20, 145 � 8 s) mice in the FST does not differ (t test, t(36) � 1.499, p � 0.143). D,
Latency to immobility in male Cre � (n � 10, 68 � 11 s) mice is greater than in Cre � mice (n � 9, 39 � 7 s; t test, t(17) � 2.210, p � 0.041), while there is no difference in latency to immobility
between Cre � (n�9, 80�9 s) and Cre � (n�10, 98�11 s; t test, t(17) �1.213, p�0.242) mice. E, There is no significant difference in distance moved on the handling habituation day between
male Cre � (n � 9, 77 � 4 m/h) and Cre � (n � 10, 90 � 6 m/h; t test, t(17) � 1.774, p � 0.094) mice. However, female Cre � mice (n � 10, 110 � 8 m/h) moved significantly more than Cre �

mice (n � 9, 75 � 4m/h; t test, t(17) � 3.876, p � 0.001). F, In male and female mice, distance traveled following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in an interaction between
cocaine dose and genotype (males, two-way repeated-measures ANOVA, interaction between cocaine dose and virus, F(3,51) � 13.557, p 	 0.001; females, two-way repeated-measures ANOVA,
interaction between cocaine dose and virus, F(3,51) � 3.213, p � 0.030). Male Cre � mice moved significantly more than Cre � mice at 15 mg/kg (Bonferroni post hoc test, t � 5.863, p 	 0.001)
and 30 mg/kg (Bonferroni post hoc test, t � 6.907, p 	 0.001) cocaine. Similarly, female Cre � mice moved significantly more than Cre � mice at 15 mg/kg (Bonferroni post hoc test, t � 4.249, p 	
0.001) and 30 mg/kg (Bonferroni post hoc test, t � 2.809, p � 0.006) cocaine. *p 	 0.05. **p 	 0.01. ***p 	 0.001.
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(Fig. 2E), an observation that aligns with our previous report
(McCall et al., 2017). This genotype difference in female mice is
not observed on saline day 2 (S2; Fig. 2F, 0 mg/kg cocaine), sug-
gesting that the significant effect on handling day may be driven
by a difference in exploration, rather than purely motor activity.
Similar to our previous findings with acute cocaine administra-
tion (McCall et al., 2017), male and female DATCre(�):Girk2fl/fl

mice exhibit increased locomotor activity at 15 mg/kg cocaine,
and female Cre� mice do not respond to 30 mg/kg cocaine as
much as male Cre� mice (Fig. 2F). Overall, our findings support
the hypothesis that reduced GIRK channel activity in DA neurons
increases behavioral sensitivity to cocaine.

Reduced GIRK channel activity in VTA DA neurons increases
cocaine sensitivity
Having recapitulated findings related to depression-like behavior
(Honda et al., 2018) and cocaine sensitivity (McCall et al., 2017)
for DATCre:Girk2fl/fl mice using this behavioral test battery, we
next assessed the behavioral impact of viral suppression of GIRK
channel activity in adult VTA DA neurons. To do this, we com-
pared the behavioral performance of DATCre(�) mice treated
with control or GIRK3 overexpression vectors (Fig. 3A). No dif-
ference was detected between control and GIRK3 overexpression
groups in percent time spent in open arms in the EPM (Fig. 3B).
Additionally, there was no difference in percent time spent
in closed arms (control, 53 � 5%; GIRK3, 57 � 3%;
Mann–Whitney test, U � 109, p � 0.706), number of entries into
open arms (control, 10 � 1 entries; GIRK3, 9 � 1 entries; t test,
t(29) � 0.711, p � 0.483), or number of entries into closed arms
(control, 10 � 1 entries; GIRK3, 11 � 1 entries; t test, t(29) �
0.367, p � 0.716). Similarly, no group differences were observed
in total immobility time (Fig. 3C), or latency to immobility (con-
trol, 70 � 8 s; GIRK3, 76 � 10 s; t test, t(21) � 0.476, p � 0.639) in
the FST. No difference was observed in locomotor activity on the
handling day or saline day 2 between control and GIRK3 overex-
pression conditions (Fig. 3D,E). We did, however, observe a sig-
nificant interaction between cocaine dose and viral treatment,
with DATCre(�) mice treated with the GIRK3 virus exhibiting
significantly enhanced locomotor activity at the 15 mg/kg co-
caine dose (Fig. 3E). Thus, viral suppression of GIRK channel
activity in adult VTA DA neurons elicits a selective and dose-
dependent enhancement of cocaine-induced motor activity,
without impacting anxiety- or depression-like behaviors.

Following behavioral testing, mice were prepared for slice
electrophysiological evaluation, and the extent of viral spread was
summarized for control and GIRK3 overexpression conditions
(Fig. 3F). As we found in behaviorally naive subjects (Fig. 1G),
GABABR-dependent somatodendritic currents were significantly
smaller in fluorescent VTA neurons in the GIRK3 overexpression
group compared with controls (Fig. 3G). Similarly, somatoden-
dritic currents evoked by a maximal concentration of the D2R
agonist quinpirole (20 �M) were significantly decreased in the
GIRK3 overexpression group (Fig. 3H). Thus, results from our
initial viral validation and post hoc analysis suggest that GIRK3
overexpression suppresses GIRK channel activity evoked by
GABABR and D2R in VTA DA neurons throughout the entire
duration of behavioral testing.

Increased GIRK channel activity in VTA DA neurons
decreases cocaine sensitivity
We next assessed the behavioral effect of enhancing GIRK chan-
nel activity in VTA DA neurons (Fig. 4A). There was no differ-
ence between control and GIRK2 overexpression groups in

percent time spent in open arms of the EPM (Fig. 4B). Addition-
ally, there was no difference in percent time spent in closed arms
(control, 53 � 4%; GIRK2, 57 � 5%; t test, t(31) � 0.692, p �
0.494), number of entries into open arms (control, 11 � 1 entries;
GIRK2, 9 � 1 entries; t test, t(31) � 1.107, p � 0.277), or number
of entries into closed arms (control, 10 � 1 entries; GIRK2, 10 �
1 entries; t test, t(31) � 0.254, p � 0.801). We did not observe a
significant difference in time immobile during the FST (Fig. 4C),
nor did we observe any difference in latency to immobility be-
tween control (61 � 6 s) and GIRK2 (69 � 11 s; Mann–Whitney
test, U � 83, p � 0.519) viral conditions. We also found no
difference in locomotor activity on the handling day or saline day
2 (Fig. 4D,E). There was a significant interaction of viral condi-
tion and cocaine dose, with mice in the GIRK2 overexpression
group responding significantly less at the 15 and 30 mg/kg co-
caine doses (Fig. 4E). Thus, increasing the strength of GIRK
channel activity in VTA DA neurons decreases behavioral sensi-
tivity to cocaine, without impacting anxiety- or depression-like
behaviors.

Following behavioral testing, control and GIRK2 overexpres-
sion mice were prepared for slice electrophysiological evaluation,
and the extent of viral spread was summarized for control and
GIRK2 overexpression conditions (Fig. 4F). Similar to our elec-
trophysiological findings before behavioral testing (Fig. 1F),
GABABR-dependent currents were significantly enhanced fol-
lowing GIRK2 overexpression, compared with control virus (Fig.
4G). However, D2R-GIRK currents in the GIRK2 overexpression
condition were not significantly different from controls (Fig.
4H). The D2R-dependent response was heterogeneous, however,
and the range of data in the GIRK2 overexpression group was
substantially larger than that of the control condition (F test to
compare variances, F(7,7) � 6.774, p � 0.022; Fig. 4H). This sug-
gests that the overexpression of GIRK2 could alter the strength of
D2R-GIRK channel-mediated signaling in some, but not all, DA
neurons.

Discussion
Here, we used a viral approach to bidirectionally manipulate the
strength of GIRK channel activity in VTA DA neurons of adult
mice. We found that behavioral sensitivity to cocaine was in-
versely proportional to the strength of GIRK channel activity in
VTA DA neurons, whereas negative affective behaviors were un-
altered by VTA DA neuron-specific GIRK channel manipula-
tions. These findings show that GIRK channel activity in VTA DA
neurons can influence behavioral sensitivity to cocaine and sug-
gest that manipulation of these channels could represent a new
therapeutic approach to treating certain aspects of addiction.
This prospect is enhanced by the fact that the GIRK2/GIRK3
channel subtype expressed in DA neurons is unique (Cruz et al.,
2004; Labouèbe et al., 2007; Arora et al., 2010). Given that VTA
DA neurons appear to be most influential in the early phase of
addiction (i.e., binge/intoxication) (Volkow et al., 2012), an ag-
onist selective for GIRK2/GIRK3 channels might be expected to
suppress drug reward and acquisition of self-administration,
without altering negative affective behavior.

GIRK channel activity in VTA DA neurons shapes behavioral
sensitivity to cocaine
Our previous work demonstrated genetic ablation of GIRK chan-
nels globally or in DA neurons increased behavioral sensitivity to
cocaine (Arora et al., 2010; McCall et al., 2017). Similarly, the DA
neuron-specific ablation of sorting nexin 27 (SNX27), a cytoplas-
mic protein that interacts with the PDZ-binding motifs of
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Figure 3. Viral suppression of GIRK channel activity in VTA DA neurons increases behavioral sensitivity to cocaine. A, DATCre(�) mice were injected with control or GIRK3 virus. Mice
were tested for EPM, FST, and cocaine locomotor activity 3 weeks after surgery, with each task separated by at least 1 d. Following behavior, mice were processed for placement and
electrophysiology validation. B, EPM percent time in open arms is not different in control mice (n � 17, 33 � 5%) and GIRK3 mice (n � 14, 30 � 3%; t test, t(29) � 0.396, p � 0.695).
C, FST time immobile during the final 4 min of the task does not differ between control mice (n � 12, 112 � 13 s) and GIRK3 mice (n � 11, 131 � 14 s; t test, t(21) � 0.957, p � 0.350).
D, Distance moved on the handling habituation day was not different between control mice (n � 17, 119 � 6 m/h) and GIRK3 (n � 15, 126 � 9 m/h; t test, t(30) � 0.630, p � 0.534).
E, Distanced traveled following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in interaction between cocaine dose and virus (two-way repeated-measures ANOVA, F(3,90) � 3.438,
p � 0.020; Bonferroni post hoc test at 15 mg/kg cocaine, t � 4.111, p 	 0.001). F, Representative images of viral spread in horizontal slices from a mouse in the control condition, imaged
at 2� just before electrophysiology, and summary of viral spread for all mice in control and GIRK3 conditions. MT, Medial terminal nucleus of the accessory optic tract; SNC, substantia
nigra, compact part; SNCD, substantia nigra, compact part, dorsal tier; SNR, substantia nigra, reticular part; PBP, parabrachial pigmented nucleus of the VTA; PIF, parainterfascicular
nucleus of the VTA; PN, paranigral nucleus of the VTA; VTAR, ventral tegmental area, rostral part. G, GABABR-GIRK currents in the GIRK3 group (n � 9 cells from 8 mice, 38 � 7 pA) are
significantly smaller than those in the control virus condition (n � 10 cells from 6 mice, 255 � 21 pA; Mann–Whitney U test, U � 0.0, p 	 0.0001). H, D2R-GIRK currents in the GIRK3
group (n � 9 cells from 7 mice, 22 � 4 pA) are significantly smaller than those in the control virus condition (n � 8 cells from 6 mice, 52 � 12 pA; Mann–Whitney U test, U � 11.50,
p � 0.021). *p 	 0.05. ***p 	 0.001.

3606 • J. Neurosci., May 8, 2019 • 39(19):3600 –3610 McCall et al. • GIRK Channel Manipulations in VTA DA Neurons



Figure 4. Viral enhancement of GIRK channel activity in VTA DA neurons decreases behavioral sensitivity to cocaine. A, Schematic of experiment, in which DATCre(�) mice were
injected with control of GIRK2 virus. Three weeks following surgery, mice were tested for EPM, FST, and cocaine locomotor activity, with each task separated by at least 1 d. Following
behavior, mice were processed for placement and electrophysiology validation. B, EPM percent time in open arms is not different in control mice (n � 17, 31 � 4%) and GIRK2 mice (n �
16, 32 � 5%; t test, t(31) � 0.1446, p � 0.8860). C, FST time immobile during the final 4 min of the task does not differ between control mice (n � 13, 137 � 8 s) and GIRK2 mice (n �
15, 119 � 12 s; Mann–Whitney U test, U � 76, p � 0.3334). D, Distance moved on the handling habituation day was not different between control mice (n � 16, 114 � 8 m/h) and
GIRK2 mice (n � 16, 123 � 9 m/h; Mann–Whitney U test, U � 119, p � 0.7487). E, Distanced traveled following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in interaction
between cocaine dose and virus (two-way repeated-measures ANOVA, F(3,90) � 3.054, p � 0.032; Bonferroni post hoc test for 15 mg/kg, t � 2.548, p � 0.012, for 30 mg/kg, t � 2.824,
p � 0.006). F, Representative images of viral spread in horizontal slices from a mouse in the control condition, imaged at 2� just before electrophysiology, and summary of viral spread
for all mice in control and GIRK2 conditions. MT, Medial terminal nucleus of the accessory optic tract; SNC, substantia nigra, compact part; SNCD, substantia nigra, compact part, dorsal
tier; SNR, substantia nigra, reticular part; PBP, parabrachial pigmented nucleus of the VTA; PIF, parainterfascicular nucleus of the VTA; PN, paranigral nucleus of the VTA; VTAR, ventral
tegmental area, rostral part. G, GABABR-GIRK currents in the GIRK2 condition (n � 9 cells from 7 mice, 566 � 77 pA) are significantly higher than those in the control condition (n � 10
cells from 7 mice, 265 � 28 pA; Mann–Whitney U test, U � 14, p � 0.010). H, D2R-GIRK currents are not significantly different in control (n � 8 cells from 5 mice, 62 � 9 pA) and GIRK2
conditions (n � 8 cells from 7 mice, 113 � 25 pA; Mann–Whitney U test, U � 19.50, p � 0.207). *p 	 0.05.
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GIRK2c and GIRK3 to regulate channel trafficking, decreased
GABABR- and D2R-GIRK signaling and increased behavioral re-
sponding to cocaine (Lunn et al., 2007; Munoz and Slesinger,
2014; Rifkin et al., 2018). D2Rs in DA neurons have also been
implicated in modulating behavioral sensitivity to cocaine. In-
deed, mice lacking D2R in DA neurons display increased cocaine-
induced locomotor activity, increased preference for a low dose
of cocaine in the conditioned place preference test, and acceler-
ated acquisition of self-administration (Bello et al., 2011; Hol-
royd et al., 2015). The interpretation of these DA neuron-specific
genetic manipulations is limited by their congenital nature and
lack of regional selectivity, which makes it challenging to dissoci-
ate them from developmental alterations and to attribute behav-
ioral phenotypes to a specific dopaminergic population. Here,
we report that genetic enhancement or suppression of GIRK-
dependent signaling in adult mouse VTA DA neurons decreased
or increased, respectively, behavioral sensitivity to cocaine.

The impact of VTA DA neuron GIRK channels on behavioral
sensitivity to cocaine is likely attributable in large part to the
engagement of GABABR- and/or D2R-dependent signaling by
cocaine. Indeed, increased synaptic DA levels evoked by cocaine
activates both terminal and somatodendritic D2Rs (Brodie and
Dunwiddie, 1990; Beckstead et al., 2004). In addition, cocaine
enhances GABAergic (“long-loop”) feedback to VTA DA neu-
rons by increasing DA in the NAc (Edwards et al., 2017). While
VTA DA neurons receive GABAergic input from local interneu-
rons and several regions (Morales and Margolis, 2017), NAc-
derived input from D1R-expressing medium spiny neurons
appears to selectively activate GABABRs in VTA DA neurons (Ed-
wards et al., 2017; Yang et al., 2018). Notably, recent studies
targeting D2R in VTA DA neurons have yielded outcomes of
comparable magnitude as those reported herein following viral
suppression of GIRK channel activity. For example, RNAi-
dependent suppression of D2R in the rat VTA correlates with
increased cocaine locomotor activity, as well as increased re-
sponding for cocaine and sucrose in a self-administration pro-
gressive ratio task (de Jong et al., 2015). Similarly, GABABR
ablation in VTA DA neurons correlated with increased cocaine-
induced locomotor activity in mice (Edwards et al., 2017). It is
important to note, however, that GIRK channels may mediate the
effects of other inhibitory G protein-coupled receptors on VTA
DA neurons, such as � opioid and nociceptin receptors (Di Gi-
annuario and Pieretti, 2000; Lutfy et al., 2001; Margolis et al.,
2003; Ford et al., 2006). As such, the behavioral impact of VTA
DA neuron-specific manipulations on GIRK channel activity
may reflect in part the modulation of signaling via these receptors
as well.

Suppression of VTA DA neuron GIRK channel activity
by GIRK3
Similar to other published results (Kofuji et al., 1995; Lesage et al.,
1995; Ma et al., 2002), we found that overexpression of GIRK3
neurons yielded a robust suppression of GIRK channel activity in
VTA DA neurons. The molecular mechanisms underlying this
dominant negative influence of ectopic GIRK3 are unclear. Over-
expression of GIRK3 may enhance trafficking of GIRK channels
to internal sites, a prospect supported by the presence of a lyso-
somal targeting motif in the GIRK3 carboxyl-terminal domain
(Ma et al., 2002). GIRK3 might promote an interaction between
the VTA DA neuron GIRK channel and SNX27, which can bidi-
rectionally regulate channel trafficking (Lunn et al., 2007; Munoz
and Slesinger, 2014). The presence of GIRK3 could also increase
the negative regulatory influence of regulator of G protein signal-

ing 2 (RGS2) on GIRK-dependent signaling in VTA DA neurons
(Jelacic et al., 2000; Labouèbe et al., 2007). Interestingly, activity-
dependent and pyschostimulant-induced plasticity of GIRK
channel activity in VTA DA neurons is dependent upon GIRK3
(Lalive et al., 2014; Munoz et al., 2016). Given these observations,
it is tempting to speculate that GIRK3 titrates the strength of
GIRK channel activity in VTA DA neurons via the extent to which
it incorporates into the GIRK2/GIRK3 heterotetromeric channel.

GIRK channels and negative affective behavior
Girk2� / � mice display reduced anxiety- and depression-related
behaviors, which are modulated by DA (Pravetoni and Wickman,
2008; Llamosas et al., 2015; Zarrindast and Khakpai, 2015; Belu-
jon and Grace, 2017). While viral manipulation of GIRK channel
activity in VTA DA neurons did not alter these behaviors, male
DATCre(�):Girk2fl/fl mice displayed decreased depression-
related behavior, congruent with findings from another DATCre:
Girk2fl/fl line (Honda et al., 2018). The apparent discrepancy in
depression-related behavior in DATCre(�):Girk2fl/fl mice and
the viral loss-of-function model could reflect a lack of penetrance
in the viral manipulation, developmental compensation in DAT-
Cre(�):Girk2fl/fl mice, or the influence of a different, non-VTA
population of DA neurons on this behavior.

The lack of anxiolytic phenotype in DATCre(�):Girk2fl/fl and
viral gain- and loss-of-function models suggests that GIRK-
dependent signaling in VTA DA neurons does not contribute to
baseline anxiety-related behavior. The anxiolytic phenotype ob-
served in both Girk1� / � and Girk2� / � mice, and the anxiolytic
efficacy of a direct-acting agonist of GIRK1-containing channels
(ML297), support the contention that neuron populations ex-
pressing GIRK1-containing channels impact baseline anxiety in
mice, not the GIRK1-lacking midbrain DA neurons (Cruz et al.,
2004; Pravetoni and Wickman, 2008; Wydeven et al., 2014).

Overall, the outcomes of our viral manipulations suggest that
GIRK-dependent signaling in VTA DA neurons exerts a minimal
influence on negative affective behavior at baseline. However, the
prior experience of subjects in our study is meaningfully distinct
from that of mice in studies in which VTA DA neuron excitability
was shown to correlate with altered negative affective behavior.
Indeed, mice subjected to social defeat stress that subsequently
displayed depressive-like behavior (“susceptible” mice) also dis-
played increased VTA DA neuron excitability (Cao et al., 2010;
Chaudhury et al., 2013; Friedman et al., 2014, 2016). In this con-
text, it is noteworthy that, while our viral manipulations did alter
the amplitude of GIRK-dependent somatodendritic currents in
VTA DA neurons, they exerted little or no impact on the excit-
ability of VTA DA neurons (Table 1).

Future directions
A rich body of recent work has demonstrated that separate dopa-
minergic projections emanating from the VTA participate in dis-
tinct behaviors (Lammel et al., 2014; Holly and Miczek, 2016;
Juarez and Han, 2016; Morales and Margolis, 2017). For example,
DA neurons in the lateral VTA, which project to the lateral NAc
shell, are responsive to rewarding stimuli (Lammel et al., 2011,
2012). In contrast, more medial VTA DA neurons projecting to
the PFC and the core and medial shell of the NAc have been
implicated in responding to aversive stimuli (Lammel et al., 2008,
2012; Vander Weele et al., 2018; de Jong et al., 2019). Interest-
ingly, although overexpression of GIRK2 enhanced GABABR-
GIRK signaling in VTA DA neurons, we did not observe a
significant increase in D2R-GIRK signaling with this manipula-
tion (Fig. 4H). Rather, there appeared to be two distinct popu-
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lations of VTA DA neurons in our study: one with unaltered
D2R-GIRK responses and one with enhanced responses. It is pos-
sible that D2Rs and GIRK channels are maximally coupled in the
former population (e.g., D2R level is the factor limiting D2R-
GIRK signaling strength), which renders overexpression of
GIRK2 functionally inert. In the latter population, the GIRK
channel level may limit the strength of D2R-GIRK signaling at
baseline. It is possible that this diversity of D2R-GIRK signaling
aligns with distinct, projection-defined subpopulations of VTA
DA neurons (Lammel et al., 2008). Further investigation will be
needed to determine whether GIRK-dependent signaling in dis-
crete VTA DA neuron projections mediates behavioral sensitivity
to cocaine, and whether selective strengthening of GIRK channel
activity in these projections might suppress other cocaine-related
behaviors, including acquisition of self-administration or
reinstatement.
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Labouèbe G, Lomazzi M, Cruz HG, Creton C, Luján R, Li M, Yanagawa Y,
Obata K, Watanabe M, Wickman K, Boyer SB, Slesinger PA, Lüscher C
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