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Abstract

Background—G protein-coupled inwardly rectifying potassium (GIRK) channels contribute to 

the effects of a number of drugs of abuse, including ethanol. However, the roles of individual 

subunits in the rewarding effects of ethanol are poorly understood.

Methods—We compare conditioned place preference (CPP) in GIRK3 subunit knock-out 

(GIRK3−/−), heterozygote (GIRK3+/−), and wild-type (WT) mice. In addition, the development of 

locomotor tolerance/sensitization and the effects of ethanol intoxication on associative learning 

(fear conditioning) are also assessed.

Results—Our data show significant ethanol CPP in GIRK3−/− and GIRK3+/− mice, but not in the 

WT littermates. In addition, we demonstrate that these effects are not due to differences in ethanol 

metabolism, the development of ethanol tolerance/sensitivity, or associative learning abilities. 

While there were no consistent genotype differences in the fear conditioning assay, our data do 

show a selective sensitization of the impairing effects of ethanol intoxication on contextual 

learning, but no effect on cued learning.

Conclusions—These findings suggest that GIRK3 plays a role in ethanol reward. Further, the 

selectivity of this effect suggests that GIRK channels could be an effective therapeutic target for 

the prevention and/or treatment of alcoholism.
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Introduction

The neural mechanisms that underlie the rewarding effects of ethanol are highly complex. 

Although there are clear effects of ethanol on regions thought to underlie drug reward and 

addiction development, such as the mesolimbic dopamine system (Nestler, 2005; Soderpalm 

and Ericson, 2013), the number of channels and signaling pathways through which ethanol 

could be exerting these effects makes it difficult to determine which targets contribute to 

ethanol reward (Weiss and Porrino, 2002; Luscher and Ungless, 2006).

One such target is the G-protein gated inwardly rectifying potassium (GIRK) channel family. 

These channels are activated by the Gβγ subunits released from Gi/o-associated G-protein 

coupled receptors (GPCRs) and conduct an outward potassium current that hyperpolarizes 

the cell (Dascal, 1997; Hibino et al., 2010). Ethanol alters the signals induced by a number 

of GPCRs associated with GIRK channel activation, one or more of which may contribute to 

ethanol’s rewarding properties (Federici et al., 2009; Ding et al., 2014). In addition, GIRK 

channels can be directly activated by ethanol in a Gβγ-independent manner at concentrations 

that are relevant to human consumption (Aryal et al., 2009; Bodhinathan and Slesinger, 

2013). Given that GIRK channels are expressed in a number of regions associated with 

reward processing (Saenz del Burgo et al., 2008), we and others (Luscher and Slesinger, 

2010) hypothesize that the modulation of GIRK signaling by ethanol could contribute to 

ethanol reward.

Four neuronal GIRK subunits (GIRK1 - GIRK4) are expressed throughout the brain in 

distinct but overlapping patterns (Koyrakh et al., 2005; Aguado et al., 2008). Of these, the 

GIRK2 subunit is the most intensively studied and has been implicated in several alcohol 

responses (Blednov et al., 2001; Hill et al., 2003); however, much less is known about the 

role of the other GIRK subunits. Previously, we identified the gene that codes for the GIRK3 

subunit (Kcnj9) as a quantitative trait gene for ethanol physiological dependence and 

associated withdrawal in mice (Kozell et al., 2009). Thus, GIRK3 might play a role in a 

variety of alcohol-related behaviors, including reward, which is significantly genetically 

correlated with withdrawal in mice (Cunningham, 2014).

Here we use conditioned place preference (CPP), a widely used measure of drug reward 

(Sanchis-Segura and Spanagel, 2006), to assess the role of GIRK3 in ethanol's rewarding 

and motivational properties in GIRK3 knock-out (GIRK3−/−), heterozygote (GIRK3+/−), and 

wild-type (WT) littermates. In addition, we assess the potential confounding effects of 

genotype on ethanol metabolism, the development of ethanol tolerance/sensitization, and on 

the ability of ethanol to alter associative learning processes, all of which could influence 

CPP expression.

Materials and Methods

Animals

GIRK3 GIRK3+/− mice were originally obtained from Dr. Kevin Wickman (Torrecilla et al., 

2002), and have been maintained in our colony for 17 generations using GIRK3+/− × 

GIRK3+/− breeding with backcrossing to C57BL/6J mice (The Jackson Laboratory, Bar 
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Harbor, ME) every third generation. Mice were weaned at 21 days of age and housed 2–4 

per cage by sex under standard housing conditions (12h:12h light:dark cycle) with access to 

food and water ad libitum. Adult male mice (56 – 100 days old) were used for these studies, 

and each behavioral assay was performed in a different squad of mice. All studies were 

approved by the Institutional Animal Care and Use Committee at Oregon Health & Science 

University or the Portland VA Research Center and were conducted in accordance with the 

guidelines provided by the National Institutes of Health (NIH Publications No. 8023).

Conditioned Place Preference

Chambers—The apparatus and procedure used for two-compartment CPP training are 

identical to those described in Hitchcock et al. (2014). Briefly, we used a rectangular 

apparatus (30 cm wide × 15 cm long × 15 cm high) consisting of clear acrylic walls and two 

interchangeable floor types: grid (2.3-mm stainless steel rods mounted 6.4 mm apart) and 

hole (perforated stainless steel with 6.4-mm round holes on 9.5-mm staggered centers). 

During training, the chamber was bisected with a clear acrylic barrier, which was removed 

during the preference test. Both the floor type (grid/hole) and side of the chamber (left/right) 

associated with ethanol were counterbalanced across groups. The CPP chambers were 

housed in melamine boxes (McCarthy Manufacturing, Gresham, OR). A camera and 

infrared light were mounted in the center of each box directly above the CPP apparatus.

Training and Testing—On day 1, mice were placed in the chambers and allowed to 

explore both sides freely for 5 min to test for any initial bias (pre-test). Mice were trained on 

days 2–9. Training consisted of an i.p. injection of either 2 g/kg ethanol (days 2, 4, 6, and 8) 

or an equivalent volume of saline (days 3, 5, 7, and 9), followed by a 15-min exposure to the 

appropriate side of the chamber (CS+ for ethanol, CS− for saline; CS: conditioned stimulus) 

(Lim et al., 2012). Mice were then tested for preference on day 10 by placing them in the 

chambers with access to both sides for 15 min.

Scoring—The position and locomotor activity of each animal was recorded and analyzed 

using Ethovision software (Noldus, Lessburg, VA). Preference was defined as the amount of 

time (sec/min) each animal spent on the CS+ associated floor during the test session.

Blood Ethanol Concentrations

Mice were assessed for blood ethanol concentrations (BECs) at 45 min, 75 min, 3 h, 4 h, and 

6 h post-ethanol (4 g/kg, i.p.) administration. Beginning at 45 min post-injection, the tail of 

the mouse was snipped and a blood sample (20 µl) was taken using a capillary tube. The 

samples were processed and ethanol levels were determined using gas chromatography, as 

described in (Finn et al., 2007).

Locomotor Activity

Testing for changes in locomotor responses was performed in rectangular conditioning 

chambers (24 cm wide × 29 cm long × 20 cm high; Med-Associates, St. Albans, VT). Each 

chamber was housed in an individual sound-attenuating box. On day 1, mice were injected 

(i.p.) with saline to determine baseline locomotion. On days 2–5, mice were injected with 2 

g/kg ethanol. After each injection, mice were immediately placed into the chambers for 15 

Tipps et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



min. Locomotor behavior was recorded with Ethovision software (Noduls), and the total 

distance traveled (cm) was used as a measure of locomotor activity.

Fear Conditioning

Apparatus—Training and contextual testing were conducted in 14.5 cm circular Plexiglas 

chambers mounted on a rod floor. Each chamber was housed in an individual sound-

attenuating box (Med-Associates). An 85 dB white noise CS was administered through a 

sound generator (Coulbourn Instruments, Whitehall, PA), and a 0.35 mA footshock 

(unconditioned stimulus: US) was administered through the rod floor via a shock scrambler/

generator (Coulbourn). The apparatus was cleaned with 1% acetic acid prior to conditioning 

and testing. The training and context testing sessions were controlled by an IBM-PC running 

Graphic State software (Coulbourn). Testing for cued fear conditioning was conducted in 

rectangular conditioning chambers with Plexiglas floors (Med-Associates). Each chamber 

was housed in an individual sound-attenuating box and located in a novel procedural room. 

In these chambers, the CS was generated with ANL-926 (Med-Associates) and administered 

through speakers mounted on the left wall of the chambers. The CS presentations were 

controlled by an IBM-PC running MED-PC IV (Med-Associates). The cue testing chambers 

were cleaned with 70% ethanol.

Drug Administration—All mice received a total of four injections (one per day for four 

days) and were trained immediately after receiving their fourth injection. The saline group 

received four saline injections, the first ethanol exposure group received three saline 

injections and an ethanol injection (2 g/kg) on training day, and the fourth ethanol exposure 

group received four ethanol injections (2 g/kg).

Training—Prior to training, animals were injected with either saline or 2 g/kg ethanol (see 

above) and immediately placed into the training chambers. Each training session began with 

the activation of a house light. After 2 min, a 30-sec CS was activated and co-terminated 

with a 2-sec footshock (US). All animals received two CS-US pairings in a 6.5-min session.

Testing—To evaluate contextual learning, mice were returned to the training chambers 24 h 

after training. The houselight was activated, and behavior was assessed for 12 min. To test 

cued learning, mice were placed in the novel cue testing apparatus 48 h after training. After 

a 3-min pre-CS interval, the animals were exposed to two 3-min CS presentations separated 

by a 3-min inter-CS interval and followed by a 3-min post-CS period, for a total test time of 

15 min.

Scoring—The context and CS tests were handscored by an experimenter who was blind to 

the genotype and treatment condition of each subject. Animals were scored at 10-s intervals 

for freezing, which was defined as the absence of all movement except respiration 

(Blanchard and Blanchard, 1969). The data are presented as the percentage of observations 

(six observations per minute) in which the animal was determined to be freezing. For 

contextual learning, we report the average total freezing for the full 12-min context test. 

Data for cued learning includes the average freezing during the non-CS periods (pre-CS, 

inter-CS, and post-CS) and during the two CS presentations.
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Data Analysis

For all experiments, the data are presented as the mean ± standard error (SEM). The data 

were analyzed using one- or two-way ANOVAs followed by Tukey’s Honestly-Significant-

Difference Test to compare individual groups. p<0.05 was considered significant.

Results

Conditioned Place Preference

There was no evidence of a baseline floor bias in any of the groups during the pre-test and 

no effect of genotype for time spent on either floor (Figure 1A; p>0.6 for all measures). 

Following CPP training (4 CS+ and 4 CS− trials), we found a significant effect of genotype 

(F2,46=4.3, p=0.019) for the time spent on the CS+ side of the chamber (Figure 1B). Both 

the GIRK3+/− (p=0.026) and GIRK3−/− (p=0.043) groups spent significantly more time on 

the ethanol-paired floor than the WT mice, indicating enhanced preference in these groups. 

To assess preference within each genotype, a simple planned comparison of time on the grid 

floor (grid paired with ethanol vs. grid paired with saline) for each group was conducted 

(Raybuck et al., 2013). While both the GIRK3−/− (p<0.01) and GIRK3+/− (p<0.001) groups 

showed robust preference, we did not detect preference in the WT mice (p=0.18). This is 

unsurprising, as ethanol preference in C57BL/6 mice typically does not appear after only 

four pairings (Nocjar et al., 1999; Gabriel and Cunningham 2008). There were no 

differences in total distance moved during the preference test (p>0.2 for all comparisons), 

suggesting that these results are not due to differences in general locomotor behavior during 

testing.

These data suggest that reduced GIRK3 expression results in enhanced ethanol preference, 

but a number of other factors could also drive this effect. Consistent with results from 

GIRK2−/− mice (Blednov et al., 2001) and recent work from another group assessing BEC 

after a 2 g/kg injection in GIRK3−/− mice (Herman et al., 2015), we found that the loss of 

GIRK3 did not alter initial BEC values (p=0.81) or clearance rates (p>0.1 for all timepoints) 

following an injection of 4 g/kg ethanol (Figure 2). In addition, other groups have shown 

that GIRK3−/− and WT mice do not differ in general appetitive learning, such as operant 

responding for food rewards (Morgan et al., 2003; Pavetoni and Wickman, 2008). However, 

potential differences in the development of tolerance or sensitization to ethanol's effects and 

differences in associative learning have not been investigated. Thus, we designed the 

following experiments to investigate the effect of GIRK3 expression on these potential 

confounding effects.

Locomotor Effects of Ethanol

Repeated exposures to ethanol can result in the development of sensitization or tolerance to 

individual ethanol effects (Linsenbardt et al., 2009, Matson et al., 2014), and differences in 

tolerance/sensitivity, especially to the locomotor effects of ethanol, could bias the measure 

of ethanol CPP. While our CPP test data did not reveal differences in locomotor behavior 

(see above), this test was given under non-ethanol conditions, and is thus not informative of 

ethanol-induced locomotor activity or potential changes in this behavior across the four 

ethanol exposures used during training. To determine if the GIRK3 genotypes differed in the 
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development of tolerance or sensitization to ethanol’s locomotor effects, we measured 

locomotor behavior in an open field following the administration of saline and four 

subsequent injections of 2 g/kg ethanol.

There was a significant effect of genotype (F2,100=9.0, p<0.001) on the distance traveled 

(Figure 3), but this effect was only apparent for the initial saline day (F2,20=7.4, p=0.004), in 

which WT mice moved significantly more than GIRK3+/− or GIRK3−/− mice (p<0.02 for all 

comparisons). There were no differences across the different treatment days for any group 

(repeated measures post-hoc: p>0.4 for all comparisons) and no genotype differences on any 

of the ethanol days (p>0.1 for all comparisons).

Associative Learning

In addition to reward sensitivity, CPP relies on the ability of the animal to form an 

association between the subjective effects of the drug and the specific location in which the 

drug is given (Hitchcock et al., 2014). Theories of addiction development emphasize the 

importance of learned cue associations that are predictive of drug availability (Robbins and 

Everitt, 2002; Everitt and Robbins, 2005), and the modulation of learning processes are 

thought to underlie the development of addictive behavior (Hyman et al., 2006). Thus, 

differences in CPP could be due to potential genotype effects on either baseline associative 

learning or the sensitivity of these learning processes to modulation by ethanol. To test this, 

we compared the GIRK3 genotypes in another form of Pavlovian learning, delay fear 

conditioning, following the administration of saline, a single ethanol injection, or their 

fourth ethanol injection.

In the context test (Figure 4A), we found a significant effect of treatment (F2,78=33.8, 

p<0.001), but no effect of genotype. For WT and GIRK3−/− mice, there was a significant 

difference between freezing in saline-treated mice and both ethanol groups (p<0.001 for all 

comparisons) and for freezing between the single and fourth ethanol exposure groups 

(p<0.001). Although we did not detect an effect of genotype on these responses, we did 

observe an interesting effect of the number of ethanol exposures on contextual learning. In 

the WT and GIRK3−/− mice, the single ethanol exposure group froze significantly less than 

the saline-treated group, and the fourth exposure group froze significantly less than the first 

exposure group. A similar trend was also observed for the GIRK3+/− mice. These data 

suggest that the impairing effects of ethanol on contextual learning actually sensitize across 

repeated pairings.

For the CS test, there were no significant effects of genotype or treatment on freezing prior 

to the first CS presentation (SAL: GIRK3+/+ 3.7±2.2, GIRK3+/− 5.6±2.5, GIRK3−/− 8.6±2.8; 

1 ETOH: GIRK3+/+ 4.3±2.4, GIRK3+/− 8.6±3.0, GIRK3−/− 5.6±1.7; 4 ETOH: 

GIRK3+/+ 3.3±1.8, GIRK3+/− 5.6±2.5, GIRK3−/− 4.3±2.1) or for any of the other non-CS 

periods (data not shown; p>0.1 for all comparisons). We did find a significant effect of 

genotype (F2,78=4.5, p=0.014) and treatment (F2,78=8.3, p=0.001) for freezing during the CS 

presentations (Figure 4B); however, analysis of the individual groups revealed that these 

effects were both driven exclusively by the GIRK3+/− mice. GIRK3+/− mice froze more than 

WT mice for the saline-treated groups (p=0.008), but there were no differences between the 

GIRK3+/− and GIRK3−/− or the GIRK3−/− and WT groups (p>0.2 for all comparisons). 
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Similarly, the treatment effects were only apparent in the GIRK3+/− group, which showed a 

significant difference between the fourth ethanol exposure group and the saline group 

(p=0.005) and initial ethanol exposure (p=0.006) groups; however, these differences are due 

primarily to high baseline responding and do not reflect differences across the genotypes in 

the ethanol treated groups. The WT and GIRK3−/− groups did not show a treatment effect, 

and there were no differences across genotypes for either of the ethanol-treated groups 

(p>0.1 for all comparisons). Thus, we found no consistent strain or treatment effects on 

freezing to the CS, suggesting that the effect of repeated ethanol exposure on associative 

processes is not responsible for differences in ethanol CPP expression.

Discussion

Our data show that GIRK3−/− and GIRK3+/− mice have enhanced ethanol CPP compared to 

WT littermates. Further, we show that this effect is not due to general differences in BECs, 

the development of ethanol tolerance/sensitization, or the ability of ethanol to alter learning 

and memory. Our findings contribute to a growing body of literature implicating GIRK3-

containing channels as having an important role in alcohol/drug abuse and dependence/

withdrawal (Cruz et al., 2008; Kozell et al., 2009). Additionally, our data demonstrate a 

novel, selective sensitization of contextual learning to ethanol exposure that raises an 

interesting point about the relationship between CPP and associative processes. While the 

traditional conception of CPP involves the association of the context with a drug state, our 

data demonstrate that contextual association processes are significantly impaired by ethanol 

intoxication at this dose and that this impairment may show sensitization across multiple 

ethanol exposures. Although there are potential differences in associative processes 

involving reward and those involving fear, our data would suggest that it is unlikely that 

ethanol CPP development relies primarily on contextual processing. Instead, our findings 

support the hypothesis that mice may use more discrete cue associations, which are not as 

robustly impaired by repeated ethanol exposure (Cunningham and Noble, 1992; 

Cunningham et al., 2006). Given that the effects of ethanol on associative learning were 

apparent in all three genotypes, it is unlikely that ethanol modulation of associative 

processes is driving the observed differences in ethanol CPP; however, the robust, sensitizing 

effect of ethanol on contextual learning compared to cued learning in the fear conditioning 

task highlights the ability of ethanol to differentially modulate specific processes and brain 

regions involved in this task. Specifically, our data are in agreement with previous work 

suggesting that associative processes involving the hippocampus are more sensitive to 

disruption by ethanol than non-hippocampal tasks (White et al., 2000; Weitemeir and 

Rayabinin, 2003; Gulick and Gould, 2007).

Potential Mechanisms

The enhanced ethanol preference observed in our study leads to the question of how a 

reduction in GIRK3 expression might result in increased ethanol reward. While GIRK3 is 

expressed in a number of brain regions, GIRK3−/− mice show little or no change in baseline 

electrophysiological properties, including baclofen-induced currents and post-synaptic 

potentials, compared to WT mice (Labouebe et al., 2007; Arora et al., 2010; Hearing et al., 

2013), suggesting that our results are not due to significant alterations in GIRK-mediated 

Tipps et al. Page 7

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



currents or neuronal excitability. However, recent work has shown that the ability of high 

concentrations of ethanol to increase the firing rate of dopamine neurons in the ventral 

tegmental area (VTA), and the subsequent increase in dopamine release to the nucleus 

accumbens, is reduced in GIRK3−/− mice (Herman et al., 2015), suggesting that this subunit 

may play a more modulatory role in GIRK channel function. In agreement with this, the 

existing literature on GIRK3 points to two alternative mechanisms that could contribute to 

these effects: differences in ethanol's modulation of GIRK signaling and/or differences in 

GIRK trafficking.

It is currently unclear whether GIRK3-containing channels show altered sensitivity to 

ethanol compared to other GIRK channel subtypes; however, it has been shown that 

GIRK2/3 channels have reduced sensitivity to Gβγ activation (Jelacic et al., 2000). If 

GIRK2/3 channels are likewise less sensitive to activation by ethanol, then reducing GIRK3 

expression could result in a general increase in ethanol’s ability to modulate GIRK 

signaling. Thus, GIRK signaling in GIRK3−/− mice may be more sensitive to ethanol 

modulation, potentially enhancing ethanol reward processing. Alternatively, reduced GIRK3 

expression could alter channel trafficking and thus the adaptation of these cells to repeated 

ethanol exposure. GIRK3 subunits associate with sorting nexin 27 (SNX27), which regulates 

GIRK channel expression levels by targeting GIRK3-containing channels to early 

endosomes, thereby reducing surface expression and resulting in smaller GIRK currents 

(Lunn et al., 2007; Balana et al., 2013). SNX27 itself has also been implicated in the 

rewarding effects of drugs of abuse (Munoz and Slesinger, 2014), suggesting that the 

regulation of GIRK signaling via this mechanism is an important adaptation to drug 

exposure. While the effects of ethanol on channel trafficking via SNX27 are unknown, it is 

possible that this mechanism could play a role in adapting to repeated ethanol exposure and 

might contribute to the altered dopamine signaling observed following repeated in vivo 
ethanol exposure (Perra et al., 2011). Future investigations into these possibilities may help 

address the question of how the loss of GIRK3 can alter ethanol responses without 

dramatically affecting GIRK-mediated currents or neuronal excitability.

While our data in combination with the existing literature discussed here suggests a number 

of molecular mechanisms through which GIRK3 could alter ethanol reward processing, 

more work is needed to determine how the loss of GIRK3 alters the interaction between 

ethanol and the GIRK system. Future work using Kcnj9/GIRK3 RNA interference and/or 

other targeted approaches will be important to rule out the possibility of compensation 

events that might contribute to the current results, and directly assess the role of GIRK3 in 

ethanol reward, as well as the potential brain regions and mechanisms involved. 

Interestingly, the same group that reported a decrease in ethanol stimulation of VTA 

dopamine neurons in GIRK3−/− mice also found that the loss of GIRK3 increased ethanol 

consumption, but only under binge-like conditions (Herman et al., 2015). They hypothesize 

that the loss of GIRK3 may selectively reduce sensitivity to the reinforcing effects of 

ethanol; however, our CPP results would suggest that GIRK3−/− mice are actually more 

sensitive to ethanol reward, which could also result in increased consumption. A major 

limitation of both the work reported here and that by Herman and colleagues with regard to 

assessing reward sensitivity is that only a single, commonly rewarding dose of ethanol was 

assessed in each paradigm. To determine if altered GIRK3 expression increases or decreases 
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behavioral sensitivity to ethanol reward, the assessment of responses to a range of ethanol 

doses will be required.

Differential Effects of GIRK2−/− and GIRK3−/−

A number of previous studies have looked at the effects of the GIRK2 subunit on ethanol-

related behaviors. GIRK2 subunits are typically considered to be the dominant GIRK 

subunit and are capable of forming homomeric channels and heteromeric channels with 

either GIRK1 or GIRK3 (Hibino et al., 2010). Interestingly, GIRK2−/− mice consume more 

ethanol that WT mice, but fail to develop ethanol CPP (Blednov et al., 2001; Hill et al., 

2003), suggesting that ethanol reward sensitivity may actually be reduced in these mice. In 

addition, while the GIRK currents from several neuron populations, including those 

associated with reward signaling, are largely unaltered in GIRK3−/− mice, the loss of GIRK2 

significantly decreases GIRK currents in these cell types (Cruz et al., 2004; Koyrakh et al., 

2005; Arora et al., 2010, Hearing et al., 2013). Thus, while both previous work with GIRK2 

and the current results with GIRK3 support the hypothesis that GIRK signaling plays an 

important role in ethanol's behavioral effects, they suggest that channels composed of 

various subunits may have different roles (Table 1).

Conclusions

Our data demonstrate that GIRK3+/− and GIRK3−/− mice show enhanced ethanol CPP that is 

independent of locomotor sensitization/tolerance and associative learning effects. These 

findings support the hypothesis that GIRK channels play an important role in the rewarding 

effects of ethanol. In addition, our results, along with previous findings, strongly suggest that 

GIRK-based therapeutics, particularly those targeted to specific GIRK subunits, could be 

effective treatments for alcohol addiction and relapse (Sugaya et al., 2012; Bodhinathan and 

Slesinger, 2014; Herman et al., 2015).
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Figure 1. Ethanol Conditioned Place Preference
Average time (sec/min) spent by GIRK3 WT, GIRK3+/−, and GIRK3−/− mice on the CS+ 

and CS− sides of the chamber (A) during the pre-test and (B) following training. (A) There 

was no evidence of a floor bias or genotype differences during the pre-test. (B) On test day, 

GIRK3+/− and GIRK3−/− mice spent significantly more time on the CS+ side compared to 

WT littermates. WT n= 15, GIRK3+/− n= 14, GIRK3−/− n= 21; * p<0.05 vs. WT.
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Figure 2. Blood Ethanol Concentrations
Blood ethanol concentrations (BEC) in WT, GIRK3+/− and GIRK3−/− mice following a 4 

g/kg dose of ethanol. No genotype differences were detected (p>0.1 for all time points). WT 

n= 10, GIRK3+/− n= 14, GIRK3−/− n= 7.
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Figure 3. Locomotor Behavior
Average distance traveled (cm) during a 15-min locomotor assay. Animals were injected 

(i.p.) with saline (SAL) on day 1, followed by four consecutive days of ethanol (ETOH 1 – 

ETOH 4) injections (2 g/kg). GIRK3+/− and GIRK3−/− mice showed less locomotor 

behavior than WT mice on the saline day; however, there were no genotype differences on 

any of the ethanol exposure days and no differences across ethanol days for any genotype. 

n=8 per genotype; ^ p<0.05 vs. WT.

Tipps et al. Page 15

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Delay Fear Conditioning
Percent freezing to the (A) context and (B) CS for mice trained with delay fear conditioning 

immediately after injection with saline (SAL), their first ethanol exposure (1 ETOH), or their 

fourth ethanol exposure (4 ETOH). (A) Ethanol (2 g/kg) exposure during training impaired 

contextual learning in all genotypes. This effect was more robust in mice trained after their 

fourth exposure than mice trained after their first exposure. (B) During the CS test, saline-

treated GIRK3+/− mice froze more than WT mice in response to the CS, but no other 

genotype effects were observed. Similarly, the fourth exposure group of GIRK3+/− mice 

froze less than the saline-treated and first exposure groups, but no other treatment effects 

were observed. SAL: WT n=9, GIRK3+/− n=10, GIRK3−/− n=10; 1 ETOH: WT n=9, 

GIRK3+/− n=9, GIRK3−/− n=10; 4 ETOH: WT n=10, GIRK3+/− n=11, GIRK3−/− n=9; ^ 

p<0.05 vs. WT; * p<0.05 vs. SAL; **p<0.05 vs 1 ETOH.
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Table 1

Comparison of GIRK2−/− and GIRK3−/−

Comparison of reported differences in GIRK-mediated signaling and ethanol-related behaviors for mice 

lacking GIRK2 or GIRK3.

GIRK2−/− GIRK3−/− References

GIRK-mediated currents < WT = WT Aurora et al., 2010; Hearing et al., 2013

Ethanol CPP < WT > WT Blednov et al., 2001; Figure 1

BEC = WT = WT Blednov et al., 2001; Figure 2

Ethanol withdrawal induced convulsions <WT <WT Blednov et al., 2001; Kozell et al., 2009
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