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Abstract

Recent reports support higher than expected rates of binge alcohol consumption among women 

and girls. Unfortunately, few studies have assessed the mechanisms underlying this pattern of 

intake in females. Studies in males suggest that alcohol concentrations relevant to the beginning 

stages of binge intoxication may selectively target tonic GABAergic inhibition mediated by 

GABAA receptor subtypes expressing the δ-subunit protein (δ-GABAAR). Indeed, administration 

of agonists that interact with these δ-GABAAR prior to alcohol access can abolish binge drinking 

behavior in male mice. These δ-GABAAR have also been shown to exhibit estrous-dependent 

plasticity in regions relevant to drug taking behavior, like the hippocampus and periaqueductal 

grey. The present experiments were designed to determine whether the estrous cycle would alter 

binge drinking, or our ability to modulate this pattern of alcohol use with THIP, an agonist with 

high selectivity and efficacy at δ-GABAAR. Using the Drinking-in-the-Dark (DID) binge-drinking 

model, regularly cycling female mice were given 2 hours of daily access to alcohol (20%v/v). 

Vaginal cytology or vaginal impedance was assessed after drinking sessions to track estrous status. 

There was no fluctuation in binge drinking associated with the estrous cycle. Both Intra-posterior-

VTA administration of THIP and systemic administration of the drug was also associated with an 

estrous cycle dependent reduction in drinking behavior. Pre-treatment with finasteride to inhibit 

synthesis of 5α-reduced neurosteroids did not disrupt THIP’s effects. Analysis of δ-subunit 

mRNA from posterior-VTA enriched tissue samples revealed that expression of this GABAA 
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receptor subunit is elevated during diestrus in this region. Taken together, these studies 

demonstrate that δGABAARs in the VTA are an important target for binge drinking in females and 

confirm that the estrous cycle is an important moderator of the pharmacology of this GABAA 

receptor subtype.
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INTRODUCTION

Binge drinking behavior among women and girls has increased dramatically in recent years 

(Keyes, Grant, Hasin 2008). In the United States, a recent report from the Center for Disease 

Control and Prevention highlights this “under-recognized problem,” finding that almost 14 

million women aged 18 through 34 binge drink an average of 3 times per month (CDC, 

2013). This trend is also seen elsewhere; for example, in the United Kingdom binge-

drinking rates among young women have doubled in the past decade (Smith and Foxcroft, 

2009). The prevalence of this risky pattern of alcohol intake among women may be of 

concern given clinical reports suggesting that women display a telescoped development of 

addiction upon initial drug use (Randall et al., 1999; Hernandez-Avila, 2004; Johnson et al., 

2005). Even when sex differences in the rate of the development of problems from alcohol 

use are challenged (Keyes et al., 2010; Lewis and Nixon, 2014), clinical findings continue to 

support differences in the maladaptations that occur from alcohol use (Squeglia et al., 2011; 

Smith et al., 2015) and in the mechanisms that may drive problematic use (Perry et al., 2013; 

Foster et al., 2015), alcohol seeking (Cyders et al., 2016) and binge alcohol intake (Skinner, 

Kristman-Valente and Herrenkohl, 2015). Unfortunately, few preclinical studies have 

specifically explored the neurochemical mediators of binge alcohol intake in females.

A growing number of reports support inhibition mediated by extrasynaptic GABAA 

receptors as a target for the effects of binge alcohol intoxication and consumption (Nie et al., 

2011; Ramaker et al., 2011, 2012, 2014a, 2014b; Fritz and Boehm, 2014). Unlike the classic 

synaptic subtype of GABAA receptors that mediate phasic inhibition following vesicular 

release of GABA, extrasynaptic GABAA receptors mediate a constant tonic inhibition, 

responding to the low to moderate concentrations of ambient GABA found in the 

extrasynaptic space (Wei et al., 2003). Many of these extrasynaptic GABAA receptors 

express the δ subunit protein (δ-GABAAR; Mody and Pearce, 2004). Inclusion of this 

subunit appears to alter lateral diffusion of the receptor across the membrane and its ability 

to cluster at the synapse (Jacob, Moss and Jurd, 2008). The tonic inhibition mediated by 

these δ-GABAAR subtypes has been shown to be enhanced by the 17–30mM alcohol 

concentration range achieved during a binge drinking session (Glykys et al., 2007; Olsen et 

al., 2007). Indeed, genetic inactivation of δ-GABAAR in the nucleus accumbens reduces 

alcohol-drinking behavior in male mice (Nie et al., 2011). Further, pharmacological 

manipulation using 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-3-ol (THIP/gaboxadol), an 
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agonist with high efficacy and selectivity for δGABAARs (Boehm et al., 2006; Bhattarai, 

2011; Meera, 2011; Mortensen 2010), reduces binge alcohol consumption in mice (Moore et 

al., 2007; Fritz and Boehm, 2014; Quoilin and Boehm, 2016). However, no study has 

explored the effect that estrous cycle may have on the role that δ-GABAARs play in 

mediating binge drinking in females.

Findings thus far suggest important interactions between extrasynaptic GABAA receptors 

and gonadal hormones. Many neurosteroids-in particular the progesterone derived 

allopregnanolone and THDOC as well as the androgen derived androstanediol-work as 

positive allosteric modulators, increasing efficacy of GABA at GABAA receptors, especially 

at δ containing GABAA receptors, where GABA acts as a weak agonist. Thus, the δ subunit 

may be said to confer sensitivity to the neurosteroid-induced enhancement of GABAergic 

inhibition (Belelli 2002; Brown 2002; Mihalek 1999; Spigelman 2003; Wohlfarth 2002). 

Previous reports demonstrate that allopregnanolone may be altered following voluntary 

consumption of alcohol (Finn et al., 2004b). As GABA has low efficacy at δ containing 

GABAA receptors, low doses of allopregnanolone act as positive allosteric modulators by 

increasing the efficacy of GABA for opening δ containing channels (Bianci and MacDonald, 

2003). High doses of allopregnanolone have also been shown to work as direct agonists at 

GABAA receptors (Hosie et al., 2006). This relationship between neurosteroid level and 

alcohol intake may be bidirectional. In particular, pretreatment of mice with finasteride, a 

compound that blocks activity of 5α reductase and synthesis of 5α-reduced neurosteroids 

like allopregnanolone, dampens alcohol drinking behaviors (Ford, Nickel and Finn, 2005; ). 

Although this effect might be sex specific (see Ford et al., 2008; Finn et al., 2010), it is 

possible that neurosteroid availability and potential changes to the expression and function 

of δ-GABAA receptors that parallel changes in neurosteroid levels are relevant to binge 

drinking behavior in females. Indeed, recent findings suggest that neurosteroids acting at δ-

GABAARs can drive synaptic plasticity of dopaminergic neurons at the start of the reward 

circuit, at the level of the ventral tegmental area (Vashchinkina et al., 2014). Availability of 

neuroactive steroids oscillates across the estrous cycle much the same as their hormone 

precursors. For example, allopregnanolone shows a dip in availability during diestrus 

(Koonce, Walf and Frye, 2012). This reduction in the levels of neuroactive steroids that can 

act as positive allosteric modulators of δ containing GABAA receptors-like 

allopregnanolone-would be associated with an apparent drop in the efficacy of drugs that 

target this receptor during diestrus. For example, we could expect that a particular dose of 

THIP-a compound that works as a super-agonst at δ-GABAA receptors-would be more 

effective at producing GABAergic inhibition at δ-GABAA receptors at times when 

neuroactive steroids that act as positive allosteric modulators of δ-GABAA receptors are at 

their highest circulating levels, like proestrus and estrus when compared to its effects at 

diestrus. However, diestrus is also a time when the expression of δ-GABAA receptors peaks 

in various regions. Thus, it is possible that the contrasting shifts in availability of neuroactive 

steroids and expression of δ-GABAA receptors would result in maintenance of sensitivity to 

compounds acting on this receptor subtype.

Given the important role that GABAergic signaling in the VTA plays in alcohol intake 

generally (Nowak et al., 1998) and in binge consumption specifically (Moore and Boehm, 

2009, Melón and Boehm, 2011), estrous-dependent changes in neurosteroid availability also 
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suggests interactions between estrous cycle, neurosteroidogenesis and the mechanisms that 

underlie binge alcohol consumption.

In addition to oscillations in the synthesis and availability of neurosteroids, expression of δ-

GABAARs fluctuates across the ovarian cycle. Changes in the expression of δ subunit 

protein occur across the estrous cycle in the hippocampus (Magiure et al., 2005) and 

periaqueductal gray (Griffiths and Lovick, 2005; Lovick et al., 2005). Transcription of 

Gabrd mRNA in the hippocampus also alternates across the ovarian-cycle in a subregion 

selective manner (Wu et al., 2013). Of course, changes in these extrasynaptic δ-GABAARs 

may be driven by the neurosteroid fluctuations described earlier (Maguire et al., 2005; Wu et 

al., 2013). Still, compounds that target this GABAA subtype in order to modulate alcohol-

related behaviors may suffer from ovarian-related changes in their efficacy. Furthermore, 

behaviors that may be driven by activity of δ-GABAARs may be altered across the estrous 

cycle (Barth, Ferando and Mody 2014; Cushman et al, 2014; Sabaliauskas et al., 2015).

The goal of this series of experiments was to determine whether the estrous cycle affects our 

ability to modulate binge drinking by targeting the extrasynaptic GABAA receptor system. 

Additionally, we wanted to clarify whether the ovarian cycle would change characteristics of 

this specific pattern of alcohol consumption in female mice and whether changes in the 

expression of extrasynaptic GABAA receptors was associated with any of the estrous-

dependent effects found. Finally, to clarify whether changes in availability of the 5alpha 

reduced pregnane-derived neurosteroids also played a role in any changes in sensitivity to 

THIP across the cycle, we preteated a cohort of animals with finasteride. We hypothesized 

that the murine estrous cycle would be an important regulator of both baseline binge 

drinking behavior and the ability to pharmacologically disrupt this pattern of intake in a 

high-bingeing inbred strain, due to estrous-associated changes in the expression of δ-

containing GABAA receptors.

METHODS AND MATERIALS

Animals

Female C57BL/6J inbred mice were purchased from Jackson Laboratory (Bar Harbor, ME) 

and maintained at the Indiana University-Purdue University-Indianapolis (IUPUI) School of 

Science Animal Resource Center. Mice were 70–80 days old at the start of each experiment. 

Animals were individually housed in standard shoebox cages and habituated to a 12-hour 

reverse light/dark schedule for at least 7 days prior to initiation of experiments. The 

temperature of the colony room was maintained around 21°C. In order to preserve regular 

estrous cycling in the females, non-manipulated, socially-housed males were also housed in 

the colony room. Food was available ad libitum in the home cage. Water was available ad 
libitum in the home cage except when ethanol was made available as per the Drinking-in-

the-Dark (DID) protocol (see below). The IUPUI School of Science Institutional Animal 

Care and Use Committee approved all procedures prior to initiation of experiments.
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Drugs and Drinking Solutions

Ethanol (190 proof) was obtained from Pharmco, Inc (Brookfield, CT). Ethanol solutions 

(20% v/v) were made with tap water. THIP, Finasteride and β-cyclodextrin were obtained 

from Sigma Aldrich (St. Louis, MO). THIP was made fresh daily in physiological saline 

(0.9% NaCl) and administered at 0.1ml/10 grams of body weight (Experiment 2 and 3) or at 

25–50ng/200nL per microinfusion site (Experiment 1). Finasteride was made fresh daily in 

20% β-cyclodextrin and distilled water and administered at 0.1 ml/10 grams of body weight. 

Control animals, administered the appropriate vehicle, were included on each test day.

Estrous Status

Cells from vaginal lavages were sampled daily (between zeitgeber time 15 and 18; ZT 15 

and 18), beginning 6–10 days before mice had access to alcohol and continuing throughout 

the drinking period. Mice were removed from their cages and lightly immobilized against 

their cage tops. Sterile saline (~ 10 μL) was introduced into the vaginal opening and gently 

flushed back and forth, using a plastic transfer pipette (Globe Scientific, Paramus, NJ). The 

fluid was collected, placed onto a clean glass slide (VWR, West Chester, PA) and cover-

slipped. Pictures of each slide were taken at 10× and 40× objectives so that two independent 

investigators could verify estrous status based on established criteria for vaginal cytology 

(Caligioni 2009). Only animals that demonstrated at least two consecutive regular cycles 

(moving through all 4 phases of estrous and with no extended diestrus: >4days diestrus 

smears) day before drug manipulation day were included in the statistical analyses. For 

experiment 3, prior to vaginal lavages, vaginal impedance was also recorded using a digital 

Estrous Monitor (EC40, Fine Science Tools) as a secondary method of categorizing estrous 

phase. The individually calculated average cycle length for mice in our studies ranged from 

4.5–6 days.

Drinking-in-the-Dark

Three hours following lights out, water bottles were removed from each animal/cage and 

replaced with modified sipper tubes for alcohol drinking. These drinking tubes were made 

from 10mL serological pipettes fitted with double ball bearing sippers (Ancare, Belmore, 

NY). Animals were given access to unsweetened ethanol (20%, v/v) with these drinking 

tubes for 2 hours each day. There was no access to regular water bottles during this limited 

ethanol access period. Fluid intake was recorded as the change in fluid level along the 

drinking tube graduations.

Homecage locomotor monitoring system

On the drug test day, cages were placed on a rack containing photocell-based activity 

monitors (Opto M3, Columbus Instruments Inc, Columbus, OH) as previously described 

(Linsenbardt and Boehm, 2012). Briefly, this system was designed to accommodate the 

standard sized shoebox mouse cage (18.4 cm wide × 29.2 cm long × 12.7 cm tall). The 

device interfaced with a laptop (Dell, Round Rock, TX) running manufacturer provided 

software (version 1.4.0) that translated photocell beam breaks into ambulatory activity 

counts in 5-minute epochs. Photocell emitters were 2.54 cm apart (12 along long walls and 8 

along short walls).
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Experiment 1: Does estrous status modulate the effect of intra-ventral 
tegmental area THIP on binge drinking and locomotor activity?—Eighty-six 

mice received bilateral stereotaxic implants of stainless steel 25-gauge guide cannulae, as 

previously described (Moore and Boehm, 2009; Linsenbardt and Boehm, 2009; Melón and 

Boehm, 2011; Fritz and Boehm, 2014, Kasten and Boehm, 2015). Coordinates for the 

anterior-VTA targeted implants (AP, −3.16mm; ML + 0.5mm; DV, −2.0mm) and the 

posterior-VTA targeted implants (AP, −3.64 mm; ML + 0.5mm; DV, −2.0mm) were adjusted 

for each mouse based on ratio between the published bregma-lambda distance and the 

distance measured for the individual mouse (Franklin and Paxinos, 1997). Mice had at least 

1 week of recovery before initiation of alcohol access using the DID protocol described 

above. For the six days of alcohol consumption preceding drug microinfusion, mice were 

gently restrained for 30–60 seconds prior to their alcohol access. This served to habituate the 

animals to the handling required for drug delivery. On the 2 days prior to the drug 

microinfusion, this habituation handling included introduction of mock microinjectors 

extending 0.5mm beyond the tip of the guide cannulae. THIP or vehicle (200nL saline/side) 

was infused at a rate of 382nl/min and administered as 50ng/200nL/side or 25ng/200nL/side.

Immediately following drug challenge and subsequent assessment of drinking on day 7, 

estrous status was determined (estrus or non-estrus), and brains were harvested for 

histological verification of correct microinjection placements.

Experiment 2: Does estrous status influence mRNA expression of GABAA 

subunits in the VTA?—Quanitative real-time reverse transcriptase PCR (qPCR) was 

performed to compare mRNA levels of three GABAA receptor subunits, as previously 

described (Linsenbardt and Boehm, 2010), across the estrous cycle. The δ and α4 subunits 

are exclusively expressed by extrasynaptic GABAA receptors, whereas ɣ2 is often found in 

synaptic GABAA receptors. Immediately following vaginal smears, naive C57BL/6J mice 

were euthanized via cervical dislocation and brains were rapidly removed, snap frozen 

within 1 minute and stored at −80°C until harvesting of VTA and hippocampal (HPC) tissue 

by laser microdissection. HPC was included as a positive control, given previously published 

findings on estrous changes in δ transcription in this region (Maguire et al., 2005; Wu et al., 

2013). For laser microdissection, tissue was first cryosectioned (14 μm) and transferred to 

polyethaline naphthalate (PEN) slides (Leica Microsystems, Wetzler, Germany), before 

microscope assisted dissection (Leica LMD6500 Microdissection System; Buffalo Grove, 

IL). RNA was isolated using Qiagen RNeasy mini kit (Qiagen, Valencia, CA) with 

additional DNase I treatment and stored at −80°C until further processing. RNA integrity 

and quality was determined using the Experion RNA highsens chip in conjunction with the 

Experion automated electrophoresis system and included software (Biorad, Hercules, CA). 

cDNA was generated with 20ng starting material for VTA and 30ng starting material for 

HPC using the Biorad iScript kit (Biorad, Hercules, CA). The Biorad CFX96 detector and 

C1000 thermal cycler were used to perform qPCR using a SYBR-Green RT-PCR mastermix. 

Results were analyzed using the comparative CT method with GAPDH used as the 

housekeeping gene. Analysis (t-test) of 2−C
T values of GAPDH across estrous from HPC 

and VTA enriched samples confirmed its appropriate use as an internal control. Transcript 

levels are expressed as a percent change from estrus values.
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Experiment 3. Does systemic THIP have estrous-dependent effects on binge 
drinking and locomotor activity in estrus vs nonestrus females?—We wanted to 

determine whether systemic THIP would have an estrous cycle-dependent effect on alcohol 

consumption and determine whether any reduction in intake noted after this GABAA agonist 

was due to reductions in locomotor behavior. Thus, a cohort of animals (n=32) received 

limited access to ethanol for 6 days, with THIP (8 mg/kg) or vehicle administered 

immediately prior to ethanol intake on the seventh day. Unlike experiment 2, these mice 

received ethanol access using a volumetric drinking monitor (Columbus Instruments Inc., 

Columbus, OH) so that other features of drinking (i.e. time to first drink) could be monitored 

across estrous. Time to first drink was recorded as the first contact with the sipper tube that 

resulted in the release of the drop of fluid that closes the circuit. Further details of this 

volumetric drinking system have been previously described (Linsenbardt and Boehm, 2014). 

Additionally, cages were located in a home cage activity monitoring system to monitor the 

locomotor response to THIP.

To replicate the above in a cohort of mice that had long term stable intake of alcohol, 

females (n=48) were given access to 20% alcohol in modified sipper tubes using the 

methods described earlier. After 3 weeks of drinking, mice were administered THIP (0, 4 or 

8mg/kg) immediately prior to ethanol intake on the final day of access. Vaginal impedance 

was measured at the end of drinking session and vaginal lavages were then administered to 

assess vaginal cytology.

Experiment 4: Does diestrus phase alter drinking or effects of systemic THIP 
on drinking?

4a Experiment 4a: Does diestrus phase affect alcohol drinking behavior?: For this 

experiment, 60 mice received daily access to ethanol as per DID drinking procedures (see 

above). At the end of each 2-hour access period, mice were removed from their cages and 

vaginal lavages were administered to determine estrous status.

Experiment 4b: Does diestrus phase alter the effect of THIP on alcohol drinking 
behavior?: This experiment used the same 60 mice as experiment 3a. Immediately 

preceding access to ethanol (3 hours into the dark cycle), mice were injected with vehicle 

(saline) or THIP (4 or 8 mg/kg) and returned to their home cage. These THIP doses were 

chosen based on previous work in our lab (Moore et al., 2007).

Experiment 4c: Does blocking synthesis of 5α-reduced neurosteroids disrupt estrous-
dependent effect of THIP on alcohol drinking behavior?: One hundred and fifty mice 

were used for this experiment, using the same procedures as experiment 4b with two 

exceptions. First, only the 8mg/kg THIP dose was used as this was the only dose that 

produced significant reductions in binge drinking in experiment 4b. Second, mice were 

injected with vehicle or finasteride (100mg/kg) the evening before the eighth day of ethanol 

access. This dose of finasteride and schedule of pretreatment (22 hours prior to THIP 

treatment) was chosen based on others’ published efforts demonstrating the dose and 

treatment schedule of finasteride associated with the greatest reduction in brain neurosteroid 

levels (Finn et al., 2004a; Ford et al., 2008). On test day, the effect of this finasteride 
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pretreatment on THIP’s actions on binge-drinking and associated locomotor activity was 

assessed for one hour. Final groups in this experiment are represented by the following 

terms-vehicle x vehicle; finasteride x vehicle; vehicle x THIP and finasteride x THIP- to 

clarify their treatment schedule.

Statistics

All data were analyzed using IBM SPSS version 22 (IBM). For experiment 1, ethanol intake 

on the drug microinjection day was compared separately for mice with posterior-VTA or 

anterior-VTA indwelling cannulae, using a two-way ANOVA of estrous status (estrus vs 

non-estrus) and drug dose (vehicle, 50ng THIP, 100ng THIP for posterior VTA and vehicle, 

100ng THIP for anterior-VTA). Bonferroni adjusted pairwise comparisons were used to 

clarify any significant interactions. For homecage activity, one-way ANOVA was used to 

compare drug dose for posterior VTA infusions collapsed across cycle, with Dunnet’s 

posthoc used to compare drug infusion dose to vehicle where appropriate. Homecage 

activity following anterior VTA infusions were compared using Student’s t-test (vehicle, 

100ng THIP). In experiment 2, Student’s t-tests were used for each subunit (δ, α4, γ2) to 

assess transformed (2−ΔΔ CT) mRNA expression levels between diestrus or estrus females. 

For experiment 3, t-test or One-Way ANOVA were used as appropriate to assess effects of 

systemic THIP on intake, time to sipper tube or locomotor activity across estrous status 

(estrus vs. non-estrus). For experiment 4a, an average ethanol consumed was calculated for 

each mouse for each phase of its cycle and compared using a One-way ANOVA of Estrous 

(Proestrus, Estrus, Metestrus, Diestrus). For experiment 4b, ethanol intake (g/kg in 1 hour) 

on the day of THIP administration was compared across the stages of estrous in a two-way 

ANOVA of estrous status (Proestrus, Estrus, Metestrus, Diestrus) and drug dose (vehicle, 

4mg/kg THIP, 8mg/kg THIP). For experiment 4c, ethanol intake and homecage activity was 

compared across the stages of estrous in a three-way ANOVA of estrous status, finasteride 

pretreatment (vehicle and 100mg/kg FIN) and THIP dose (vehicle, 8mg/kg THIP). For main 

effects across drug dose, Dunnett’s was used to compare drug group against vehicle controls. 

For all experiments, Grubb’s test was used to identify any statistical outlier. All figures are 

group means and error bars represent standard error of the mean. Eta squared (η2) is 

reported for all significant findings following ANOVAs to give an estimate of the percent 

variance in the data that may be attributed to a particular variable or interaction between 

variables. For all pairwise comparisons (Student’s t-tests, Bonferroni adjusted comparisons, 

Dunnet’s posthoc), Cohen’s d is reported to estimate the effect size differences between the 

two means (Lakens, 2013).

RESULTS

Experiment 1: Does estrous status alter the efficacy of intra-VTA THIP to 
temper binge drinking?

Experiment 1a: After recovery from stereotaxic surgery, mice had 7 days of limited access 

to alcohol using the DID protocol. Following histological verification of correct 

microinjection placements, only 71 of the 86 original mice (Posterior=41, Anterior=30) 

were included in the statistical analyses that follow. These mice consumed an average of 

2.75 g/kg of ethanol across the first 6 days of once daily 1hr access (Figure 1A). On day 7 
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mice received a microinjection of THIP immediately prior to ethanol access. For intra-

posterior VTA infusions, mice received vehicle, 50 or 100 ng of THIP (25 or 50 ng/side). We 

found a significant interaction of estrous status and THIP dose [F(2,35)=4.02, p<0.05; η2=.

17; Figure 1B]. Bonferroni adjusted pairwise comparisons clarified that the effective THIP 

dose (100ng/mouse) tempered drinking for non-estrus females only (p<0.01; d=1.99). A 

follow up group of mice with cannulae targeting the anterior-VTA showed no effect of this 

THIP dose on intake, regardless of estrous-status (Figure 1D).

During this final day of alcohol access, mouse cages were placed within home-cage activity 

monitoring frames to assess home-cage activity after drug manipulation. Intra-posterior VTA 

THIP significantly increased home-cage locomotion [F(2,35)= 4.07, p<0.05, η2= 0.17]. 

Dunnet’s post hoc clarified that both the 100 ng (p<0.05; d=1.2) and 50ng doses (p<0.05; 

d=1.3) were associated with significant locomotor activation (Figure 1C). Unlike ethanol 

consumption, there was no interaction of estrous status and dose on locomotor activity. 

Additionally, a significant increase in activity was also noted following intra-anterior VTA 

administration of 100 ng THIP [F(1,26)=7.54, p<0.05; η2= 0.06; Figure 1E].

Experiment 2: Does estrous status influence mRNA expression of GABAA 

subunits in the VTA?—To determine whether cyclic changes in the expression of 

GABAA receptor subunits might underlie the estrous-dependent effect of THIP on binge 

drinking, RNA was isolated from ventral tegmental area (VTA) and hippocampal (HPC) 

enriched tissue of ethanol naïve females exhibiting diestrus- or estrus-positive vaginal 

smears. Analysis of δ GABAA subunit mRNA levels from HPC tissue showed that diestrus 

females express greater levels of δ GABAA subunit transcript in this region when compared 

to estrus females [t(8)=3.2, p<0.05; d=2.3; Figure 2A], confirming published findings 

(Maguire et al., 2005; Wu et al., 2013). Expression of δ GABAA subunit mRNA levels in the 

VTA was ~77% greater in diestrus as compared to estrus mice [t(8 )=2.6, p<0.05; d=1.9; 

Figure 2B]. For both the VTA and HPC, α4 and γ2 mRNA levels remained fairly stable 

across diestrus and estrus (although γ2 in the VTA was reduced by almost 24%, this finding 

was not significant: t(10)=1.13, p=0.28). These data suggest that cyclical changes in the 

availability of δ-containing GABAA receptors may underlie differences in the efficacy of 

THIP to temper binge drinking in our model.

Experiment 3: Does estrous status alter the efficacy of systemic THIP to 
temper binge drinking?—To determine whether systemic THIP will still show an 

estrous-dependent effect on binge drinking, females had access to ethanol using a volumetric 

drinking monitor. Estrous cycle did not affect total amount of ethanol consumed during a 

binge session, although this volumetric drinking system did slightly reduce intakes 

compared to what we typically find using modified drinking tubes (3.5±0.3g/kg/2hours). 

Estrous cycle did not have a significant effect on time to the sipper tube on either the 1st 

(estrus= 13.3±5.6min, n=10; nonestrus=15.9±5.1 min, n= 22), or 7th day of access (estrus= 

3.6±1.3min, n=15; nonestrus=3.2±0.7min, n= 17).

On the 8th day of access, mice were administered THIP (8mg/kg) or vehicle (saline) and 

returned to the homecage for limited access to ethanol (Figure 2A). THIP was associated 

with a significant reduction in intake for estrus mice [t(8.4)=3.4, p<0.01, d=1.6]. Non-estrus 
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mice had a marginal reduction in intake following THIP [t(14.4)=2.0, p=0.06; d=1.0 ]. 

Unlike amount of alcohol consumed, THIP administration was associated with a significant 

delay in time to first drink (Figure 2B) for both estrus [t(13)=2.87, p<0.05, d=1.6] and non-

estrus mice [t(15)=4.31, p<0.01, d=2.3]. The effect of THIP on intake does not seem to be 

confounded by depressed locomotion as the compound had no significant effect on 

locomotor activity for either group (Figure 2C). Furthermore, the time course of locomotor 

activity does not appear to have contributed to the delay in time to approach sipper tube 

noted following THIP (Figure 2D).

In a separate cohort of mice, long term access (3 weeks) to alcohol was initiated in their 

home-cage using regular modified drinking tubes to determine whether high and stable 

intakes of alcohol will also be tempered by THIP in an estrous-dependent manner. During 

the final week of access, females were consuming 5.3–5.5 g/kg of ethanol. As multiple 

proxy-methods exist to determine estrous cycle, and the relationship between these methods 

and cycling of hormones that characterize estrous are often contested (Weixelbaumer et al., 

2014), we used both impedance and vaginal cytology to group mice as estrus or non-estrus 

to establish whether our findings would be maintained using two independent methods.

Following the characterization of estrous status via vaginal cytology, as was used in 

experiment 1, we found that estrus mice had a dose dependent reduction in alcohol 

consumption following THIP [F(2,27)=18.8; p<0.01; η2= .61], as 8mg/kg THIP 

significantly reduced intake of alcohol for estrus females (p<0.01; d=2.5). There was no 

effect of either dose of THIP on intake for non-estrus females.

Using impedance characterization, mice with vaginal wall impedance measures of 2kOhms 

were included as “estrus” and mice with impedance measures below 2kOhms were 

characterized as “non-estrus”. Estrus mice had an average impedance of 3.1±0.22 KOhms. 

Non-estrus mice had an average impedance of 1.3±0.22 KOhms. These values concur with 

changes in vaginal wall impedance across estrous reported in the literature (Weixelbaumer et 

al., 2014). The use of vaginal impedance to characterize estrus and non-estrus females 

resulted in re-characterization of some mice when compared to the cytology analysis (n=3 

estrus to non-estrus and 2 non-estrus to estrus). Still, using this characterization, estrus 

females again showed a dose dependent response to THIP [F(2,28)=19.25; p<0.01; η2=.61], 

as the highest dose of THIP (8mg/kg) significantly reduced intakes for these females 

(p<0.01; d=2.6). For non-estrus mice, no dose of THIP was effective in altering intake of 

alcohol.

Experiment 4: Does diestrus phase alter drinking or effects of systemic THIP 
on drinking?

Experiment 4a: Does diestrus phase affect alcohol drinking behavior?: As diestrus 

females showed increased δ mRNA in both the hippocampus and VTA, and our data from 

experiments 1 and 3 suggest that altering activity of δ-GABAAR can effect alcohol intake, 

we wanted to determine whether baseline intake of alcohol in this limited access paradigm 

would be shifted for mice across these four stages of the cycle. Vaginal lavages were taken 

immediately following limited access alcohol drinking (see Figure 5A for representative 

photomicrographs). In order to aid in the analysis, daily ethanol intake was collapsed across 
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each cycle such that every animal had an average value of ethanol consumed during each of 

their four stages of the estrous cycle. Average daily ethanol consumed across each phase of 

the estrous cycle is shown in Figure 5B. These mice did not display significant changes in 

the amount of alcohol consumed across the cycle.

Experiment 4b: Does diestrus phase alter the effect of THIP on alcohol drinking 
behavior?: Animals had access to alcohol for 7 days prior to THIP administration. Two of 

the original 150 mice were not included because they had extended (>4 days) diestrus 

smears, leaving 148 mice in this study. Immediately preceding the 8th day of access, mice 

were administered THIP or vehicle. Vaginal lavages were taken following 1 hour of alcohol 

access on this drug manipulation day. A two-way ANOVA of drug dose (0, 4 or 8 mg/kg) 

and status (proestrus, estrus, metestrus or diestrus) revealed a significant interaction of drug 

dose and estrous status [F(6, 143) = 2.315, p<0.05; η2= 0.06; Figure 5c]. Bonferroni 

adjusted pairwise comparison revealed that the highest dose of THIP decreased drinking for 

mice in the proestrus (p<0.0001; d=2.8), estrus (p<0.001; d=1.3) and metestrus (p<0.01, 

d=1.6) phases of the estrous cycle. Mice in the diestrus phase did not decrease drinking after 

administration of this effective dose of the drug (p=0.139).

Experiment 4c: Does blocking synthesis of 5α-reduced neurosteroids disrupt estrous-
dependent effect of THIP on alcohol drinking behavior?: Animals had access to alcohol 

for 7 days prior to THIP administration. Due to a behavioral testing equipment failure during 

activity recording for the final cohort of mice, activity analysis includes data for only 119 of 

the 148 mice included in the drinking analysis. Immediately following the end of the 7th day 

of drinking, mice were administered 100 mg/kg of finasteride or vehicle (20% Beta-

cyclodextrin), a dose and time frame demonstrated to decrease synthesis of 5α-reduced 

neurosteroids (Finn et al., 2004a). Immediately preceding ethanol access on the 8th day, mice 

were administered THIP (8 mg/kg) or vehicle (saline). Vaginal lavages were taken following 

1 hour of alcohol access on this drug manipulation day to verify the stage of estrous. Both 

ethanol consumption and simultaneous locomotor activity were analyzed using a three-way 

ANOVA of finasteride dose (0, 100 mg/kg), THIP dose (0, or 8mg/kg) and estrous status 

(proestrus, estrus, metestrus or diestrus). The analysis on ethanol consumption following 

drug manipulation revealed a main effect of THIP dose [F(1, 132) = 43.163, p<0.0001, 

η2=0.21], as mice reduced their intake following THIP administration (Figure 6A). 

However, unlike experiment 1b, there was no significant interaction of THIP dose and 

estrous status, as the drug significantly reduced drinking for mice in all four phases. We also 

found a significant main effect of finasteride, [F(1, 132) = 6.285, p<0.05, η2= 0.04], as 

pretreatment with this 5α-reductase inhibitor the evening before the test day reduced 

drinking for females (Figure 6A). There was a marginal interaction of finasteride and estrous 

phase. However, because this only approached significance, we were not justified in 

performing post hoc analyses to determine the stage(s) driving the finasteride effect. Lastly, 

there was a significant interaction of finasteride dose and THIP dose [F(3, 132) =4.978, 

p<0.05, η2=0.03]. Bonferroni adjusted pairwise comparison clarified that control mice (not 

receiving THIP) decreased their intake following pretreatment with finasteride (p<0.001; 

d=0.65).
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During the final drug manipulation day, mouse cages were re-located to the home cage 

locomotor activity frames to get a measure of locomotion during drinking and following 

drug administration. A three-way ANOVA on total (1 hour) home cage activity did not 

reveal any significant effects of finasteride or THIP. There was, however, a marginal effect 

(p=0.07) of estrous status on home cage activity during this ethanol drinking (Figure 6B).

DISCUSSION

The findings presented herein confirm that THIP, a GABAA agonist with high selectivity at 

low doses for extrasynaptically located δ-GABAARs, can modulate alcohol consumption. 

These data extend current knowledge, showing for the first time that the efficacy of this 

compound to temper drinking is modulated by estrous status in naturally cycling female 

mice. Additionally, we show that intra-posterior VTA administration of THIP significantly 

reduces alcohol intake during diestrus, when expression of δ mRNA in the VTA is increased 

by over 70%. Together, our findings add to the growing body of evidence supporting a role 

for δ-GABAARs in the maintenance of binge alcohol intake and suggest that estrous 

dependent fluctuations in availability of these extrasynaptically located receptors may 

significantly impact the ability of compounds targeting this receptor population to modulate 

ethanol usage.

Previous studies from our lab (Moore et al., 2007; Fritz and Boehm, 2014; Quoilin and 

Boehm, 2016) and others (Ramaker et al., 2011, 2012, 2014a, 2014b) have shown that THIP 

can significantly reduce voluntary ethanol consumption and operant responding for the drug. 

Given THIP’s high affinity for δ-GABAARs, these data support a possible role for these 

extrasynaptically located GABAA receptors in mediating this pattern of ethanol use. Indeed, 

viral mediated knockdown of δ-GABAARs in the nucleus accumbens shell results in the 

reduction of ethanol consumption and preference in male Long-Evans rats (Nie et al., 2011). 

Furthermore, a naturally occurring point mutation in α6, the α subunit found preferentially 

expressed with δ in the cerebellum, has been shown to be important for the motor-

incoordinating effects of ethanol, a characteristic thought to negatively modulate 

consumption of intoxicating levels of ethanol (Hanchar et al., 2005). Extrasynaptically 

located δ-GABAARs respond to low to moderate concentrations of GABA. Similarly, the 

tonic inhibition mediated by these δ-GABAARs has been shown to be enhanced the low-to-

moderate doses of ethanol relevant to brain concentrations achieved during an active binge 

drinking session (17–30mM; Glykys et al., 2007). This sensitivity suggests that δ-containing 

GABAARs may play a significant role in mediating the pharmacological consequences of 

binge drinking associated with intoxication. If these effects drive this pattern of 

consumption, it is plausible that pretreatment with a compound that targets this receptor 

population may alter subsequent drinking. Indeed, in all analyses of THIP’s ability to reduce 

intake for a given receptive estrous group, effect size estimates supported large effects 

(Cohen’s d> 0.8, Lasken, 2011). This suggests that the mechanism by which THIP 

administration produces a reduction in consumption plays a significant role in drinking 

behavior, as alcohol intake for groups where THIP was effective were often a full standard 

deviation unit lower than control drinkers.
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It should be noted that THIP can have effects on the intake of non-alcoholic fluids (Moore et 

al., 2007). Though these could be related to non-specific effects on locomotor activity our 

data suggests no sedative effects at our effective dose. There is the additional possibility that 

the dose that is effective in reducing intake (8mg/kg THIP) targets both synaptic and 

extrasynaptic GABAA receptors. However, we found that THIP’s effects on intake of a non-

alcohol fluid (10 % sucrose) was also estrous dependent, with estrus females (M=1.1 ± 0.24 

mL) showing a greater reduction in intake of sucrose after THIP than non-estrus females 

(M=1.8± 0.3 mL) when compared to vehicle treated females (M=2.14 ± 0.14 mL; data not 

shown). Still, the possibility remains that THIP could be acting on δ-mediated mechanisms 

that are both directly and indirectly related to alcohol’s actions. For example, systemic THIP 

(6 mg/kg) has been shown to induce conditioned place aversion in mice (Vashchinkina et al., 

2012). It is therefore possible that aversive effects of THIP could underlie the reduced 

drinking seen following systemic administration of the drug.

Given the suggested involvement of δ-GABAARs in binge drinking behavior and previous 

reports demonstrating oscillations in the expression of this receptor population throughout 

the estrous cycle (Maguire et al., 2005; Griffiths and Lovick, 2005; Lovick et al., 2005; Wu 

et al., 2013), we expected estrous-dependent changes in this pattern of ethanol use. However, 

our data do not support any shifts in binge drinking across the 4 stages of estrous in female 

C57Bl/6J mice. It is possible that our crude measurement of total ethanol (g/kg) consumed 

failed to capture changes in the other more fundamental characteristics of the drinking 

behavior that takes place during the entire 1-hour limited access period. For example, it may 

be that mice change the intensity of their bouts or their time to initiate drinking/total time 

drinking which would support estrous-associated changes in the processes that underlie this 

ethanol use behavior. Indeed, an elegant analysis of the microarchitecture of drinking 

behavior in freely cycling female rats demonstrated estrous-dependent changes in intake 

behaviors, like increased bout frequency during metestrus (diestrus 1) alongside no 

measurable shift in the total amount of ethanol consumed (Ford et al., 2002). Therefore, 

additional work needs to be done to determine whether other processes associated with 

binge drinking behavior in freely cycling female mice shift across their estrous cycle. In our 

initial attempt to understand differences in the pattern of intake in these mice using a 

volumetric sipper system, our data on time to initiate drinking did not support an effect of 

estrous status on this measure at either the start or end of the week of access to alcohol. 

Further efforts are needed to more finely determine whether estrous cycle status influences 

the microarchitecture of binge alcohol drinking.

When using the volumetric drinking system, THIP administration was associated with a 

complete abolishment (rather than temperance) of drinking behavior for estrus females and 

only a marginal reduction (p=0.06) of drinking for non-estrus mice. Though a calculation of 

the effect size for the latter trend suggests a large effect (d=1.0), variability within the data 

(potentially caused by the limited design inherent in the inclusion of two phases-metestrus 

and diestrus- into one “nonestrus” group) results in large sample size requirements 

(>23mice/group) to pull out statistically significant findings using null-hypothesis testing. 

The variability was greater in the volumetric drinking system experiments than all others, 

and this may be due to additional exogenous variables (i.e. noise as the system refills the 

tube and registers each lick) associated with the use of the volumetric system. Interestingly, 
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the variability was larger for the nonestrus vs estrus grouping, suggesting that physiological 

differences in the phases included in these pairings (diestrus and metestrus for the first; 

proestrus and estrus for the latter) that drive the estrous dependent effects of THIP are 

greater within the nonestrus group.

Although the effects of intra-posterior VTA THIP were also estrous dependent, intra-

posterior VTA THIP was only able to reduce intake for non-estrus mice (diestrus and 

metestrus), unlike systemic THIP which was most effective for estrus mice. It is not 

surprising that systemic and central administrations of a compound would have different 

effects. Still, the data suggest that the intra-posterior population of THIP sensitive receptors 

may not mediate the effect that systemic THIP has on binge drinking. These intra-VTA data 

add to growing findings showing neuroanatomical hetereogeneity of the GABAergic system 

in the VTA (examples in rats: Arnt and Scheel-Kruger, 1979 Ikemoto, Murphy and McBride, 

1998; Rodd-Henricks et al., 2000; examples in mice: Boehm et al., 2002; Bechtholt and 

Cunningham, 2005; Moore and Boehm, 2009; Melón and Boehm, 2011; for review see 

Sanchez-Catalan et al., 2014) as the reduction in binge drinking for nonestrus females was 

only noted after intra-posterior administration of the compound. Unlike drinking, locomotor 

activity increased following both anterior and posterior administration of THIP. Given the 

long known heterogeneity of the locomotor response to GABAA agonists into the anterior 

versus posterior VTA (Arnt and Scheel-Kruger, 1979) we were surprised to find this effect. 

A plausible explanation is that the increased activity noted following anterior-VTA THIP is 

due to diffusion of the compound to the posterior VTA. However, as there was no change in 

drinking in these same animals, we do not think that is the case. Furthermore, this 

hyperlocomotion was not estrous dependent. Collectively, these results suggest a possible 

mechanistic disconnect between the locomotor effects of THIP and its role in reducing 

ethanol drinking. Indeed, evidence supports neurochemical and physiological heterogeneity 

of VTA GABAergic neurons (Margolis et al., 2012; Morales and Margolis, 2017). In 

particular, GABAA receptors may be expressed by VTA DA neurons as well as local 

GABAergic interneurons (Edwards et al., 2017). Therefore, depending on the population of 

intra-VTA GABAA receptors activated, one can have an inhibitory or permissive effect on 

firing of VTA DA neurons.

Both systemic and posterior-VTA administration of THIP reduced intake in our study. 

Though this suggests that the effects of THIP at the posterior VTA may underlie our 

systemic effects, the opposing role that estrous plays in sensitivity to this THIP effect 

following central vs. peripheral administration, alongside evidence that pharmacological 

activation of THIP in the nucleus accumbens (NAc) also reduces intake complicates this 

interpretation. Interestingly, in the NAc, both pharmacological activation of δ GABAARs 

(Ramaker et al., 2015) and reduction of their expression via genetic manipulation (Nie et al., 

2011) results in depressed intake. In the case of the pharmacological activation, the expected 

leftward shift in the ethanol dose response curve may result in reduced intake by mice in the 

limited access (2hour) paradigm used in that study because less alcohol may be needed to 

produce the effects associated with drinking pharmacologically relevant doses of alcohol in 

that short paradigm. In the case of genetic downregulation of δ in the NAc, the expected 

rightward shift in alcohol’s dose response curve following lower levels of δ GABAARs 

could result in an increase in the threshold of alcohol intake necessary for the drug to 
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achieve effects that would engender continued drinking (i.e. reinforcement) in this 24hr-

access paradigm, causing reduced drive to drink. Lastly, differences in the species used 

across all of these studies could play a role in contradictory results. Indeed, systemic THIP 

administration (16mg/kg) has been shown to enhance acquisition and total intake of ethanol 

in rats as well as increase bout size while the same dose reduces intake in mice, with no 

change in bout size (Boyle, Smith and Amit, 1992; Ramaker et al., 2015). It remains that our 

findings, along with longstanding work of others using either pharmacological or genetic 

manipulation of δ containing GABAA receptors in rats or mice support changes in ethanol 

consumption following manipulation of this receptor subtype.

To understand our estrous dependent pharmacological effects, we explored two possibilities. 

First, that changes in availability of progesterone-derived neurosteroids, which can act as 

positive allosteric modulators of GABA and whose levels would change across the estrous 

cycle could modulate the efficacy of THIP and second, that previously supported changes in 

the availability of δ containing GABAA receptors in could underlie the estrous-dependent 

effects of this δ-specific compound. To test the first hypothesis, finasteride was administered 

in order to block neurosteroidogenesis. As finasteride is a general inhibitor of 5α-reductase, 

in addition to reductions in allopregnanolone and THDOC, we would inhibit synthesis of 

androgens-like DHT-that may also be playing a role in the estrous-specific effects of THIP. 

Indeed, Nilsson et al. (2015) have shown that serum levels of DHT in female mice may be 

reduced as much as 70% during diestrus vs. metestrus. This drop in DHT during this final 

phase of diestrus would result in reduced availability of androstanedione, a DHT-derived 

neuroactive steroid that, like allopregnanolone, acts as a positive allosteric modulator of 

GABAA receptors. Interestingly, when the animals were given multiple injection 

experiences-as in this experiment (experiment 4) where the systemic THIP injection is 

preceded by an injection of finasteride or vehicle the evening prior-diestrus no longer 

confers insensitivity to THIP’s effects on drinking behavior. Injection experience is the only 

variable that differentiates experiment 4 from the multiple systemic THIP experiments 

presented herein. This surprising finding highlights the important role that stress or state of 

the animal plays in the expression of estrous-dependent effects. As all mice in our drinking 

studies were individually housed, it is additionally possible that compounded stress from 

single housing, estrous status and injection experience influenced our findings. It remains, 

however, that blocking synthesis and reducing levels of neurosteroids that act as positive 

allosteric modulators at GABAA receptors did not influence THIP’s ability to temper 

alcohol drinking in our model.

To test the second hypothesis, qPCR was used to assess changes in expression of GABAA 

subunit transcripts in the hippocampus and VTA. Previous studies confirm estrous-

associated oscillations in the expression of δ at both the mRNA (Wu et al., 2013) and protein 

(Maguire et al., 2005) levels in the hippocampus. These findings were supported by our 

qPCR analysis of δ mRNA in laser microdissected hippocampal tissue, with diestrus females 

showing a 27% greater δ expression than estrus females. The behavioral relevance of these 

changes in δ range from estrous-dependent changes in anxiety-like behavior and seizure 

susceptibility (Maguire et al., 2005), network activity during sleep (Barth, Verando and 

Mody, 2014) and learning (Sabaliauskas et al., 2015), with recent findings demonstrating 

that estrous dependent changes in hippocampal dependent learning is abolished in δ-
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GABAAR knockout mice (Cushman et al., 2014). Although our goal for the hippocampal 

analysis was limited to its use as a positive control for our investigation of δ changes in the 

VTA, these studies showing the impact that estrous-dependent changes in δ expression 

across the hippocampus can have on a variety of behaviors warrant further investigation of 

the potential role that δ-GABAAR in this region may play in estrous-dependent effects on 

binge drinking in females. For the VTA, we harvested tissue from both the anterior and 

posterior regions (in order to improve the amount of RNA we isolated from each animal so 

that samples did not need to be pooled). Still, the data suggests that δ expression in the VTA 

increases by over 70% during diestrus compared to estrus. In fact, effect size estimates of the 

changes in δ expression in both the hippocampus and VTA support large effects sizes for 

such changes across both regions.

Although we only assess changes in the expression of δ at two points throughout the estrous 

cycle (estrus and diestrus), two seminal studies have demonstrated that diestrus (diestrus II) 

may be unique in its higher expression of both δ mRNA and protein when compared to all 

other phases in the cycle (Lovick et al., 2005; Griffiths and Lovick, 2005). This may explain 

the surprising differences in the sensitivity to THIP at metestrus vs. diestrus noted in our 

work. We did not find a complementary change in the mRNA expression of the α4 subunit, 

the preferential partner of δ in cortical extrasynaptic GABAA receptors, suggesting that the 

potential GABAA receptors that assemble with the increased δ subunit available include 

alternative α subunits. Further, we did not find a concomitant change in the γ2 subunit 

mRNA. In both cases, we caution that changes in mRNA levels do not necessarily translate 

to functional changes in protein availability or receptor subtype levels. Still, as γ2 appears to 

often be found in GABAA receptors recruited to the synapse, our findings suggest that 

diestrus could be a time of selective increase in only the tonic component of GABA-

mediated inhibition. If these δ-containing GABAA receptors are located on interneurons 

targeting dopamine (DA) receptors in this region, as suggested by Vashchinkina et al. 

(2012), we believe our data suggests that DA receptors in the VTA may be under reduced 

inhibitory constraint during the diestrus phase. Whether this reduced inhibitory drive is 

selective for either accumbal or prefrontal cortex projecting DA neurons (Lammel et al., 

2011) may have interesting implications for potential changes in reward and/or aversion 

sensitivity across estrous.

CONCLUSION

In these experiments we demonstrated for the first time that in female mice (1) transcription 

of the δ GABAA subunit in the VTA is significantly increased during diestrus (as compared 

to estrus) and (2) THIP, a compound with high affinity for δ containing GABAA receptors, 

has estrous-dependent effects on ethanol consumption when administered systemically or 

into the posterior-VTA, and estrous independent effects on locomotor activity when 

administered into the posterior or anterior VTA. These data suggest that the estrous cycle 

may be a significant factor in the pharmacological modulation of binge alcohol drinking 

using δ GABAA-specific compounds in female mice.
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HIGHLIGHTS

• Intra- posterior ventral tegmental area administration of THIP has estrous 

dependent effects on drinking

• Intra- posterior and anterior ventral tegmental area administration of THIP 

have estrous-independent effects on homecage locomotor activity

• Expression of δ GABAAR mRNA oscillates across the estrous cycle in VTA 

enriched tissue

• Systemic administration of THIP, an agonist with high affinity for δ-

GABAAR, fails to inhibit binge drinking behavior for diestrus females.
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Figure 1. 
Estrous status and effect of Intra-VTA THIP on ethanol intake. A) Following recovery from 

surgery, mice consumed an average of 2.75g/kg ethanol. B) THIP microinjection (50ng/

200uL/side or 100ng/mouse) into the Posterior or Anterior VTA on day 7 significantly 

increased locomotion (*p’s<0.05). C) Intra-anterior VTA THIP at that same dose was not 

associated with a change in binge drinking. D)Intra-posterior VTA THIP at that dose was 

associated with an attenuation of binge drinking for non-estrus females only (*p<0.05, as 

compared to vehicle, #p<0.05, as compared to similarly treated estrus females; n’s=5–10/

estrous status/region/dose).
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Figure 2. 
Estrous status and changes in GABAA subunit mRNA. A) Hippocampal (HPC) δ GABAA 

subunit expression is ~27% greater in diestrus females when compared to estrus females 

(*p<0.05). B) In tissue laser microdissected from the VTA, δ GABAA mRNA expression is 

~77% greater in diestrus females when compared to estrus females (*p<0.05; n’s=4–6/

estrous status).
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Figure 3. 
Drinking behaviors and activity after THIP. A) Estrus (proestrus and estrus) mice show 

significant reduction in intake after THIP (**p<0.01) whereas non-estrus (metestrus and 

diestrus) mice had a marginal reduction in intake (p=0.06). B) THIP administration 

significantly delayed the time to first drink for both groups (*p’s>0.05, compared to relevant 

vehicle group). C) This delay in time to first drink does not correspond to any significant 

reduction in activity across time D) The effect of THIP on intake are not due to competing 

changes in locomotor behaviors, as THIP only marginally increased activity for non-estrus 

mice (p=0.07) and had no effect on activity for estrus mice. n’s=6–9/estrous status/dose.
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Figure 4. 
Drinking behavior after THIP in mice categorized using vaginal cytology or vaginal 

impedance. Mice were given 3 weeks of access to alcohol to induce stable and high limited-

access consumption. A) Using vaginal cytology to characterize estrous status, estrus females 

consumed significantly less alcohol following THIP administration (**p<0.01, compared to 

vehicle). B) Using vaginal impedance to characterize estrous status in these females, we 

similarly find that estrus females consumed significantly less alcohol following THIP and 

see no reduction in intake for THIP treated non-estrus mice (**p<0.01, compared to vehicle; 

n’s = 5–11/estrous status/dose).
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Figure 5. 
Estrous status and sensitivity to THIP’s effect on binge drinking. A) Photomicrographs of 

vaginal smears used to assess estrous. B) Average ethanol (g/kg) intake at each stage of 

estrous C) THIP significantly reduced intake at 8mg/kg (i.p) for females that were proestrus, 

estrus or metestrus at the time of drug administration (* p<0.05, as compared to vehicle; n’s 

= 6–13/estrous status/dose).
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Figure 6. 
Pretreatment on day 7 with finasteride or vehicle and sensitivity to THIP treatment on day 8. 

A) THIP significantly reduced intakes in all females following either day 7 vehicle or 

finasteride pretreatment, regardless of estrous status (*p<0.05, compared to vehicle+vehicle 

group). Similarly, pretreatment with finasteride on day 7 reduced intakes on day 8 (#p<0.05, 

compared to vehicle+vehicle group; n’s = 6–16/estrous status/dose). B) No significant 

change in homecage activity confounded the effect of these drugs on alcohol intake
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	Experiment 1: Does estrous status alter the efficacy of intra-VTA THIP to temper binge drinking?Experiment 1a: After recovery from stereotaxic surgery, mice had 7 days of limited access to alcohol using the DID protocol. Following histological verification of correct microinjection placements, only 71 of the 86 original mice (Posterior=41, Anterior=30) were included in the statistical analyses that follow. These mice consumed an average of 2.75 g/kg of ethanol across the first 6 days of once daily 1hr access (Figure 1A). On day 7 mice received a microinjection of THIP immediately prior to ethanol access. For intra-posterior VTA infusions, mice received vehicle, 50 or 100 ng of THIP (25 or 50 ng/side). We found a significant interaction of estrous status and THIP dose [F(2,35)=4.02, p<0.05; η2=.17; Figure 1B]. Bonferroni adjusted pairwise comparisons clarified that the effective THIP dose (100ng/mouse) tempered drinking for non-estrus females only (p<0.01; d=1.99). A follow up group of mice with cannulae targeting the anterior-VTA showed no effect of this THIP dose on intake, regardless of estrous-status (Figure 1D).During this final day of alcohol access, mouse cages were placed within home-cage activity monitoring frames to assess home-cage activity after drug manipulation. Intra-posterior VTA THIP significantly increased home-cage locomotion [F(2,35)= 4.07, p<0.05, η2= 0.17]. Dunnet’s post hoc clarified that both the 100 ng (p<0.05; d=1.2) and 50ng doses (p<0.05; d=1.3) were associated with significant locomotor activation (Figure 1C). Unlike ethanol consumption, there was no interaction of estrous status and dose on locomotor activity. Additionally, a significant increase in activity was also noted following intra-anterior VTA administration of 100 ng THIP [F(1,26)=7.54, p<0.05; η2= 0.06; Figure 1E].Experiment 2: Does estrous status influence mRNA expression of GABAA subunits in the VTA?—To determine whether cyclic changes in the expression of GABAA receptor subunits might underlie the estrous-dependent effect of THIP on binge drinking, RNA was isolated from ventral tegmental area (VTA) and hippocampal (HPC) enriched tissue of ethanol naïve females exhibiting diestrus- or estrus-positive vaginal smears. Analysis of δ GABAA subunit mRNA levels from HPC tissue showed that diestrus females express greater levels of δ GABAA subunit transcript in this region when compared to estrus females [t(8)=3.2, p<0.05; d=2.3; Figure 2A], confirming published findings (Maguire et al., 2005; Wu et al., 2013). Expression of δ GABAA subunit mRNA levels in the VTA was ~77% greater in diestrus as compared to estrus mice [t(8 )=2.6, p<0.05; d=1.9; Figure 2B]. For both the VTA and HPC, α4 and γ2 mRNA levels remained fairly stable across diestrus and estrus (although γ2 in the VTA was reduced by almost 24%, this finding was not significant: t(10)=1.13, p=0.28). These data suggest that cyclical changes in the availability of δ-containing GABAA receptors may underlie differences in the efficacy of THIP to temper binge drinking in our model.Experiment 3: Does estrous status alter the efficacy of systemic THIP to temper binge drinking?—To determine whether systemic THIP will still show an estrous-dependent effect on binge drinking, females had access to ethanol using a volumetric drinking monitor. Estrous cycle did not affect total amount of ethanol consumed during a binge session, although this volumetric drinking system did slightly reduce intakes compared to what we typically find using modified drinking tubes (3.5±0.3g/kg/2hours). Estrous cycle did not have a significant effect on time to the sipper tube on either the 1st (estrus= 13.3±5.6min, n=10; nonestrus=15.9±5.1 min, n= 22), or 7th day of access (estrus= 3.6±1.3min, n=15; nonestrus=3.2±0.7min, n= 17).On the 8th day of access, mice were administered THIP (8mg/kg) or vehicle (saline) and returned to the homecage for limited access to ethanol (Figure 2A). THIP was associated with a significant reduction in intake for estrus mice [t(8.4)=3.4, p<0.01, d=1.6]. Non-estrus mice had a marginal reduction in intake following THIP [t(14.4)=2.0, p=0.06; d=1.0 ]. Unlike amount of alcohol consumed, THIP administration was associated with a significant delay in time to first drink (Figure 2B) for both estrus [t(13)=2.87, p<0.05, d=1.6] and non-estrus mice [t(15)=4.31, p<0.01, d=2.3]. The effect of THIP on intake does not seem to be confounded by depressed locomotion as the compound had no significant effect on locomotor activity for either group (Figure 2C). Furthermore, the time course of locomotor activity does not appear to have contributed to the delay in time to approach sipper tube noted following THIP (Figure 2D).In a separate cohort of mice, long term access (3 weeks) to alcohol was initiated in their home-cage using regular modified drinking tubes to determine whether high and stable intakes of alcohol will also be tempered by THIP in an estrous-dependent manner. During the final week of access, females were consuming 5.3–5.5 g/kg of ethanol. As multiple proxy-methods exist to determine estrous cycle, and the relationship between these methods and cycling of hormones that characterize estrous are often contested (Weixelbaumer et al., 2014), we used both impedance and vaginal cytology to group mice as estrus or non-estrus to establish whether our findings would be maintained using two independent methods.Following the characterization of estrous status via vaginal cytology, as was used in experiment 1, we found that estrus mice had a dose dependent reduction in alcohol consumption following THIP [F(2,27)=18.8; p<0.01; η2= .61], as 8mg/kg THIP significantly reduced intake of alcohol for estrus females (p<0.01; d=2.5). There was no effect of either dose of THIP on intake for non-estrus females.Using impedance characterization, mice with vaginal wall impedance measures of 2kOhms were included as “estrus” and mice with impedance measures below 2kOhms were characterized as “non-estrus”. Estrus mice had an average impedance of 3.1±0.22 KOhms. Non-estrus mice had an average impedance of 1.3±0.22 KOhms. These values concur with changes in vaginal wall impedance across estrous reported in the literature (Weixelbaumer et al., 2014). The use of vaginal impedance to characterize estrus and non-estrus females resulted in re-characterization of some mice when compared to the cytology analysis (n=3 estrus to non-estrus and 2 non-estrus to estrus). Still, using this characterization, estrus females again showed a dose dependent response to THIP [F(2,28)=19.25; p<0.01; η2=.61], as the highest dose of THIP (8mg/kg) significantly reduced intakes for these females (p<0.01; d=2.6). For non-estrus mice, no dose of THIP was effective in altering intake of alcohol.Experiment 4: Does diestrus phase alter drinking or effects of systemic THIP on drinking?Experiment 4a: Does diestrus phase affect alcohol drinking behavior?: As diestrus females showed increased δ mRNA in both the hippocampus and VTA, and our data from experiments 1 and 3 suggest that altering activity of δ-GABAAR can effect alcohol intake, we wanted to determine whether baseline intake of alcohol in this limited access paradigm would be shifted for mice across these four stages of the cycle. Vaginal lavages were taken immediately following limited access alcohol drinking (see Figure 5A for representative photomicrographs). In order to aid in the analysis, daily ethanol intake was collapsed across each cycle such that every animal had an average value of ethanol consumed during each of their four stages of the estrous cycle. Average daily ethanol consumed across each phase of the estrous cycle is shown in Figure 5B. These mice did not display significant changes in the amount of alcohol consumed across the cycle.Experiment 4b: Does diestrus phase alter the effect of THIP on alcohol drinking behavior?: Animals had access to alcohol for 7 days prior to THIP administration. Two of the original 150 mice were not included because they had extended (>4 days) diestrus smears, leaving 148 mice in this study. Immediately preceding the 8th day of access, mice were administered THIP or vehicle. Vaginal lavages were taken following 1 hour of alcohol access on this drug manipulation day. A two-way ANOVA of drug dose (0, 4 or 8 mg/kg) and status (proestrus, estrus, metestrus or diestrus) revealed a significant interaction of drug dose and estrous status [F(6, 143) = 2.315, p<0.05; η2= 0.06; Figure 5c]. Bonferroni adjusted pairwise comparison revealed that the highest dose of THIP decreased drinking for mice in the proestrus (p<0.0001; d=2.8), estrus (p<0.001; d=1.3) and metestrus (p<0.01, d=1.6) phases of the estrous cycle. Mice in the diestrus phase did not decrease drinking after administration of this effective dose of the drug (p=0.139).Experiment 4c: Does blocking synthesis of 5α-reduced neurosteroids disrupt estrous-dependent effect of THIP on alcohol drinking behavior?: Animals had access to alcohol for 7 days prior to THIP administration. Due to a behavioral testing equipment failure during activity recording for the final cohort of mice, activity analysis includes data for only 119 of the 148 mice included in the drinking analysis. Immediately following the end of the 7th day of drinking, mice were administered 100 mg/kg of finasteride or vehicle (20% Beta-cyclodextrin), a dose and time frame demonstrated to decrease synthesis of 5α-reduced neurosteroids (Finn et al., 2004a). Immediately preceding ethanol access on the 8th day, mice were administered THIP (8 mg/kg) or vehicle (saline). Vaginal lavages were taken following 1 hour of alcohol access on this drug manipulation day to verify the stage of estrous. Both ethanol consumption and simultaneous locomotor activity were analyzed using a three-way ANOVA of finasteride dose (0, 100 mg/kg), THIP dose (0, or 8mg/kg) and estrous status (proestrus, estrus, metestrus or diestrus). The analysis on ethanol consumption following drug manipulation revealed a main effect of THIP dose [F(1, 132) = 43.163, p<0.0001, η2=0.21], as mice reduced their intake following THIP administration (Figure 6A). However, unlike experiment 1b, there was no significant interaction of THIP dose and estrous status, as the drug significantly reduced drinking for mice in all four phases. We also found a significant main effect of finasteride, [F(1, 132) = 6.285, p<0.05, η2= 0.04], as pretreatment with this 5α-reductase inhibitor the evening before the test day reduced drinking for females (Figure 6A). There was a marginal interaction of finasteride and estrous phase. However, because this only approached significance, we were not justified in performing post hoc analyses to determine the stage(s) driving the finasteride effect. Lastly, there was a significant interaction of finasteride dose and THIP dose [F(3, 132) =4.978, p<0.05, η2=0.03]. Bonferroni adjusted pairwise comparison clarified that control mice (not receiving THIP) decreased their intake following pretreatment with finasteride (p<0.001; d=0.65).During the final drug manipulation day, mouse cages were re-located to the home cage locomotor activity frames to get a measure of locomotion during drinking and following drug administration. A three-way ANOVA on total (1 hour) home cage activity did not reveal any significant effects of finasteride or THIP. There was, however, a marginal effect (p=0.07) of estrous status on home cage activity during this ethanol drinking (Figure 6B).
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