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Introduction: Alcohol consumption despite negative consequences is a core symptom of alcohol use disorder. This can be modeled in mice by pairing aversive stimuli with alcohol consumption, such as adding the bitter tastant quinine to the alcohol solution. If an animal continues to drink alcohol despite such negative stimuli, this is typically considered aversion-resistant, or inflexible, drinking behavior. Previous studies in our lab have found that females are more aversion-resistant than males in that they tolerate higher concentrations of quinine before they suppress their alcohol intake. Interestingly, we did not observe any differences in intake across the estrous cycle. In regards to neuronal activation patterns during quinine-alcohol intake, we have found that male mice show higher levels of activation in the ventromedial prefrontal cortex and posterior insular cortex, while females show higher levels of activation in the ventral tegmental area.

Methods: In the experiments presented here, we conducted ovariectomies to further examine the role of circulating sex hormones in aversion-resistant alcohol intake and neuronal activation patterns. Furthermore, we used hormonal addback of estradiol or progesterone to determine which ovarian sex hormone mediates aversion-resistant consumption.

Results: We found that ovariectomy reduced quinine-adulterated alcohol intake, demonstrating that circulating sex hormones play a role in this behavior. We also observed reduced neuronal activation in the VTA of ovariectomized mice compared to sham females, and that estradiol supplementation reversed the effect of ovariectomy on quinine-alcohol intake.

Discussion: Taken together with our prior data, these findings suggest that circulating estradiol contributes to the expression of aversion-resistant alcohol intake and neuronal activity in the VTA. However, since this behavior is not affected by the estrous cycle, we believe this is due to a threshold level of this hormone, as opposed to fluctuations that occur across the estrous cycle.
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Introduction

According to data collected by the National Institute on Alcohol Abuse and Alcoholism (2023), 14.8 million people in the United States were diagnosed with alcohol use disorder (AUD) at that time, approximately two thirds of which were male (National Center for Drug Abuse Statistics, NIAAA). While this is roughly a 2:1 ratio of men to women with AUD, the gender gap has been steadily narrowing over the last few decades as a result of more women being diagnosed while men remain around the same prevalence (White, 2020). For example, in the 1980s, the ratio of men to women with AUD was 5:1 (Keyes et al., 2010). Multiple factors may underlie this narrowing gender gap including changes in social norms and sex differences in coping styles with regard to mental illness (Carvalho et al., 2019; McCaul et al., 2019). Women with AUD experience a higher incidence of complicating factors such as an increased rate of liver disease, increased risk of breast cancer, and more cardiovascular problems compared to men (Bradley et al., 1998; Freudenheim, 2020; Piano et al., 2020). Even though prevalence of AUD is increasing in women, and they suffer complications at higher rates, clinical and preclinical studies have historically used only male subjects. However, recent initiatives by the National Institutes of Health and other major research organizations are helping to reverse this trend. It is now widely acknowledged that it is essential to examine the role of sex when identifying contributing factors to the development of AUD, and much work needs to be done in this realm.

Compulsive alcohol intake is typified by the continuation of alcohol use despite negative consequences and is represented by several AUD criteria in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5). Such consequences can include impaired relationships with friends and family, financial problems, poor work performance, legal trouble, exacerbation of existing physical/mental health conditions, and organ damage (Koob and Volkow, 2016; National Institute on Drug Abuse, 2023). Compulsive alcohol intake can be modeled in rodents by pairing aversive stimuli with alcohol consumption, such as delivering contingent footshock when alcohol is self-administered, or by adding the bitter tastant quinine to the alcohol solution (Seif et al., 2013; Randall et al., 2017; Fulenwider et al., 2019; Xie et al., 2019; Halladay et al., 2020; Sneddon et al., 2020; Katner et al., 2022; Arnold et al., 2023; Sneddon et al., 2023a). If the animal continues to consume the alcohol despite such negative consequences, this is considered aversion-resistant, or inflexible, alcohol consumption (Hopf and Lesscher, 2014).

Multiple research groups have begun to examine sex differences in aversion-resistant alcohol intake and aversion-associated neurocircuitry. For example, our lab has found that females continue to consume quinine-adulterated alcohol at concentrations of this tastant where males significantly reduce their consumption (Fulenwider et al., 2019; Arnold et al., 2023). This agrees with other studies that have observed increased aversion-resistant alcohol intake in females (Sneddon et al., 2020; Martins de Carvalho et al., 2023), but it should be noted that some studies have not detected a sex difference in this measure (Sneddon et al., 2019; Bauer et al., 2021; Katner et al., 2022). These disparate findings may be due to differences in drinking model and duration of alcohol access (see Arnold and Schank, 2023 for review).

In our initial studies on quinine-alcohol intake in females, we found that neither baseline nor quinine-adulterated alcohol intake was affected by estrous cycle (Fulenwider et al., 2019). Other groups have examined the role of ovariectomy on alcohol consumption and found that removal of ovaries reduces alcohol intake (Ford et al., 2002; Rajasingh et al., 2007; Satta et al., 2018). Additional experiments found that estradiol restoration in ovariectomized mice rescues alcohol intake to the levels of intact females. Similarly to Fulenwider et al., other groups have monitored the estrous cycle in intact females during alcohol consumption and did not observe a difference at any part of the cycle (Roberts et al., 1998; Melón et al., 2017; Satta et al., 2018; Fulenwider et al., 2019). Sneddon and colleagues examined the role of chromosome and gonad regulation on alcohol intake using the four core genotypes mouse model and found mice with ovaries (either XX/Sry- or XY/Sry-) exhibited increased alcohol drinking (Sneddon et al., 2022), and XY/Sry- (XY genotype with ovaries) promoted quinine alcohol intake (Sneddon et al., 2023b). Overall, it appears that ovarian sex hormones influence alcohol intake and quinine-alcohol consumption, but fluctuations of sex hormones during the estrous cycle does not seem to have an effect. Taken together, these findings suggest that there is a threshold level of sex hormones that influence alcohol intake, and that this not affected by the peaks and fluctuations of hormones during the estrous cycle.

Some groups have examined the neurocircuitry that contributes to aversion-resistant alcohol intake. For example, Seif and colleagues found that the nucleus accumbens core, medial prefrontal cortex, and insular cortex all contribute to quinine-alcohol intake (Seif et al., 2013), suggesting that these regions promote aversion-resistant consumption. However, Chen and colleagues observed an increase in Fos activation in the insular cortex, and increased suppression of intake during quinine-adulterated alcohol exposure, in males compared to females. This group also observed that degradation of perineuronal nets, which increases glutamatergic output from the insular cortex, reduces quinine-alcohol consumption (Chen and Lasek, 2019). In line with these findings, Martins de Carvalho et al. detected lower Fos activation in females compared to males in the anterior insula after quinine-adulterated alcohol drinking (Martins de Carvalho et al., 2023). Most of the findings above agree with the results of our recent experiments, in which we observed increased Fos activation in the posterior insular cortex of male mice, which more readily suppress their alcohol intake when adulterated with quinine (Arnold et al., 2023). Another cortical region where we observed increased neuronal activation in males following quinine-alcohol exposure is the ventromedial prefrontal cortex (vmPFC; Arnold et al., 2023). This fits well with the conception of the vmPFC as region that provides top down suppression of alcohol intake under conditions that are paired with punishment (Halladay et al., 2020).

As stated above, estradiol has been shown to increase alcohol consumption, but progesterone seems to have opposing effects on intake (Finn, 2020). For example, chronic alcohol, which typically leads to increased intake, causes decreased levels of progesterone in male and female mice (Rachdaoui and Sarkar, 2017). The VTA seems to be a specific region where estradiol influences dopaminergic function and alcohol responses. For example, DA neurons in the VTA show increased excitability during estrus (Shanley et al., 2023). In regards to ethanol responses, Vandegrift and colleagues have observed that higher estradiol states lead to more sensitive ethanol excitation in dopaminergic neurons of the VTA (Vandegrift et al., 2017). Furthermore, this group found that ERα specifically modulated VTA response to ethanol, and inhibitors of both ERα and ERβ reduced binge-like drinking in females (Vandegrift et al., 2020). These results are supported by findings from Calipari and colleagues, who observed enhanced dopamine neuronal activity in the VTA during estrus and found cocaine to have increased rewarding effects and ability to inhibit dopamine transporter function in this phase of the cycle (Calipari et al., 2017). In line with these results, we have found that neuronal activity is increased in the VTA of females (which are more aversion-resistant) during the consumption of quinine-alcohol (Arnold et al., 2023).

To identify if ovarian sex hormones influence quinine-adulterated alcohol intake, we performed ovariectomies to remove circulating sex hormones. We aimed to identify if aversion-resistant alcohol consumption as well as the neuronal activity in the vmPFC, PIC, and VTA is influenced by this intervention. Following this, we used hormonal addback to dissect the effects of estradiol and progesterone on quinine-adulterated alcohol intake.



Materials and methods


Animals

Male and female C57BL/6 J mice (Jackson Labs) aged 8 to 10 weeks at the start of the study were used for these experiments. All mice were singly housed on a reverse 12:12 light/dark cycle. All experiments were in agreement with NIH guidelines and approved by University of Georgia Institutional Animal Care and Use Committee.



Ovariectomy and hormone supplementation

Female mice were anesthetized by isoflurane (3.5%–4% induction and maintained at 2%). The lumbar dorsal area was shaved bilaterally, and mice were placed on a heating pad dorsal side up. A small incision was made to the skin approximately 1 centimeter from the midline of the back. Another small incision at the abdominal wall was made to access the para-ovarian fatty tissue. The para-ovarian fatty tissue was lifted and cut between the oviduct and ovary to remove the ovary. The fatty tissue and oviduct were placed back into the abdominal cavity. The abdominal wall was sutured with 4–0 Monocryl, absorbable sutures (Ethicon, LLC), and incision to the skin was closed with 4–0 prolene, non-absorbable suture (Ethicon, LLC). This was repeated for the other ovary. Metronidazole paste was applied to the incision sites to discourage licking. Sham surgeries were performed using the same procedure but without the removal of ovaries in separate groups of females and males. All mice were given subcutaneous carprofen (5 mg/kg) at the start of the surgery and 2 days post-operatively. Animals were able to recover for 10 to 14 days before two bottle choice procedure.

A separate cohort of females also received ovariectomies or sham surgeries, with the additional implantation of subcutaneous 90-day, slow releasing hormone pellets (Innovative Research of America). Pellets were implanted on the lateral side of the neck by making a small incision between the shoulder and ear and sutured with 4–0 prolene, non-absorbable sutures. Pellets contained 17β-estradiol 0.32 mg/pellet, progesterone 5 mg/pellet, or placebo (with no additional hormone composition). 17β-estradiol 0.32 mg/pellet releases about 32 pg./mL per day similar to average levels observed in C57BL/6 J mice (Ström et al., 2012). Progesterone 5 mg/pellet releases 5 mg of progesterone per day and was determined based on previous studies (Nelson et al., 1981; Sahores et al., 2013). All pellets are made up of a matrix of cholesterol, lactose, celluloses, phosphates, and stearates. Animals were able to recover 10 to 14 days before two bottle choice.



Two bottle choice

Mice were singly housed and given 24-h access to two bottles: one with tap water and the other with 20% alcohol (v/v). Alcohol was diluted from 95% EtOH (United States Pharmacopeia, Decon Labs) in tap water. Bottles were weighed every 24 h at the onset of the dark cycle and converted into g/kg to measure consumption. Positions of bottles were switched daily. Mice were given 10 to 14 days of two bottle choice under these conditions to allow consumption rates to stabilize (less than 20% variability from the mean for 3 consecutive days). One sham surgery female was removed from the study due to low levels of drinking that were detected as an outlier using Grubbs test.



Quinine-adulterated alcohol intake

After 10–14 days of alcohol consumption, 20% alcohol solution was adulterated with 0.1 mM quinine hydrochloride, based on our prior work (Fulenwider et al., 2019; Arnold et al., 2023). Mice were presented with this concentration 3 times with 2 days of quinine-free alcohol in between. Intake of the last 2 days of quinine-adulterated alcohol were averaged and converted to percent change from the individual animal’s baseline intake. Baseline consumption rate was calculated from the last 3 days of 20% alcohol access prior to the start of any quinine adulteration. Multiple quinine-alcohol exposure days helps to reduce the effect of neophobic taste response, and provides a stable, accurate assessment of aversion-related alcohol intake.



Fos immunohistochemistry

To assess neuronal activation, an extra session of quinine-adulterated alcohol intake was conducted to examine Fos expression. These animals were provided with a water bottle and 0.1 mM quinine-alcohol bottle and allowed to drink for 2.5 h (1 h for alcohol intake and 1.5 h for Fos protein expression). Mice were then deeply anesthetized using ketamine (100 mg/kg) and xylazine (20 mg/kg) solution. Animals were intracardially perfused with 4% paraformaldehyde (PFA), brains were removed, transferred to 30% sucrose, and frozen on dry ice. Each brain was sectioned on a Leica cryostat at 30-micron thickness. Sections for the vmPFC (+1.54 mm bregma), PIC (−0.2 mm bregma), and VTA (−3.08 mm bregma) were stained for Fos protein, an immediate early gene, to identify neuronal activation. These regions were selected based on prior work from our lab showing sex differences in Fos signal (Arnold et al., 2023). Briefly, sections were blocked with Normal Donkey Serum (Invitrogen), and then incubated using 1:1,000 rabbit anti-cFos (Cell Signaling Technology #2250) for 72 h at 4°C. Following primary antibody, the tissue was then incubated using undiluted ImmPress Horse Anti-Rabbit IgG (Vector Laboratories 30,026) at room temperature for 2 h and washed twice in PBS-Triton X-100 (0.3%) and once in 1× PBS for 10 min. Sections were then incubated in diaminobenzidine (DAB) substrate (Vector Laboratories SK-4100) for 3.5 min for vmPFC, and 10 min for PIC and VTA. Tissue was mounted on gelatin-coated microscope slides and dried overnight. Microscope slides then went through a dehydration series, xylene clearing, and were cover slipped. One brain section per subject (n = 9–12/group) was imaged on a Zeiss Axioscope A1 at 40x. Images were scored using ImageJ by a experimenter blind to treatment group.



Statistics

Analysis was performed on GraphPad Prism (Version 9.5.1). To analyze baseline 20% alcohol intake, aversion resistant alcohol intake, and Fos neuronal activation, one-way ANOVAs were utilized to compare treatment groups, followed by Bonferroni post hoc analysis. Two-way ANOVA was used to compare treatment groups across days. p-values < 0.05 were considered significant.




Results


Ovariectomy affects baseline and aversion-resistant alcohol intake

Ovariectomized female (OVX; n = 12), sham surgery female (n = 11), and sham surgery male mice (n = 9) were allowed to consume 20% alcohol for 10 days, with the last 3 days averaged to calculate baseline alcohol intake (Figure 1A). Across all days of drinking, two-way ANOVA analysis detected a main effect of day [F(16,494) = 4.56, p = 0.004; Figure 1B] and treatment group [F(2,494) = 67.4, p < 0.0001]. The day × treatment interaction effect did not reach significance [F(32,494) = 0.67. p = 0.91]. Bonferroni post hoc analysis across the factor of treatment group indicated that sham females showed the highest level of alcohol intake (sham females vs. OVX females: p < 0.0001, sham females vs. sham males: p < 0.0001). OVX females exhibited an intermediate consumption rate, differing from both sham females (p < 0.0001, see above) and sham males (p < 0.0001). The average of the last 3 days of alcohol consumption was analyzed using one-way ANOVA, which identified a main effect of treatment group [Figure 1C, F(2,29) = 12.4, p = 0.0001]. Bonferroni post hoc analysis indicated a significant difference between sham male and sham female alcohol consumption (p = 0.0001) and between OVX females and sham females (p = 0.01), with sham females consuming more alcohol than the other two groups. OVX females and sham males did not differ (p = 0.18).
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FIGURE 1
 Ovariectomy impacts baseline and aversion resistant alcohol intake. (A) Timeline for drinking and quinine adulteration. (B) Consumption rate over all days of intake including quinine-adulterated alcohol days. (C) Average of last 3 days of baseline 20% alcohol in sham females, OVX females, and sham males. (D) Aversion resistant alcohol intake measured as percent change from the animals’ individual baseline for sham females, OVX females, and sham males. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


To assess aversion-resistant alcohol intake, 20% alcohol was adulterated with 0.1 mM quinine hydrochloride. Previously, our group observed a sex difference at this concentration of quinine-alcohol (Arnold et al., 2023). Similar to our previous studies, sham females exhibited aversion-resistance when presented with 0.1 mM quinine-alcohol in that they did not reduce their intake relative to baseline (Figure 1D). One-way ANOVA revealed a significant effect of treatment group [F(2,29) = 13.1, p < 0.0001]. Bonferroni post hoc test revealed that both males (p = 0.005) and OVX females (p < 0.0001) showed significantly lower quinine-alcohol intake compared to sham females. OVX females and sham males did not differ (p = 0.71). These results suggest that circulating ovarian hormones have a role in regulating quinine-adulterated alcohol intake.



Ovariectomy impacts neuronal activation during quinine alcohol consumption

Our prior work identified 3 brain regions that exhibit a sex difference during aversion resistant alcohol consumption (Arnold et al., 2023). Specifically, we have found that males show higher neuronal activation in the vmPFC and PIC when consuming quinine adulterated alcohol. In contrast, females show higher neuronal activation in the VTA. To explore the role of circulating ovarian hormones on neuronal activation in these 3 brain regions, brains were obtained for Fos staining after quinine-adulterated alcohol intake.

Similar to our previous study, sham males exhibited higher neuronal activation in the vmPFC [Figure 2A; one-way ANOVA: F(2,29) = 6.4, p = 0.005]. Bonferroni post hoc analysis revealed a difference in Fos positive neurons between sham males and both sham females (p = 0.04) and OVX females (p = 0.004). No differences between sham females and OVX females were detected (p > 0.99). The PIC also exhibited increased neuronal activation in sham males during quinine-adulterated alcohol consumption [Figure 2B; one-way ANOVA: F(2,30) = 3.6, p = 0.04]. Bonferroni post hoc analysis identified a significant difference in Fos positive neurons between sham males and sham females (p = 0.04), but the difference between sham males and OVX females did not reach significance (p = 0.19). There was also no significant difference between OVX females and sham females (p > 0.99). Together, these findings suggest that circulating ovarian hormones do not have a significant impact on neuronal activity in the vmPFC and the PIC during quinine-alcohol consumption.
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FIGURE 2
 Impact of circulating ovarian hormones on neuronal activation. (A) Fos counts in the vmPFC shows higher neuronal activation in sham males compared to OVX and sham females. (B) Neuronal activation was higher in the PIC in sham males compared to sham females. (C) OVX females and sham males have lower neuronal activity in the VTA compared to sham females. (D) Representative images of Fos DAB immunohistochemistry. *p < 0.05, **p < 0.01, ***p < 0.001.


In agreement with our previous findings, we observed increased neuronal activation in the VTA of sham female mice during quinine adulterated alcohol consumption [Figure 2C; one-way ANOVA: F(2,30) = 6.5, p = 0.005]. Specifically, sham females showed a significant increase in Fos positive neurons compared to sham males (Bonferroni post hoc analysis: p = 0.007). Interestingly, OVX females displayed lower neuronal activity compared to sham females (p = 0.03), and no differences were observed between sham males and OVX females (p > 0.999; Representative images of Fos immunostaining are shown in Figures 2D). These findings suggest that the sex differences in VTA activation are prevented by ovariectomy.



Effects of hormonal supplementation on aversion-resistant intake in ovariectomized mice

Given that we observed a prevention of aversion-resistant alcohol intake following ovariectomy in female mice, we next aimed to assess if estrogen or progesterone restoration was able to rescue this behavior (Figure 3A). For this procedure, 4 groups of females were assessed for baseline and quinine-adulterated alcohol intake: OVX with a 17β estradiol pellet (Estradiol/OVX; n = 8), OVX with a progesterone pellet (Progesterone/OVX; n = 7), OVX with a placebo pellet (Placebo/OVX; n = 7), and sham surgery female with a placebo pellet (Placebo/Sham; n = 7). For alcohol consumption throughout the procedure, two-way ANOVA revealed main effect of day [Figure 3B; F(20,525) = 1.84, p = 0.015], and a main effect of treatment group [F(3,525) = 16.3, p < 0.0001], but did not identify an interaction between these factors [F(60,525) = 0.60, p = 0.99]. The average of the last 3 days of consumption prior to quinine-alcohol sessions was not significantly different between groups [Figure 3C, one-way ANOVA: F(3,25) = 2.4, p = 0.09].
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FIGURE 3
 Estradiol rescues aversion resistant alcohol intake. (A) Timeline of alcohol consumption. (B) 20% alcohol consumption over 14 days was measured in four different treatment groups. (C) No difference was observed between groups during baseline alcohol intake. (D) Placebo/Sham females and OVX females that received estradiol treatment exhibited aversion resistant alcohol intake. *p < 0.05, **p < 0.01, ***p < 0.001.


During quinine-adulterated alcohol intake, one-way ANOVA revealed an effect of treatment group on percent change from baseline consumption [F(3,25) = 5.7, p = 0.004; Figure 3D]. In line with the results shown in Figure 1, Placebo/OVX females significantly reduced quinine-alcohol consumption while Placebo/sham females remained near their baseline alcohol intake (Bonferroni post hoc comparison between these groups: p = 0.04). The Progesterone/OVX group did not exhibit any differences between either the Placebo/Sham (p = 0.94) or the Placebo/OVX group (p = 0.90). Interestingly, the Estradiol/OVX group exhibited an aversion-resistant phenotype and showed less suppression of intake than the Placebo/OVX group (p = 0.004), and no difference from the Placebo/Sham (p > 0.99) group. This suggests that estrogen addback is able to rescue the aversion-resistant phenotype in ovariectomized female mice.




Discussion

The primary findings reported here are that ovariectomy prevents the expression of aversion-resistant alcohol intake in female mice, and that this effect is rescued by exogenous addback of estradiol. Whether ovariectomy reduces alcohol intake at baseline is not entirely clear, as one experiment showed this effect and the other did not. However, a reduction in alcohol intake following ovariectomy would be consistent with prior work from other groups (Becker et al., 1985; Hilakivi-Clarke, 1996; Torres et al., 2014; Satta et al., 2018; Vandegrift et al., 2020). Importantly, we observed an impact of ovariectomy on quinine-alcohol intake in both experiments, and we used percent change from baseline to calculate aversion resistant alcohol consumption, correcting for any potential differences in baseline intake. This effect of ovariectomy was reversed by exogenous addback of estradiol but not progesterone. We also found that neuronal activation patterns during quinine-alcohol intake were altered by ovariectomy in the VTA, but not the vmPFC or PIC, 3 regions where we have previously observed sex differences in activation by quinine-alcohol (Arnold et al., 2023). We believe this is specific to aversion-related alcohol intake, and not general alcohol consumption, as our prior study did not observe any sex difference in neuronal activation in the VTA during quinine-free alcohol consumption. Taken together, these results suggest that sex differences in aversion-resistant alcohol intake and the associated activation of the VTA are mediated by circulating estradiol.

Our findings of sex differences in quinine-alcohol intake, with females being less sensitive to this aversive consequence during alcohol consumption, replicates prior studies from our group (Fulenwider et al., 2019; Arnold et al., 2023). Importantly, our published work has shown no sex difference in sensitivity to quinine-adulterated water, suggesting that this difference is not due to taste sensitivity. In Fulenwider et al., we also found that aversion-resistant alcohol intake in females was not affected by estrous cycle (Fulenwider et al., 2019). Thus, in the experiments presented here, our primary objective was to determine if this behavior in females is driven by organizational/developmental factors, or if threshold levels of circulating sex hormones are sufficient to establish these sex differences. Our ovariectomy experiments suggest that circulating ovarian hormones are critical, as this intervention prevented the expression of aversion-resistant intake. These findings contrast with recently published data from Sneddon and colleagues, who report that OVX females are more aversion resistant compared to intact females (Sneddon et al., 2023c). These discrepancies may be due to differences in drinking model (24-h access vs. drinking in the dark), the time in between quinine adulterated alcohol drinking sessions, or the amount of time the animals were able to recover from the ovariectomy procedure. Further analysis of these discrepancies should directly assess if different drinking models result in altered sensitivity to detect sex differences in aversion resistance.

Hormone supplementation allowed us to examine whether progesterone or estradiol more strongly mediates these effects, and we found that estradiol was the key player in establishing sex differences in aversion-resistant alcohol consumption. This role of estradiol in increased alcohol consumption generally agrees with prior work. For example, the addition of exogenous 17β-estradiol to ovariectomized females has been shown to increase alcohol consumption compared to OVX/placebo groups (Ford et al., 2002; Rajasingh et al., 2007; Torres et al., 2014; Satta et al., 2018). However, we did not observe an increase in alcohol consumption in our OVX/estradiol group compared to our OVX/placebo group. In fact, our estradiol treated mice appeared to drink less at baseline, although analysis of this measure did not reach statistical significance. The cause for this slight reduction is unknown, but it is important to highlight that we calculate aversion resistance as a relative change from baseline intake, which should account for any group variation in baseline consumption. Importantly, estradiol treated mice did not reduce their rates from baseline during quinine adulterated alcohol intake, suggesting that estradiol addback rescued aversion resistance. In contrast to the effects of estradiol, it has been shown that alcohol intake reduces progesterone levels (Sarkola et al., 1999; Gill, 2000; Finn, 2020), and progesterone levels negatively correlate with alcohol drinking (Weinland et al., 2021). In our experiments, progesterone addback induced intermediate levels of quinine-induced suppression of alcohol intake, and the difference between this group and sham/placebo group did not reach statistical significance. However, these mice did suppress their intake, and appeared similar to OVX/placebo mice. Taken together, these findings suggest a key role of estradiol in regulating aversion-resistant alcohol intake.

Prior research from our group has also identified a sex difference in neuronal activation patterns during quinine-adulterated alcohol consumption (Arnold et al., 2023). Specifically, males showed higher Fos positive cell counts in the vmPFC and PIC when exposed to quinine-adulterated alcohol, and females had higher Fos counts in the VTA under these conditions. Thus, it seems that these cortical areas provide top-down inhibition of alcohol seeking that is associated with negative stimuli, and the VTA drives alcohol intake that is aversion-resistant. In this study, we examined if removal of circulating sex hormones by ovariectomy would change neuronal activity in these areas. We found that ovariectomy did not affect neuronal activity in the vmPFC, with males showing higher levels of neuronal activation, and OVX females showing similar levels to sham females. In the PIC, males also exhibited increased neuronal activation compared to females; however, OVX females showed an intermediate level of activation between males and sham females, suggesting the possibility of circulating sex hormones partially contributing to quinine-alcohol induced neuronal activity in the PIC, but this effect appears to be weak at best.

In contrast to the effect of ovariectomy on cortical activation, we found a strong effect of OVX on Fos activation in the VTA, where OVX females had Fos positive cell counts similar to sham males, and much lower than sham females. This suggests that ovarian hormones impact VTA neuronal activity. While we did not directly assess the effect of hormonal addback on Fos activation, we would predict that estradiol restoration, which rescues the aversion-resistance phenotype, would also rescue neuronal activation patterns in the VTA. Other groups have examined estrogen regulation of dopamine signaling in the VTA (Vandegrift et al., 2017) and have found that during diestrus, VTA dopamine neurons were more sensitive to excitation by alcohol. This group also examined ERα and ERβ activity during the alcohol exposure, and found that ERα promoted the enhanced alcohol response (Vandegrift et al., 2020). Knockdown manipulations of both receptors resulted in reduced alcohol consumption in female but not male mice. These findings also agree with work showing increased excitability of DA neurons in the VTA and increased sensitivity to cocaine administration during the estrous phase in mice (Calipari et al., 2017; Shanley et al., 2023). Taken together with our data, these findings suggest that circulating estradiol contributes to alcohol seeking behavior and the associated activation of the VTA.

Overall, our results demonstrate increased aversion-resistant alcohol intake in female mice relative to males, and that this is likely mediated by circulating estradiol and its effect on VTA output. One outstanding question that will be addressed in current studies is what type of cells in the VTA are activated by alcohol and contribute to quinine-alcohol intake. This region consists primarily of dopaminergic and GABAergic neurons, and we will examine the specific activation patterns in these cell types during quinine-alcohol exposure. Additionally, it is unclear what drives sex differences in cortical activity, as ovariectomy had no impact on these measures. It is possible that male sex hormones promote the activity of these regions, and future experiments will examine this possibility. In conclusion, our study shows major sex differences in aversion-resistant behavior that is influenced by estradiol, and suggests that future work should further examine these mechanisms to improve the development of treatment strategies for women with AUD.
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