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Abstract
Introduction: The oxytocin (Oxt) system, while typically associated with the neu-
ral regulation of social behaviors, also plays a role in an individual's vulnerability to 
develop alcohol use disorders (AUD). In humans, changes to the Oxt system, due to 
early life experience and/or genetic mutations, are associated with increased vulner-
ability to AUD. While a considerable amount is known about Oxt's role in AUD in 
males, less is known or understood, about how Oxt may affect AUD in females, likely 
due to many clinical and preclinical studies of AUD not directly considering sex as a 
biological variable. This is unfortunate given that females are more vulnerable to the 
effects of alcohol and have increased alcohol consumption, as compared to males. 
Therefore, in the current study we wanted to determine whether genetic disruption 
of the Oxt receptor (Oxtr), that is, Oxtr knockout (−/−) mice, affected stress-induced 
alcohol consumption in males and females. We hypothesized that genetic disruption 
of the Oxtr would result in increased stress-induced alcohol consumption in both 
males and females compared to wild-type (+/+) controls. Though, we predicted that 
these disruptions might be greater in female Oxtr −/− mice.
Methods: To test this hypothesis, a two-bottle preference test was utilized along 
with the forced swim test (FST), and pre- and poststress alcohol consumption and 
preference measured within each sex (males and females were run separately). As a 
follow-up experiment, a taste preference test, to control for possible genotypic dif-
ferences in taste, was also performed.
Results: In males, we found no significant genotypic differences in alcohol consump-
tion or preference. However, in females, we found that genetic disruption of the Oxtr 
resulted in a greater consumption of alcohol both pre- and poststress compared to 
controls.
Conclusion: These data suggest that in females, disruptions in Oxt signaling may con-
tribute to increased vulnerability to alcohol-associated addiction.
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1  | INTRODUC TION

The central oxytocin (Oxt) system, while primarily known for its role 
in the modulation of social behaviors, is also implicated in addic-
tion-associated behaviors (Caldwell,  2018; Caldwell & Albers,  2016; 
Kovacs, Sarnyai, & Szabo,  1998). This is perhaps not surprising, as 
many individuals that abuse drugs also have impaired social interac-
tions (Schuckit, 2009). There is also evidence that the Oxt system can 
be altered by chronic drug use (Bowen & Neumann,  2017; Kovacs 
et al., 1998; Lee & Weerts, 2016). For instance, in the case of alco-
hol, chronic exposure results in the degeneration of Oxt-containing 
magnocellular neurons in the hypothalamus (Silva, Madeira, Ruela, & 
Paula-Barbosa,  2002; Sivukhina, Dolzhikov, Morozov Iu, Jirikowski, 
& Grinevich, 2006; Stevenson et al., 2017). This loss of oxytocinergic 
function, in addition to the stress-associated components of addiction, 
is widely associated with increased drug-seeking behavior, neurocog-
nitive deficits, and changes in sociability (McGregor & Bowen, 2012; 
Sinha, 2008). Beyond these use-associated changes to the endogenous 
Oxt system, there is also evidence that the Oxt system may contribute 
to an individual's predisposition to develop an addictive disorder.

In humans, single nucleotide polymorphisms (SNPs) of the oxy-
tocin receptor (Oxtr) are associated with development of alcohol 
use disorders (AUD). In children, Vaht et al. (2016) found a link-
age between the OXTR rs53576 polymorphism and alcohol use. 
Specifically, males homozygous for the A allele (thought to be associ-
ated with less efficient oxytocinergic functioning), are more frequent 
alcohol consumers at ages 15 and 18 and more likely to have alcohol 
abuse or addiction issues later in life. In females, no association be-
tween this polymorphism and alcohol use was identified. Though, 
males and females that are AA homozygous, who also reported less 
favorable relations with their teachers, are more likely to develop 
AUD later in life (Vaht, Kurrikoff, Laas, Veidebaum, & Harro, 2016). 
While the linkage between the Oxt system and AUD appears weak 
in females, it is of note that the Vaht et al., 2016 study is the only one 
that has evaluated the effects of Oxt SNPs on alcohol consumption 
in females. So, the relationship between the Oxt system and AUD 
in females is largely still unknown. In another study, conducted only 
in males, polymorphisms in the OXTR are associated with exposure 
to substance misuse intervention, peer substance abuse, and ad-
olescent alcohol use during the 9th grade (Cleveland et al., 2018). 
Although further research is needed, these data support the idea 
that a disrupted Oxt system may predispose an individual to AUD.

While animal models of AUD and alcohol consumption, similar 
to the human studies, have largely utilized male subjects, the data 
from preclinical models generally support clinical work. Specifically, 
they suggest that a functional Oxt system may help protect an in-
dividual from developing AUD, whereas a dysfunctional Oxt sys-
tem may increase an individual's vulnerability for developing AUD. 
Rodent studies have shown that administration of Oxt reduces 
alcohol consumption, alcohol withdrawal symptoms, and alco-
hol-induced side effects, including blocking of tolerance and hypo-
thermic effects in mice and rats (Tirelli, Jodogne, & Legros, 1992). 
Oxt also improves the tolerance for the myorelaxant and akinesia 

effects of alcohol (Bowen, Carson, Spiro, Arnold, & McGregor, 2011; 
Bowen et al., 2015; Jodogne, Tirelli, Klingbiel, & Legros, 1991; King 
et al., 2017; Tirelli et al., 1992). Beyond the ligand, a functional Oxtr 
seems to be critical for the protective effects of Oxt; specifically, its 
expression in the nucleus accumbens (NAcc). Overexpression of the 
Oxtr in the NAcc, delivered via lentiviral vector, reduces voluntary 
alcohol consumption (Bahi, Al Mansouri, & Al Maamari, 2016) and in-
traperitoneal (IP) pretreatment with an Oxtr antagonist blocks Oxt's 
ability to reduce binge-like drinking in male mice (King et al., 2017). 
Preclinical studies in prairie voles have found that systemic release 
of Oxt, facilitated by social interactions with a same-sex familiar 
partner, decreases the probability of alcohol relapse (Hostetler & 
Ryabinin, 2014). These data suggest that changes in the Oxt system, 
either the receptor or the ligand, may affect an individual's vulnera-
bility to abuse alcohol.

While the above data strongly support the assertion that the Oxt 
system can affect alcohol use and dependency, as has been men-
tioned previously, most of this work has been performed in males, 
due in part to men having higher prevalence rates of AUD compared 
to women (Abuse & Administration, 2016). Females, however, should 
not be ignored because they tend to have a different alcohol metab-
olism, increased blood alcohol levels, and greater neurotoxic effects 
compared to males (Anker & Carroll, 2011). In preclinical studies, fe-
male rodents often self-administer greater volumes of alcohol and 
maintain a longer preference for alcohol compared to males (Almeida 
et  al.,  1998; Juarez & Barrios de Tomasi,  1999; Lancaster, Brown, 
Coker, Elliott, & Wren,  1996; Sneddon, White, & Radke,  2019; 
Vetter-O'Hagen, Varlinskaya, & Spear, 2009). There are also nota-
ble sex differences in the brain's Oxt system. Generally speaking, 
females tend to have higher expression levels of Oxt and Oxtr as 
compared to males (Dumais, Bredewold, Mayer, & Veenema, 2013; 
Uhl-Bronner, Waltisperger, Martinez-Lorenzana, Condes Lara, & 
Freund-Mercier, 2005). Given that males and females differ in their 
physiological and behavioral responses to alcohol and that there are 
sex differences in the Oxt system (Anker & Carroll, 2011; Heather K. 
Caldwell, 2018), it is reasonable to predict that the Oxt system may 
have differing effects on alcohol consumption in males and females. 
It is within this framework that the current study was performed.

The goal of this study was to understand how a dysfunctional 
Oxt system affected alcohol consumption in both males and fe-
males, rather than directly evaluating sex differences. Taking into 
account previous research that suggests Oxt is able to offer some 
protection against excessive alcohol consumption, through its ac-
tions on the Oxtr (Bahi et  al.,  2016; King et  al.,  2017; Schuckit & 
Hesselbrock, 1994), and female vulnerability to alcohol abuse (Anker 
& Carroll, 2011), we sought to investigate how genetic disruption of 
the Oxtr affected stress-induced alcohol consumption in female and 
male Oxtr knockout (−/−) mice. We hypothesized that female and male 
Oxtr −/− mice would have increased voluntary alcohol consumption 
compared to wild-type littermates. We predicted that these disrup-
tions might be greater in females due to noted differences in the Oxt 
system. As work focused on disruption of the Oxt system and alco-
hol consumption is limited, this study was designed to shed some 
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light on Oxt-dependent differences in alcohol consumption follow-
ing a physical stressor in both males and females.

2  | MATERIAL S AND METHODS

2.1 | Animals

Adult male and female Oxtr −/− and wild-type (+/+) mice [males: 
Oxtr +/+ N = 8, Oxtr −/− N = 11 (9–26 weeks old), females: Oxtr +/+ 
N = 9, Oxtr −/− N = 10 (9–20 weeks old)] were generated from het-
erozygous breeding pairs and maintained on a 12:12 light-dark cycle 
(lights on 0200h). These mice are C57BL/6J-backcrossed as described 
in Macbeth, Lee, Edds, and Young (2009). Animals were individually 
housed in standard mouse cages (7.5W x 11.5L x 5H inches) and given 
ad libitum access to standard mouse chow and water. Female mice were 
freely cycling for this study. Genotyping was performed as described 
previously by H. J. Lee, Caldwell, Macbeth, Tolu, and Young (2008) 
using purified DNA collected by tail biopsy after weaning at PND 21. 
All procedures were conducted in accordance with protocols approved 
by the Kent State University Animal Care and Use Committee.

2.2 | Voluntary Ethanol (EtOH) Consumption

All animals were given continuous access to two 50-ml plastic centri-
fuge tubes with a 2.5” sipper tube, one containing drinking tap water 
and the other containing EtOH (v/v). The concentration of EtOH was 
sequentially increased in the following manner: 7 days at 0%, 7 days 
at 3%, 7 days at 5%, 7 days at 7%, 7 days at 9%, and 7 days of 11%. 
Following the 7-day exposure to 11% EtOH, mice were physically 
stressed once per day for three consecutive days using the forced 
swim test (FST) (described below). Mice were then maintained at 11% 
EtOH for 14 days. Thus, prestress consumption of EtOH and poststress 
consumption of EtOH were measured; this experimental design is de-
scribed in Caldwell et al. (2006). Throughout the experiment, bottles 
were weighed (in grams) every 24 hr and their positions were switched 
to prevent side bias. On a given day, the weight of an individual bottle 
was subtracted from its weight from the previous day, allowing for the 
determination of grams (g) of liquid drank per day. Home cage bedding 
was changed weekly, as were the 50-ml tubes. During the experiment, 
an empty cage with water and EtOH tubes was maintained as a control 
for evaporative loss; the volume lost was subtracted from all experi-
mental calculations for that day. Body weights (g) of all subjects were 
also measured every 24  hr. For practical reasons, space limitations, 
males and females were run in two separate cohorts.

2.3 | Forced swim test

The FST was used as a physical stressor and was administered be-
tween 1,500 and 1,700  hr (during their dark phase) each day for 
three consecutive days. During the FST, mice were maintained on 

the two-bottle choice paradigm, that is, water and 11% EtOH. The 
only time that ethanol was not available to the experimental animals 
was during the FST. Mice were placed into a 19-cm diameter Plexiglas 
tank filled to 24 cm with 24°C water for 10 min, as previously de-
scribed by H. K. Caldwell, Dike, Stevenson, Storck, and Young (2010). 
Animals were videotaped and the test timed using a stopwatch. The 
duration of time struggling (swimming) versus. immobility was scored 
and calculated using Observer® (Noldus Technologies, Leesburg, 
VA), a behavioral coding software program. During scoring, minutes 
2 through 6 were scored for each animal (total of 4 min), of which a 
5-s sampling method was utilized which categorized a mouse's be-
havior as swim or float. A swim behavior was defined as all four paws 
or the back two paws moving to propel mouse. A float behavior was 
defined as no paws moving or back two paws moving.

2.4 | Taste preference test

To control for possible genotypic differences in taste prefer-
ence, which can directly impact alcohol consumption (Bachmanov 
et al., 2003), mice were tested for their taste preferences for sac-
charin (sweet taste) and quinine (bitter taste). These tests were per-
formed following the EtOH consumption experiment. All animals 
were presented with a choice between a tastant (saccharin or qui-
nine) and water, each for four days in the following order: 0.033% 
saccharin, 0.06% saccharin, 0.015 mM quinine, and 0.06 mM qui-
nine. Bottles were weighed every 24 hr, and the volume consumed 
of each tastant was calculated. During this phase of testing, one 
male was removed due to deteriorating health. In addition, one male 
and one female were removed due to sinking during FST.

2.5 | Statistical analysis

For all statistical analysis, genotypes were compared within sex due 
to the fact that males and females were run at different times. Thus, 
only qualitative, rather than quantitative statements can be made 
regarding any possible sex differences. EtOH intake is expressed as 
grams of EtOH per kilogram of body weight per day (g/kg/day), tak-
ing into account EtOH density (0.79 g/ml) and EtOH concentration 
change. Percent EtOH preference is expressed as grams of EtOH 
solution/grams of total fluid consumed. Water and total fluid intake 
are expressed as grams of fluid per kilogram of body weight per day 
(g/kg/day). Ethanol intake, ethanol preference, water intake, and 
total fluid intake were then averaged across concentrations. For 
the FST, percent of time struggling was calculated and compared 
between genotypes, across the days of testing. Quinine/Saccharin 
intakes were averaged across concentrations to account for day-to-
day variability in drinking patterns. Within each sex, EtOH intake, 
percent EtOH preference, water intake, and total fluid intake were 
analyzed using a repeated measure analysis of variance (ANOVA) 
with concentration as the within-subject measure and genotype as 
the between-subject measure. For this analysis, all 14 days post-11% 
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consumption were averaged. EtOH intake during the FST was an-
alyzed using a repeated measure ANOVA with day as the within-
subject measure and genotype as the between-subject measure. If 
there were any significant differences, a one-way ANOVA was run 
to determine where there were any genotypic differences within a 
given concentration or day. A one-way ANOVA analysis was also 
used to evaluate genotypic differences in the 7 days pre-11% and 
the first 7 days in post-11% ethanol consumption. Taste preference 
was analyzed using a two-way repeated measures ANOVA with 
tastant and concentration as the within-subject measures and geno-
type as the between-subject measure. When appropriate, a Tukey 
post hoc analysis was performed. All data were verified for the ap-
propriate assumptions prior to statistical analysis using the SPSS 
software (IBM, Armonk, NY). A result was considered statistically 
significant if p < .05.

3  | RESULTS

3.1 | Female, but not male, Oxtr −/− mice have 
increased voluntary EtOH consumption, both pre- 
and poststress

In males, there was no statistically significant interaction be-
tween genotype and concentration in measures of EtOH intake 
and EtOH preference [F (1,16) = 0.311, p = .930, F (1,16) = 0.352, 
p  =  .907, respectively] (Figure  1a and b). There was, however, a 
main effect of concentration in both EtOH intake and preference 
[F (1,16) = 13.525, p <  .01 and F (1,16) = 3.467, p =  .004, respec-
tively]. Figure 1a shows a 7-day pre-11% and 7-day post-11% EtOH 
consumption with no significant difference between genotype in 
either pre- or post-EtOH consumption [F (1,16) = 0.000, p =  .998 

F I G U R E  1  Ethanol consumption, ethanol preference, water intake, and total fluid intake in male Oxtr +/+ and −/− mice (n = 6 and n = 11, 
respectively). Males showed no significant genotypic differences in ethanol intake consumed in grams per kilograms per day (g/kg/day) 
(a), ethanol preference (b), water intake shown in g/kg/day (c), and total fluid intake shown in g/kg/day (d) (p > .05). Males also showed no 
genotypic differences in the 7-day pre-11% intake and 7-day post-11% intake (p > .05). Percent of ethanol was calculated as grams of ethanol 
intake divided by total grams of fluid intake
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and F (1,16) = 2.050, p = .171, respectively]. In addition, there was 
no statistically significant interaction between genotype and con-
centration in measures of total water intake and total fluid intake [F 
(1,16) = 0.371, p = .918 and F (1,16) = 0.463, p = .859, respectively] 
(Figure 1c and d). Similar to EtOH intake and preference, there was 
a main effect of concentration in both measures of water intake and 
total fluid intake [F (1,16) = 20.405, p < .01 and F (1,16) = 10.060, 
p < .01, respectively].

In females, there was a statistically significant interaction be-
tween genotype and concentration in measures of EtOH intake and 
preference [F (1,17) = 6.557, p < .01 and F (1,17) = 3.019, p = .009, 
respectively] (Figure  2a and b). Post hoc analysis identified signifi-
cant genotypic differences with female Oxtr −/− mice having in-
creased EtOH intake compared to their wild-type counterpart. 

Similar to males, females showed a main effect of concentration in 
measures of EtOH intake and preference [F (1,17) = 23.314, p < .01 
and F (1,17) = 7.420, p < .01, respectively]. Figure 2a shows a 7-day 
pre-11% and 7-day post-11% EtOH consumption with a significant 
difference between genotype in pre- [F (1,17) =  7.595, p  =  .013] 
and post-EtOH consumption [F (1,17) = 12.119, p =  .003]. In addi-
tion, females showed a statistically significant interaction between 
genotype and concentration in measures of water intake with 
Oxtr −/− mice drinking less water compared to Oxtr +/+ mice [F 
(1,17) = 2.524, p = .019] (Figure 2c). There were no statistically sig-
nificant genotypic differences in total fluid intake [F (1,17) = 1.078, 
p = .382] (Figure 2d). However, there was a main effect of concentra-
tion in total fluid intake [F (1,17) = 12.386, p < .01], as well as water 
intake [F (1,17) = 34.995, p < .01].

F I G U R E  2  Ethanol consumption, ethanol preference, water intake, and total fluid intake in female Oxtr +/+ and −/− mice (n = 8 and 
n = 10, respectively). Females showed significant genotypic differences in ethanol consumption (g/kg/day) (a), ethanol preference (b), and 
water intake (g/kg/day) (c). Specifically, Oxtr −/− mice showed an increase ethanol intake and preference from 9% ethanol to 11% poststress 
ethanol compared to their wild-type counterparts (p < .05). Similarly, Oxtr −/− mice showed a significant genotypic difference in the 7-day 
pre-11% intake and 7-day post-11% intake (p < .05). Conversely, Oxtr +/+ mice drank significantly more water compared to Oxtr −/− mice 
(p < .05). However, there was no significant genotypic difference in total fluid intake (g/kg/day) (d) (p > .05)
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3.2 | Stress did not result in genotypic- or sex-
specific increases in alcohol consumption

Neither males or females showed any statistically significant geno-
typic differences in percent of time struggling [F (1,16) =  1.080, 
p  =  .352 and F (1,17) =  1.525, p  =  .232, respectively] (Figures 3a 
and 4a, respectively). There was, however, a main effect of day in 
both male [F (1,16) = 114.268, p < .01] and female [F (1,17) = 46.012, 
p < .05] Oxtr −/− mice, with both sexes decreasing the percent time 
struggling each day. In addition, the FST stressor did not result in 
any genotypic differences in alcohol consumption. Neither males 
or females showed any statistically significant genotypic differ-
ences in ethanol intake during the three consecutive days of FST [F 
(1,16) = 0.025, p = .877 and F (1,17) = 1.422, p = .249, respectively]. 
There was also no significant interaction of days x genotype in either 
males or females [F (1,16) = 0.283, p =  .755 and F (1,17) = 2.916, 
p = .068, respectively]. There was, however, a main effect of day in 
both male [F (1,16) = 6.838, p = .003] and female [F (1,17) = 11.973, 
p < .05] Oxtr −/− mice, with both sexes, in general, increasing their 
ethanol intake across days (Figure 5).

3.3 | Female Oxtr −/− mice have an increased 
preference for the sweet tastant

In males, there was no statistically significant interaction of geno-
type in sweet (saccharine) or bitter (quinine) tastant consumption [F 
(1,16) = 0.301, p = .591] (Figure 3b). However, there was an expected 
main effect of tastant type, with higher volumes of saccharine 
being consumed compared to quinine [F (1,16) = 106.561, p < .05]. 

Further, there was an interaction of tastant and concentration with 
higher volumes of saccharine (0.06%) and quinine (0.015 mM) being 
consumed compared to their other respective concentrations [F 
(1,16) = 54.105, p < .05]. Unlike males, females showed a statistically 
significant interaction between genotype and tastant specifically in 
saccharine consumption [F (1,17) = 8.119, p =  .011], with Oxtr −/− 
females consuming higher volumes of saccharine compared to their 
wild-type controls independent of concentration (Figure 4b). Similar 
to males, females displayed the expected main effect of tastant [F 
(1,17) = 46.670, p < .01], as well as a tastant by concentration inter-
action [F (1,17) = 36.375, p < .01].

4  | DISCUSSION

In this study, we have evaluated alcohol consumption in male and 
female Oxtr −/− mice before and after a physical stressor. We hy-
pothesized that there would be genotypic differences in stress-
induced alcohol consumption, with both male and female Oxtr 
−/− mice having increased alcohol intake and preference compared 
to their wild-type control littermates following a physical stressor. 
Although, we predicted that these effects might be greater in fe-
male Oxtr −/− mice. Interestingly, starting with administration of 9% 
EtOH and throughout the remainder of the experiment, only female 
Oxtr −/− mice had an increase in their ethanol consumption relative 
to controls. It is of note that female wild type and −/− littermates had 
similar EtOH intake levels until the administration of 7% EtOH. From 
the 7% EtOH and on, wild-type females appear to decrease their 
EtOH intake while Oxtr −/− females increased their ethanol intake, 
and however, there were no genotypic differences in EtOH intake 

F I G U R E  3   Forced swim stressor and taste preference in male Oxtr +/+ and −/− mice (n = 6, n = 11). The forced swim analysis showed 
no significant genotypic differences in percent of time struggling (p > .05), and however, there was a significant effect of days (a). Males 
decreased their percent time struggling throughout days of testing (p < .05). In taste preference, there were no statistically significant 
genotypic differences (p > .05) (b). However, there was a significant effect of tastant and concentration, where males preferred saccharin 
over quinine, high concentration of saccharin over low concentration of saccharin, and lower concentration of quinine over higher 
concentration of quinine (p < .05)
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on the days of the FST stressor. These data suggest that in females, 
a functional Oxtr has protective effects against the consumption of 
higher concentrations of EtOH.

Conversely, in males, we found no genotypic differences in alco-
hol consumption and preference either pre- or poststress. Though, 
males appear to have found the FST fairly aversive, perhaps even 
more so than females, as the males spent an average of 80% of their 
time struggling on day one of testing compared to an average of 40% 
in females. We did observe the expected increase in EtOH intake 
during the FST, which did not have any long-term effects on alco-
hol consumption. This is particularly interesting in light of the fact 
that males spent much more time struggling during the forced swim 
stressor than females. As previous studies have suggested, it may be 
that sex differences in Oxt are directly regulating sex-specific behav-
iors [for review see Caldwell (2018), Dumais and Veenema (2016)], 

in this case alcohol consumption. Given the results reported herein, 
it is reasonable to speculate that, in females, loss of oxytocinergic 
receptor function increases the vulnerability of females to develop 
an AUD, as observed in clinical populations (Vaht et al., 2016).

Since it is known that, compared to males, females tend to 
have higher blood alcohol levels after drinking, differ in their al-
cohol metabolism, and have greater neurotoxic effects (Anker & 
Carroll,  2011), it is plausible that some of our observed effects in 
females are due to sex-dependent pharmacological effects of EtOH. 
EtOH is known to have anxiolytic, sedative, locomotor, and reinforc-
ing effects and given that there are a limited number of studies that 
have evaluated alcohol intake in Oxtr −/− mice, it is difficult to say 
whether our results are due to genetic disruption alone or in tandem 
with the physiological effects of ethanol. For example, it may take 
less alcohol consumption for male Oxtr −/− mice to feel the sedative 

F I G U R E  4   Forced swim stressor and taste preference in female Oxtr +/+ and −/− mice (n = 8, n = 10). There were no significant 
genotypic differences in percent of time struggling (p > .05), and however, there was a significant effect of days (a). Females decreased their 
percent time struggling throughout days of testing (p < .05). In taste preference, there was a statistically significant genotypic difference 
in saccharine where Oxtr −/− females preferred more saccharine compared to wild-type counterparts (b). In addition, females also showed 
a significant effect of tastant and concentration (p < .05). Like males, females preferred saccharin over quinine and lower concentration of 
quinine over higher concentration of quinine (p < .05)

F I G U R E  5   Ethanol intake in male 
and female Oxtr +/+ and Oxtr −/− mice 
(n = 6, n = 11; n = 8, n = 10, respectively) 
during the forced swim test. Within each 
sex, there were no significant genotypic 
differences in ethanol intake (p > .05). 
There was, however, a significant effect of 
days in both male (a) and female (b) mice 
(p < .05)
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and/or rewarding effects of alcohol compared to females. Female 
Oxtr −/− mice may consume a lot more alcohol just to feel its reward-
ing properties. While beyond what is presented here, it would be 
useful to determine whether there are genotypic differences in how 
alcohol is metabolized, this could be achieved by measuring their 
blood alcohol concentration.

Beyond these possible sex and/or genotypic differences in 
the effects of alcohol, it is also important to consider that the Oxt 
system closely interacts with the dopaminergic reward system. 
This system, while important to aspects of motivated social be-
haviors, is also known to be important in addictive states (Bowen 
& Neumann,  2017; Caldwell & Albers,  2016). Further, the Oxtr is 
expressed in brain regions known to be part of the reward neural 
circuitry (Caldwell & Albers,  2016; Peris et  al.,  2017). Oxt projec-
tions from the PVN synapse on dopaminergic neurons of the NAcc 
(Knobloch & Grinevich, 2014) and the Oxtr is expressed on dopa-
mine neurons, specifically those projecting from the VTA to the 
NAcc and medial prefrontal cortex (Peris et al., 2017). A recent study 
has shown that ICV Oxt injection blocks dopamine release induced 
by ethanol administration within the NAcc, which results in re-
duced ethanol seeking behavior (Peters, Bowen, Bohrer, McGregor, 
& Neumann, 2017). Thus, it is very likely that our female Oxtr −/− 
mice are missing the neurochemical “brake” for dopamine release, 
resulting in an overactive reward pathway. If this is the case, it would 
explain why female Oxtr −/− mice consume more ethanol than wild-
type controls. It does not, however, explain why there was no ge-
notypic difference in EtOH consumption in our male mice. Moving 
forward, work critically examining the interaction of the Oxt and 
dopaminergic systems in female and male Oxtr −/− mice will be an 
important “next step”.

Unlike female Oxtr −/− mice, Oxtr −/− males showed no geno-
typic differences in alcohol preference and consumption. This could 
be because of an unknown compensatory mechanism that may 
exist in our male Oxtr −/− mice that allows for Oxt to continue to 
signal and buffer alcohol consumption. One option would be the 
arginine vasopressin (Avp) system. Oxt and Avp are evolutionarily 
related neuropeptides that only differ by two amino acids and have 
known affinities for each other's receptors (Caldwell & Albers, 2016; 
Neumann & Landgraf, 2012). It is possible that in males, Oxt reduces 
the motivational effects of alcohol through actions on one of the 
centrally expressed Avp receptors (Neumann & Landgraf, 2012). For 
instance, in genetically high alcohol-preferring rats and alcohol-de-
pendent Wistar rats, the Avp 1b receptor (Avpr1b) antagonist SR 
149415 reduces alcohol consumption (Edwards, Guerrero, Ghoneim, 
Roberts, & Koob, 2012; Zhou et al., 2011). Thus, further research is 
needed to test the role of Avp signaling as a protective compensa-
tory mechanism in male Oxtr −/− mice.

Studies have shown that the Oxt system plays a major role in 
feeding behavior, caloric intake, and taste preference (Arletti, 
Benelli, & Bertolini, 1989; Lawson et al., 2015). In this study, female 
Oxtr −/− mice have an increased preference for saccharine as com-
pared to water. This difference is not observed in male Oxtr −/− mice, 
which is consistent with other work performed in male Oxtr −/− mice 

(Lee et al., 2008). Additionally, the female data presented here also 
consistent with previous work demonstrating that experimentally 
naive Oxt −/− females have a robust initial and sustained preference 
for sucrose and saccharin compared to their wild-type counterparts 
(Amico, Vollmer, Cai, Miedlar, & Rinaman,  2005; Billings, Spero, 
Vollmer, & Amico, 2006; Sclafani, Rinaman, Vollmer, & Amico, 2007). 
Thus, we can conclude that Oxt signaling pathway is able to modu-
late the intake of sweet solutions in mice. Perhaps this preference for 
sweet solutions is why female Oxtr −/− mice consumed more alcohol 
compared to controls, as low concentrations of alcohol are known 
to have a sweeter taste compared to higher concentrations (Crabbe, 
Phillips, & Belknap, 2010). Though, it is important to acknowledge 
that differences in taste preference in females, and lack thereof in 
males, could also be due to carry-over effects from the FST.

At this time, current treatments for AUD involve a combina-
tion of psychological, social, and pharmacotherapeutic interven-
tions, with the best pharmacological therapies reducing the rate 
of relapse and cravings, and decreasing the frequency of drinking 
following relapse (Kiefer & Mann,  2005). That being said, there is 
always an interest in developing more efficacious pharmacological 
treatments. The challenge of course is that it is likely that many neu-
rochemical changes are contributing to AUD, and however, Oxt has 
shown preclinically and clinically to have positive beneficial effects. 
In humans, there is evidence that patients diagnosed with an AUD 
and treated with intranasal Oxt have reduced cravings (Lee, Rohn, 
Tanda, & Leggio, 2016) and alcohol withdrawal symptoms (Pedersen 
et al., 2013). Nevertheless, to understand the benefits of Oxt as a 
therapeutic, it is especially important to study the role of the Oxt 
system in alcohol consumption not only in males, but also in females 
as results can differ as a function of an individual's sex.

It is a societal misconception that alcoholism or alcohol-related 
problems are male-specific disorders. Interestingly, sex-specific gen-
der norms are shifting and this male-leaning prevalence gap is dimin-
ishing (Keyes, Martins, Blanco, & Hasin, 2010), which only increases 
the need for female inclusion in drug abuse and addiction research. 
The preliminary results in this study are the first to address this gap, 
and however, further research is necessary to better understand the 
Oxt system and its role in alcohol consumption. Undoubtedly, the 
use of genetically modified animals is a great tool to tease apart the 
possible mechanism between increased alcohol consumption and 
disruption of the Oxt system, focusing on sex-specific differences. 
Future studies will include measuring the rewarding properties of al-
cohol in both males and females, as well as looking for possible brain 
areas that may better explain the neuro-connectivity or lack thereof 
due to loss of oxytocinergic function.

5  | CONCLUSIONS

Our study is the first to investigate alcohol consumption in both 
male and female Oxtr −/− mice. Our data suggest that impairments 
in the functioning of the Oxt system may make females, but not 
males, more vulnerable to increased EtOH consumption. While 
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it is clear that additional research is needed to better understand 
the contributions of the Oxt system to the vulnerability associated 
with alcohol preference and consumption, our data also underscore 
the importance of considering sex as a biological variable in these 
types of studies. These data also support previous work which sug-
gest that the Oxt system may be a possible pharmacological target 
to aid in the prevention of addictive behaviors, such as alcohol abuse 
disorders.

ACKNOWLEDG MENT
We thank the members of the Kent State University vivarium staff 
for the excellent care provided to our animals.

CONFLIC T OF INTERE S T
The authors of the manuscript have no conflicts of interest to 
declare.

AUTHORS’  CONTRIBUTIONS
Author contributions were as follows: Karla M. Rodriguez partici-
pated in experiment planning, animal husbandry, experimental ac-
quisition of data, data analysis, writing the manuscript, and creating 
figures, Brittany L. Smith participated in experiment planning and 
writing the manuscript, and Heather K. Caldwell participated in ex-
periment planning, data analysis, and writing the manuscript.

PEER RE VIE W
The peer review history for this article is available at https://publo​
ns.com/publo​n/10.1002/brb3.1749.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Karla M. Rodriguez   https://orcid.org/0000-0001-9273-6231 
Brittany L. Smith   https://orcid.org/0000-0003-2745-1461 
Heather K. Caldwell   https://orcid.org/0000-0002-2172-3860 

R E FE R E N C E S
Abuse, S., & Administration, M. H. S. (2016). 2015 National Survey on Drug 

Use and Health.
Almeida, O. F., Shoaib, M., Deicke, J., Fischer, D., Darwish, M. H., & 

Patchev, V. K. (1998). Gender differences in ethanol preference 
and ingestion in rats. The role of the gonadal steroid environment. 
Journal of Clinical Investigation, 101(12), 2677–2685. https://doi.
org/10.1172/JCI1198

Amico, J. A., Vollmer, R. R., Cai, H. M., Miedlar, J. A., & Rinaman, L. (2005). 
Enhanced initial and sustained intake of sucrose solution in mice with 
an oxytocin gene deletion. American Journal of Physiology: Regulatory, 
Integrative and Comparative Physiology, 289(6), R1798–R1806. 
https://doi.org/10.1152/ajpre​gu.00558.2005

Anker, J. J., & Carroll, M. E. (2011). Females are more vulnerable to drug 
abuse than males: Evidence from preclinical studies and the role of 
ovarian hormones. Current Topics in Behavioral Neurosciences, 8, 73–
96. https://doi.org/10.1007/7854_2010_93

Arletti, R., Benelli, A., & Bertolini, A. (1989). Influence of oxytocin on 
feeding behavior in the rat. Peptides, 10(1), 89–93. https://doi.
org/10.1016/0196-9781(89)90082​-x

Bachmanov, A. A., Kiefer, S. W., Molina, J. C., Tordoff, M. G., Duffy, V. 
B., Bartoshuk, L. M., & Mennella, J. A. (2003). Chemosensory fac-
tors influencing alcohol perception, preferences, and consump-
tion. Alcoholism, Clinical and Experimental Research, 27(2), 220–231. 
https://doi.org/10.1097/01.ALC.00000​51021.99641.19

Bahi, A., Al Mansouri, S., & Al Maamari, E. (2016). Nucleus accumbens 
lentiviral-mediated gain of function of the oxytocin receptor regu-
lates anxiety- and ethanol-related behaviors in adult mice. Physiology 
& Behavior, 164(Pt A), 249–258. https://doi.org/10.1016/j.physb​
eh.2016.06.009

Billings, L. B., Spero, J. A., Vollmer, R. R., & Amico, J. A. (2006). Oxytocin 
null mice ingest enhanced amounts of sweet solutions during light 
and dark cycles and during repeated shaker stress. Behavioral 
Brain Research, 171(1), 134–141. https://doi.org/10.1016/j.
bbr.2006.03.028

Bowen, M. T., Carson, D. S., Spiro, A., Arnold, J. C., & McGregor, I. S. 
(2011). Adolescent oxytocin exposure causes persistent reduc-
tions in anxiety and alcohol consumption and enhances sociabil-
ity in rats. PLoS One, 6(11), e27237. https://doi.org/10.1371/journ​
al.pone.0027237

Bowen, M. T., & Neumann, I. D. (2017). Rebalancing the addicted brain: 
Oxytocin interference with the neural substrates of addiction. 
Trends in Neurosciences, 40(12), 691–708. https://doi.org/10.1016/j.
tins.2017.10.003

Bowen, M. T., Peters, S. T., Absalom, N., Chebib, M., Neumann, I. D., & 
McGregor, I. S. (2015). Oxytocin prevents ethanol actions at delta 
subunit-containing GABAA receptors and attenuates ethanol-in-
duced motor impairment in rats. Proceedings of the National Academy 
of Sciences of the United States of America, 112(10), 3104–3109. 
https://doi.org/10.1073/pnas.14169​00112

Caldwell, H. K. (2018). Oxytocin and sex differences in behavior. Current 
Opinion in Behavioral Sciences, 23, 13–20. https://doi.org/10.1016/j.
cobeha.2018.02.002

Caldwell, H. K., & Albers, H. E. (2016). Oxytocin, vasopressin, and 
the motivational forces that drive social behaviors. Current 
Topics in Behavioral Neurosciences, 27, 51–103. https://doi.
org/10.1007/7854_2015_390

Caldwell, H. K., Dike, O. E., Stevenson, E. L., Storck, K., & Young, W. 
S. 3rd (2010). Social dominance in male vasopressin 1b receptor 
knockout mice. Hormones and Behavior, 58(2), 257–263. https://doi.
org/10.1016/j.yhbeh.2010.03.008

Caldwell, H. K., Stewart, J., Wiedholz, L. M., Millstein, R. A., Iacangelo, 
A., Holmes, A., … Wersinger, S. R. (2006). The acute intoxicating 
effects of ethanol are not dependent on the vasopressin 1a or 1b 
receptors. Neuropeptides, 40(5), 325–337. https://doi.org/10.1016/j.
npep.2006.08.001

Cleveland, H. H., Griffin, A. M., Wolf, P. S. A., Wiebe, R. P., Schlomer, 
G. L., Feinberg, M. E., … Vandenbergh, D. J. (2018). Transactions 
between substance use intervention, the oxytocin receptor 
(OXTR) gene, and peer substance use predicting youth alcohol use. 
Prevention Science, 19(1), 15–26. https://doi.org/10.1007/s1112​
1-017-0749-5

Crabbe, J. C., Phillips, T. J., & Belknap, J. K. (2010). The complexity of 
alcohol drinking: Studies in rodent genetic models. Behavior Genetics, 
40(6), 737–750. https://doi.org/10.1007/s1051​9-010-9371-z

Dumais, K. M., Bredewold, R., Mayer, T. E., & Veenema, A. H. (2013). 
Sex differences in oxytocin receptor binding in forebrain regions: 
Correlations with social interest in brain region- and sex- spe-
cific ways. Hormones and Behavior, 64(4), 693–701. https://doi.
org/10.1016/j.yhbeh.2013.08.012

Dumais, K. M., & Veenema, A. H. (2016). Vasopressin and oxytocin recep-
tor systems in the brain: Sex differences and sex-specific regulation 

https://publons.com/publon/10.1002/brb3.1749
https://publons.com/publon/10.1002/brb3.1749
https://orcid.org/0000-0001-9273-6231
https://orcid.org/0000-0001-9273-6231
https://orcid.org/0000-0003-2745-1461
https://orcid.org/0000-0003-2745-1461
https://orcid.org/0000-0002-2172-3860
https://orcid.org/0000-0002-2172-3860
https://doi.org/10.1172/JCI1198
https://doi.org/10.1172/JCI1198
https://doi.org/10.1152/ajpregu.00558.2005
https://doi.org/10.1007/7854_2010_93
https://doi.org/10.1016/0196-9781(89)90082-x
https://doi.org/10.1016/0196-9781(89)90082-x
https://doi.org/10.1097/01.ALC.0000051021.99641.19
https://doi.org/10.1016/j.physbeh.2016.06.009
https://doi.org/10.1016/j.physbeh.2016.06.009
https://doi.org/10.1016/j.bbr.2006.03.028
https://doi.org/10.1016/j.bbr.2006.03.028
https://doi.org/10.1371/journal.pone.0027237
https://doi.org/10.1371/journal.pone.0027237
https://doi.org/10.1016/j.tins.2017.10.003
https://doi.org/10.1016/j.tins.2017.10.003
https://doi.org/10.1073/pnas.1416900112
https://doi.org/10.1016/j.cobeha.2018.02.002
https://doi.org/10.1016/j.cobeha.2018.02.002
https://doi.org/10.1007/7854_2015_390
https://doi.org/10.1007/7854_2015_390
https://doi.org/10.1016/j.yhbeh.2010.03.008
https://doi.org/10.1016/j.yhbeh.2010.03.008
https://doi.org/10.1016/j.npep.2006.08.001
https://doi.org/10.1016/j.npep.2006.08.001
https://doi.org/10.1007/s11121-017-0749-5
https://doi.org/10.1007/s11121-017-0749-5
https://doi.org/10.1007/s10519-010-9371-z
https://doi.org/10.1016/j.yhbeh.2013.08.012
https://doi.org/10.1016/j.yhbeh.2013.08.012


10 of 11  |     Rodriguez et al.

of social behavior. Frontiers in Neuroendocrinology, 40, 1–23. https://
doi.org/10.1016/j.yfrne.2015.04.003

Edwards, S., Guerrero, M., Ghoneim, O. M., Roberts, E., & Koob, 
G. F. (2012). Evidence that vasopressin V1b receptors me-
diate the transition to excessive drinking in ethanol-de-
pendent rats. Addiction Biology, 17(1), 76–85. https://doi.
org/10.1111/j.1369-1600.2010.00291.x

Hostetler, C. M., & Ryabinin, A. E. (2014). Social partners prevent alco-
hol relapse behavior in prairie voles. Psychoneuroendocrinology, 39, 
152–157. https://doi.org/10.1016/j.psyne​uen.2013.10.006

Jodogne, C., Tirelli, E., Klingbiel, P., & Legros, J. J. (1991). Oxytocin 
attenuates tolerance not only to the hypothermic but also 
to the myorelaxant and akinesic effects of ethanol in mice. 
Pharmacology, Biochemistry and Behavior, 40(2), 261–265. https://doi.
org/10.1016/0091-3057(91)90549​-h

Juarez, J., & Barrios de Tomasi, E. (1999). Sex differences in alcohol drink-
ing patterns during forced and voluntary consumption in rats. Alcohol, 
19(1), 15–22. https://doi.org/10.1016/s0741​-8329(99)00010​-5

Keyes, K. M., Martins, S. S., Blanco, C., & Hasin, D. S. (2010). Telescoping 
and gender differences in alcohol dependence: New evidence from 
two national surveys. American Journal of Psychiatry, 167(8), 969–976. 
https://doi.org/10.1176/appi.ajp.2009.09081161

Kiefer, F., & Mann, K. (2005). New achievements and pharmacother-
apeutic approaches in the treatment of alcohol dependence. 
European Journal of Pharmacology, 526(1–3), 163–171. https://doi.
org/10.1016/j.ejphar.2005.09.028

King, C. E., Griffin, W. C., Luderman, L. N., Kates, M. M., McGinty, J. F., & 
Becker, H. C. (2017). Oxytocin reduces ethanol self-administration in 
mice. Alcoholism, Clinical and Experimental Research, 41(5), 955–964. 
https://doi.org/10.1111/acer.13359

Knobloch, H. S., & Grinevich, V. (2014). Evolution of oxytocin pathways 
in the brain of vertebrates. Frontiers in Behavioral Neuroscience, 8, 31. 
https://doi.org/10.3389/fnbeh.2014.00031

Kovacs, G. L., Sarnyai, Z., & Szabo, G. (1998). Oxytocin and addiction: 
A review. Psychoneuroendocrinology, 23(8), 945–962. https://doi.
org/10.1016/s0306​-4530(98)00064​-x

Lancaster, F. E., Brown, T. D., Coker, K. L., Elliott, J. A., & Wren, S. B. 
(1996). Sex differences in alcohol preference and drinking patterns 
emerge during the early postpubertal period in sprague-dawley rats. 
Alcoholism: Clinical and Experimental Research, 20(6), 1043–1049. 
https://doi.org/10.1111/j.1530-0277.1996.tb019​45.x

Lawson, E. A., Marengi, D. A., DeSanti, R. L., Holmes, T. M., Schoenfeld, 
D. A., & Tolley, C. J. (2015). Oxytocin reduces caloric intake in men. 
Obesity (Silver Spring), 23(5), 950–956. https://doi.org/10.1002/
oby.21069

Lee, H. J., Caldwell, H. K., Macbeth, A. H., Tolu, S. G., & Young, W. S. 
3rd (2008). A conditional knockout mouse line of the oxytocin re-
ceptor. Endocrinology, 149(7), 3256–3263. https://doi.org/10.1210/
en.2007-1710

Lee, M. R., Rohn, M. C., Tanda, G., & Leggio, L. (2016). Targeting the 
Oxytocin System to Treat Addictive Disorders: Rationale and Progress 
to Date. CNS Drugs, 30(2), 109–123. https://doi.org/10.1007/s4026​
3-016-0313-z

Lee, M. R., & Weerts, E. M. (2016). Oxytocin for the treatment of drug 
and alcohol use disorders. Behavioural Pharmacology, 27(8), 640–648. 
https://doi.org/10.1097/FBP.00000​00000​000258

Macbeth, A. H., Lee, H. J., Edds, J., & Young, W. S. 3rd (2009). Oxytocin 
and the oxytocin receptor underlie intrastrain, but not interstrain, 
social recognition. Genes, Brain, and Behavior, 8(5), 558–567. https://
doi.org/10.1111/j.1601-183X.2009.00506.x

McGregor, I. S., & Bowen, M. T. (2012). Breaking the loop: Oxytocin as a 
potential treatment for drug addiction. Hormones and Behavior, 61(3), 
331–339. https://doi.org/10.1016/j.yhbeh.2011.12.001

Neumann, I. D., & Landgraf, R. (2012). Balance of brain oxytocin and va-
sopressin: Implications for anxiety, depression, and social behaviors. 

Trends in Neurosciences, 35(11), 649–659. https://doi.org/10.1016/j.
tins.2012.08.004

Pedersen, C. A., Smedley, K. L., Leserman, J., Jarskog, L. F., Rau, S. 
W., Kampov-Polevoi, A., … Garbutt, J. C. (2013). Intranasal oxy-
tocin blocks alcohol withdrawal in human subjects. Alcoholism, 
Clinical and Experimental Research, 37(3), 484–489. https://doi.
org/10.1111/j.1530-0277.2012.01958.x

Peris, J., MacFadyen, K., Smith, J. A., de Kloet, A. D., Wang, L., & Krause, 
E. G. (2017). Oxytocin receptors are expressed on dopamine and 
glutamate neurons in the mouse ventral tegmental area that project 
to nucleus accumbens and other mesolimbic targets. The Journal of 
Comparative Neurology, 525(5), 1094–1108. https://doi.org/10.1002/
cne.24116

Peters, S. T., Bowen, M. T., Bohrer, K., McGregor, I. S., & Neumann, I. D. 
(2017). Oxytocin inhibits ethanol consumption and ethanol-induced 
dopamine release in the nucleus accumbens. Addiction Biology, 22(3), 
702–711. https://doi.org/10.1111/adb.12362

Schuckit, M. A. (2009). Alcohol-use disorders. The Lancet, 373(9662), 
492–501.

Schuckit, M. A., & Hesselbrock, V. (1994). Alcohol dependence and anxi-
ety disorders: What is the relationship? American Journal of Psychiatry, 
151(12), 1723–1734. https://doi.org/10.1176/ajp.151.12.1723

Sclafani, A., Rinaman, L., Vollmer, R. R., & Amico, J. A. (2007). Oxytocin 
knockout mice demonstrate enhanced intake of sweet and nonsweet 
carbohydrate solutions. American Journal of Physiology: Regulatory, 
Integrative and Comparative Physiology, 292(5), R1828–1833. https://
doi.org/10.1152/ajpre​gu.00826.2006

Silva, S. M., Madeira, M. D., Ruela, C., & Paula-Barbosa, M. M. (2002). 
Prolonged alcohol intake leads to irreversible loss of vasopressin and 
oxytocin neurons in the paraventricular nucleus of the hypothala-
mus. Brain Research, 925(1), 76–88. https://doi.org/10.1016/s0006​
-8993(01)03261​-9

Sinha, R. (2008). Chronic stress, drug use, and vulnerability to addiction. 
Annals of the New York Academy of Sciences, 1141, 105–130. https://
doi.org/10.1196/annals.1441.030

Sivukhina, E., Dolzhikov, A., Morozov, I. U., Jirikowski, G., & Grinevich, 
V. (2006). Effects of chronic alcoholic disease on magnocellular and 
parvocellular hypothalamic neurons in men. Hormone and Metabolic 
Research, 38(6), 382–390. https://doi.org/10.1055/s-2006-944522

Sneddon, E. A., White, R. D., & Radke, A. K. (2019). Sex Differences in 
Binge-Like and Aversion-Resistant Alcohol Drinking in C57BL/6J 
Mice. Alcoholism, Clinical and Experimental Research, 43(2), 243–249. 
https://doi.org/10.1111/acer.13923

Stevenson, J. R., Young, K. A., Bohidar, A. E., Francomacaro, L. M., Fasold, 
T. R., Buirkle, J. M., … Christian, S. C. (2017). Alcohol Consumption 
Decreases Oxytocin Neurons in the Anterior Paraventricular 
Nucleus of the Hypothalamus in Prairie Voles. Alcoholism, Clinical and 
Experimental Research, 41(8), 1444–1451. https://doi.org/10.1111/
acer.13430

Tirelli, E., Jodogne, C., & Legros, J. J. (1992). Oxytocin blocks the environ-
mentally conditioned compensatory response present after tolerance 
to ethanol-induced hypothermia in mice. Pharmacology, Biochemistry 
and Behavior, 43(4), 1263–1267. https://doi.org/10.1016/0091-
3057(92)90512​-e

Uhl-Bronner, S., Waltisperger, E., Martinez-Lorenzana, G., Condes Lara, 
M., & Freund-Mercier, M. J. (2005). Sexually dimorphic expres-
sion of oxytocin binding sites in forebrain and spinal cord of the rat. 
Neuroscience, 135(1), 147–154. https://doi.org/10.1016/j.neuro​scien​
ce.2005.05.025

Vaht, M., Kurrikoff, T., Laas, K., Veidebaum, T., & Harro, J. (2016). 
Oxytocin receptor gene variation rs53576 and alcohol abuse in a lon-
gitudinal population representative study. Psychoneuroendocrinology, 
74, 333–341. https://doi.org/10.1016/j.psyne​uen.2016.09.018

Vetter-O'Hagen, C., Varlinskaya, E., & Spear, L. (2009). Sex differences in 
ethanol intake and sensitivity to aversive effects during adolescence 

https://doi.org/10.1016/j.yfrne.2015.04.003
https://doi.org/10.1016/j.yfrne.2015.04.003
https://doi.org/10.1111/j.1369-1600.2010.00291.x
https://doi.org/10.1111/j.1369-1600.2010.00291.x
https://doi.org/10.1016/j.psyneuen.2013.10.006
https://doi.org/10.1016/0091-3057(91)90549-h
https://doi.org/10.1016/0091-3057(91)90549-h
https://doi.org/10.1016/s0741-8329(99)00010-5
https://doi.org/10.1176/appi.ajp.2009.09081161
https://doi.org/10.1016/j.ejphar.2005.09.028
https://doi.org/10.1016/j.ejphar.2005.09.028
https://doi.org/10.1111/acer.13359
https://doi.org/10.3389/fnbeh.2014.00031
https://doi.org/10.1016/s0306-4530(98)00064-x
https://doi.org/10.1016/s0306-4530(98)00064-x
https://doi.org/10.1111/j.1530-0277.1996.tb01945.x
https://doi.org/10.1002/oby.21069
https://doi.org/10.1002/oby.21069
https://doi.org/10.1210/en.2007-1710
https://doi.org/10.1210/en.2007-1710
https://doi.org/10.1007/s40263-016-0313-z
https://doi.org/10.1007/s40263-016-0313-z
https://doi.org/10.1097/FBP.0000000000000258
https://doi.org/10.1111/j.1601-183X.2009.00506.x
https://doi.org/10.1111/j.1601-183X.2009.00506.x
https://doi.org/10.1016/j.yhbeh.2011.12.001
https://doi.org/10.1016/j.tins.2012.08.004
https://doi.org/10.1016/j.tins.2012.08.004
https://doi.org/10.1111/j.1530-0277.2012.01958.x
https://doi.org/10.1111/j.1530-0277.2012.01958.x
https://doi.org/10.1002/cne.24116
https://doi.org/10.1002/cne.24116
https://doi.org/10.1111/adb.12362
https://doi.org/10.1176/ajp.151.12.1723
https://doi.org/10.1152/ajpregu.00826.2006
https://doi.org/10.1152/ajpregu.00826.2006
https://doi.org/10.1016/s0006-8993(01)03261-9
https://doi.org/10.1016/s0006-8993(01)03261-9
https://doi.org/10.1196/annals.1441.030
https://doi.org/10.1196/annals.1441.030
https://doi.org/10.1055/s-2006-944522
https://doi.org/10.1111/acer.13923
https://doi.org/10.1111/acer.13430
https://doi.org/10.1111/acer.13430
https://doi.org/10.1016/0091-3057(92)90512-e
https://doi.org/10.1016/0091-3057(92)90512-e
https://doi.org/10.1016/j.neuroscience.2005.05.025
https://doi.org/10.1016/j.neuroscience.2005.05.025
https://doi.org/10.1016/j.psyneuen.2016.09.018


     |  11 of 11Rodriguez et al.

and adulthood. Alcohol and Alcoholism, 44(6), 547–554. https://doi.
org/10.1093/alcal​c/agp048

Zhou, Y., Colombo, G., Carai, M. A., Ho, A., Gessa, G. L., & Kreek, M. 
J. (2011). Involvement of arginine vasopressin and V1b receptor in 
alcohol drinking in Sardinian alcohol-preferring rats. Alcoholism, 
Clinical and Experimental Research, 35(10), 1876–1883. https://doi.
org/10.1111/j.1530-0277.2011.01532.x

How to cite this article: Rodriguez KM, Smith BL, Caldwell 
HK. Voluntary alcohol consumption is increased in female, 
but not male, oxytocin receptor knockout mice. Brain Behav. 
2020;10:e01749. https://doi.org/10.1002/brb3.1749

https://doi.org/10.1093/alcalc/agp048
https://doi.org/10.1093/alcalc/agp048
https://doi.org/10.1111/j.1530-0277.2011.01532.x
https://doi.org/10.1111/j.1530-0277.2011.01532.x
https://doi.org/10.1002/brb3.1749

