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Shortening time for access to alcohol Gl

drives up front-loading behavior, bringing
consumption in male rats to the level of females

Annabelle Flores-Bonilla'?, Barbara De Oliveira?, Andrea Silva-Gotay'*, Kyle W. Lucier? and
Heather N. Richardson'?"

Abstract

Background: Incentives to promote drinking (“happy hour”) can encourage faster rates of alcohol consumption,
especially in women. Sex differences in drinking dynamics may underlie differential health vulnerabilities relating to
alcohol in women versus men. Herein, we used operant procedures to model the happy hour effect and gain insight
into the alcohol drinking dynamics of male and female rats.

Methods: Adult male and female Wistar rats underwent operant training to promote voluntary drinking of 10% (w/v)
alcohol (8 rats/sex). We tested how drinking patterns changed after manipulating the effort required for alcohol (fixed
ratio, FR), as well as the length of time in which rats had access to alcohol (self-administration session length). Rats
were tested twice within the 12 h of the dark cycle, first at 2 h (early phase of the dark cycle, “early sessions”) and then
again at 10 h into the dark cycle (late phase of the dark cycle, “late sessions”) with an 8-h break between the two ses-
sions in the home cage.

Results: Adult females consumed significantly more alcohol (g/kg) than males in the 30-min sessions with the FR1
schedule of reinforcement when tested late in the dark cycle. Front-loading of alcohol was the primary factor driving
higher consumption in females. Changing the schedule of reinforcement from FR1 to FR3 reduced total consumption.
Notably, this manipulation had minimal effect on front-loading behavior in females, whereas front-loading behavior
was significantly reduced in males when more effort was required to access alcohol. Compressing drinking access to
15 min to model a happy hour drove up front-loading behavior, generating alcohol drinking patterns in males that
were similar to patterns in females (faster drinking and higher intake).

Conclusions: This strategy could be useful for exploring sex differences in the neural mechanisms underlying alco-
hol drinking and related health vulnerabilities. Our findings also highlight the importance of the time of testing for
detecting sex differences in drinking behavior.
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+ Voluntary alcohol drinking is higher in adult female rats compared to adult male rats. This sex difference is most
pronounced in the later phase of the dark cycle, and when the operant effort is minimal (when 1 lever press gives

1 reward: fixed ratio 1, FR1).

+ Higher alcohol intake in females is primarily due to “front-loading’; or the rapid consumption of alcohol within

the first 5 min of access.

« Increasing the effort required to obtain alcohol from FR1 to FR3 dampens front-loading drinking behavior,
resulting in similar levels of total intake in males and females.

« Compressing the time of access to 15 min drives up front-loading to such a degree that rats end up consuming
more alcohol in total than they do in 30-min sessions. In males, this increase in drinking is large enough that it

eliminates the sex difference in total alcohol intake.

Keywords: Sex differences, Binge drinking, Alcohol, Operant self-administration, Front-loading

Background

Alcohol use disorder (AUD) is a chronic relapsing condi-
tion characterized by the misuse of alcohol [1-3]. In the
United States (US), 29% of adults have a lifetime preva-
lence for AUD, and men have a higher prevalence than
women, yet this gap has been closing in recent years
[3-5]. Serious long-term effects of AUD are presented
differently in men and women even when drinking lev-
els are comparable, with higher risks of alcohol-related
liver disease, cancer, cardiovascular disease, and brain
damage in women compared to men [5-12]; reviewed
in [13-17]. The damaging effects of alcohol on the liver
and brain are exacerbated by excessive patterns of com-
pulsive drinking, e.g., binge drinking [18-23]; reviewed
in [24-29]. Binge drinking is considered the first of the
three stages of addiction: binge/intoxication, nega-
tive affect/withdrawal, and preoccupation/anticipation,
with evidence of sex differences being reported in all
three stages, reviewed in [26, 29]. While the prevalence
of binge drinking in the US is higher in men (33%) than
women (17%), women experience greater mental health
instability (17.3% versus 8.6%) and worse mental health
consequences (11.2% versus 6.3%) compared to men [30,
31]. Incentives can alter the drinking dynamics of alcohol
consumption in humans, such as “happy-hour” [32, 33].
Women are 1.45 times more likely to report experiencing
altered drinking (drinking more, drinking more quickly,
or both) during happy hour events than men, which may
be due to receiving drinks rather than buying them and/
or as a consequence of being targeted for gender-specific
specials such as “ladies’ night” or “ladies’ happy hour”
[34].

As a model of voluntary alcohol consumption seen in
humans, rodents in the laboratory are useful for main-
taining the experimental control needed to understand
the behaviors leading to changes in alcohol consumption

and study its effects in the brain. A previous report using
an operant model in male rats showed that reducing ses-
sion length in which rats could press a lever to receive
alcohol had increased the total amount of alcohol con-
sumed [35]. However, it is currently unknown whether
higher intake was due to changes in the drinking dynam-
ics within the session. For example, others have described
“front-loading” as a burst of rapid drinking behavior at
the start of the session when rodents first have access to
alcohol [35-48]. Front-loading is found to be specific to
rewarding substances, as mice that previously exhibited
front-loading behavior to alcohol did not show this same
behavioral response for water [45—47]. Other rewarding
substances are capable of inducing front-loading in mice
and rats, including sweet high-fat liquids and sodium
solution to sodium-depleted rats, which makes front-
loading behavior a consistent behavioral phenotype for
seeking and consuming rewards [37, 38]. In addition,
front-loading has implications for the study of alcohol
drinking behavior in rodents as a model for human binge
drinking.

Modeling a happy hour in rodents is a powerful tool
that can be used to determine how incentivizing volun-
tary alcohol drinking impacts specific patterns of drink-
ing behaviors (drinking more, drinking more quickly,
or both) in males versus females. Neither front-loading
drinking behavior nor the happy hour effect on this
has been well-characterized in female rats. Operant
self-administration in rodents allows the precise track-
ing and manipulation that can address these questions
[49-56]; reviewed in [57, 58]. We used this approach to
map out the dynamic microstructural patterns in drink-
ing in adult male and female rats during both a standard
and a happy hour session. Female rodents drink more
alcohol than males in adulthood, and these experiments
were designed specifically to test the hypothesis that
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differences in drinking dynamics between males and
females lead to different levels of alcohol consumption
[42, 59-63]. Additionally, we also investigated how these
patterns of drinking are expressed when rats are given a
reduced amount of time to drink (happy hour).

Materials and methods

Animals

A total of 24 adult Wistar rats (12 per sex) were obtained
from Charles River (Wilmington, MA, USA). Upon
arrival, the rats were 85 days old and group-housed by
sex (2 rats per cage) under a reverse light cycle of 12-h
light/12-h dark (lights OFF at 7 am/lights ON at 7 pm).
Cages were standard plastic with wood chip bedding and
rats had food and water access ad libitum with no depri-
vation. Rats acclimated for 15 days before operant train-
ing began. Rats were weighed once a day and weight data
was used to calculate the alcohol intake per weight (g/kg)
of each rat. At the start of the experiment, males weighed
352.00+5.42 g and females weighed 241.25+4.81 g. All
procedures were performed following the “Guide for
the Care and Use of Laboratory Animals” prepared by
the Institute of Laboratory Animal Resources, National
Academy of Sciences and approved by the Institutional
Animal Care and Use Committee of the University of
Massachusetts Ambherst.

Voluntary operant self-administration experiments
Apparatus: operant conditioning chambers

Operant training and subsequent testing were con-
ducted in computer-controlled operant condition-
ing chambers [64, 65]. One of the levers was active,
in which a response (active lever press) consequently
delivered 0.1 ml of fluid from a 15 rpm Razel syringe
pump (Stamford, CT) to the appropriate well over 0.5 s.
The fluid delivered was tap water in the 12-h training
session and either water (control) or 10% (w/v) alco-
hol (ethanol) diluted in tap water (alcohol group) in
subsequent training and testing sessions. The alternate
lever was inactive, only recording the operant response
(inactive lever press) without delivery of fluid, used as

Page 3 of 19

a measure of “non-discriminative lever pressing” [66].
The active lever was programmed to a fixed ratio 1
(FR1) schedule for training and its location was coun-
terbalanced between each rat (half of the rats had an
active left lever, and the other half had an active right
lever). All lever presses and subsequent deliveries were
recorded using custom Med-PC IV software. Both
levers were available from the start of the session and
did not retract until the end of the session. After each
operant session, the drinking apparatus was inspected
for any leftover liquid to confirm rats had consumed
all the alcohol (or water for control rats). This occurred
only once in which there was alcohol left in the cup and
it overflowed into the bedding. This session for this
rat was excluded from the data analysis. Rats also had
ad libitum access to food and water during all the oper-
ant sessions (a ceramic or stainless-steel dish contain-
ing rat chow and a water bottle were always available in
each operant box). This ensured that lever presses for
alcohol were not motivated by hunger or thirst.

Operant training

Rats were randomly assigned to an alcohol group (16
rats; 8 per sex) or water control group (8 rats; 4 per sex)
before the start of the training. A detailed timeline of
experiments can be found in Fig. 1. To reduce novelty
of the alcohol solution, on the first day of training rats
had two-bottle choice (2BC) access to 10% (w/v) alcohol
(ethanol) diluted in tap water and only tap water in their
home cage for 24 h [67]. To initiate operant training, the
next day rats were trained for 12 h to orally self-adminis-
ter water in operant boxes. After that, rats were placed in
their home cage for a full additional 24 h to rest. On the
fourth day of training, all rats were placed in the operant
boxes for 2 h of access to 10% (w/v) alcohol or tap water.
The next day, time in the operant box was reduced to 1 h.
The operant training sessions were conducted once a day
and started after the first 2 h of the dark cycle (at 9 am).
To progress from operant training to testing, rats had to
lever press at least once in one of the training sessions.

(See figure on next page.)

Fig. 1 Operant conditioning boxes and experimental timeline. Male and female adult Wistar rats were trained to self-administer 10% w/v alcohol
using operant conditioning. Training began with 1 day of two-bottle choice in their home cages, followed by the first day of operant training for
water (12 h session), a day of rest in the home cage, and two days of operant training for alcohol (2 h session on the first day and 1 h session on the
second day). Operant testing was conducted twice each day, beginning at 2 h (early session) and 10 h (late session) in the dark cycle for a total of
117 days. Operant testing was conducted in normal sessions of minimal effort (30 m fixed ratio 1), normal sessions of increased effort (30 m fixed
ratio 3) and compressed happy hour sessions of increased effort (15 m fixed ratio 3) which are summarized in the timeline. Operant boxes had two
levers, one active and one inactive, as well as a food cup and water bottle that could be accessed ad libitum. Alcohol was delivered to a two-well
acrylic drinking apparatus after every 1 press (FR1) or 3 presses (FR3). The cue light above the active lever is turned on for each alcohol delivery. w/v
weight per volume, FR fixed ratio, h hour, m minutes. Created with BioRender.com
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Further details and data are found in Fig. 2, 3 and 4.

Fig. 1 (See legend on previous page.)
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Manipulation of operant parameters

At the start of the drinking testing sessions the following
day, rats were placed in the operant boxes twice a day:
once at the start of the dark cycle (9:00 am) and a sec-
ond time at the end of the dark cycle (5:00 pm) with an
8-h break in the home cage between the sessions (~9:30
am-5:00 pm in home cage). This is adapted from a pre-
viously described alcohol operant self-administration
method where male rats had access to the operant cham-
bers twice in the light cycle (once in the morning and
once at the end of the afternoon) in which they found no
differences in the number of lever presses performed for
alcohol [35].

Fixed ratio 1 schedule (30-min sessions): We first char-
acterize alcohol drinking patterns in male and female
rats. Testing sessions were conducted in the operant
chambers with several changes in operant parameters
of alcohol accessibility and data was collected as lever
presses per minute of the session (in 1-min bins) and as
total lever presses per session. In the first five days, rats
had 30-min access in an FR1 schedule (“normal effort”)
for a total of 10 sessions and two no-drinking (rest) days
in their home cage.

Fixed ratio 3 schedule (30-min sessions): We next
studied whether an increase in effort to obtain alcohol
affected alcohol drinking patterns in males and females.
We changed the number of lever presses required for an
alcohol delivery from 1 to 3 (FR3 schedule) for the next
10 sessions, followed by two rest days in their home cage.

Fixed ratio 3 schedule (15-min sessions): Finally, to
test whether limiting access time could increase drink-
ing speed, and if sensitivity to this manipulation dif-
fered with sex, we reduced the length of operant sessions
from 30 min (“normal access”) to 15 min (“‘compressed
access”). This manipulation has previously been used in
male rats [35] to model alcohol-incentivizing events such
as happy hour in humans [32-34]. Rats continued with
daily testing for 6 weeks (2 sessions per day for 3-5 con-
secutive days each week). We then switched to testing
rats every other day (2 sessions per day) to determine if
voluntary alcohol intake could be augmented by an inter-
mittent testing schedule, similar to earlier reports [68,
69].

Statistical analysis

Statistical analyses and the generation of graphs were
done using GraphPad Prism version 8.4.3 for Mac
(GraphPad Software, San Diego, CA). Data are shown
as the mean and standard error of the mean (+SEM)
unless otherwise indicated. Total alcohol intake (g/
kg), total water intake (ml/kg), responding on the active
lever (presses/min) and responding on the inactive lever
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(presses/min) data in each within-subject condition
(minimal effort versus increased effort and normal access
versus compressed access) were analyzed using a two-
way mixed model analysis of variance (MM-ANOVA)
with session (early session versus late session) as the
within-subject factor and sex (male versus female) as the
between-subject factor. The intake was confirmed by evi-
dence of no leftover liquid after each session. Bonferro-
ni’s multiple comparisons test was conducted as post hoc
analysis following significant main effects or interactions,
as recommended [70, 71].

For the analysis of sex differences in alcohol micro-
structural drinking behavior, the alcohol intake data (g/
kg) in 1-min bins were analyzed using a three-way, sex
x session x time MM-ANOVA, with significant main
effects and interactions further analyzed with two-way,
sex x time MM-ANOVAs, with session and time as
within-subject factors and sex as the between-subject
factor. Significant interactions were followed up using
Bonferroni’s multiple comparisons post hoc test by com-
paring each 1-min bin intake between males and females.

To assess front-loading behavior, the average alcohol
intake per minute (“average rate of intake’, g/kg/min) cal-
culated from the total alcohol intake data (g/kg) was used
as a threshold to compare to the alcohol intake data (g/
kg) in 1-min bins. This was analyzed separately for each
sex and session using multiple two-way MM-ANOVAs,
with time x alcohol intake (intake in 1-min bins versus
rate of intake) as within-subject factors. Significant inter-
actions were followed up using Bonferroni’s multiple
comparisons post hoc test by comparing each 1-min bin
to the average rate of intake.

Access compression was analyzed by three-way, sex x
access compression X time and access compression X
session x time, with significant main effects and interac-
tions further analyzed using two-way, access compres-
sion x time and sex x time MM-ANOVAs, with access
compression and time as within-subject factors and sex
as the between-subject factor. Bonferroni’s multiple com-
parisons test was conducted as post hoc analysis follow-
ing significant main effects or interactions, by comparing
the total intake in each 1-min bin between the normal
access and the compressed access sessions. To deter-
mine whether total alcohol consumed in the first 5-min
differed by sex, we used unpaired two-tailed ¢-tests. The
accepted level of significance for all tests was p <0.05
and was indicated by different symbols (summarized in
Table 1). All significant Bonferroni’s multiple compari-
sons post hoc tests are indicated by the exact multiplicity
adjusted p value or as “adjusted ps <0.05” if the multiplic-
ity adjusted p values for each comparison is below the set
threshold at alpha=0.05 for the familywise significance
level to account for multiple comparison testing [72].



Flores-Bonilla et al. Biol Sex Differ (2021) 12:51

Table 1 Overview of statistical indicators used in the figures
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Symbol Significant effect Statistical analysis Used in

* Sex differences Bonferroni’s multiple comparisons post hoc test Fig. 2B, inset of Fig. 2E
# Effect of session Bonferroni’s multiple comparisons post hoc test Figs. 28, 3B

O Front-loading Bonferroni’s multiple comparisons post hoc test Figs. 2D, E, 3D, E, 4D-G
+ Access compression Bonferroni’s multiple comparisons post hoc test Fig. 4B, D-G
Results intake was higher in the late sessions compared to the

Timing of access to alcohol influences active lever
responding in males and females

Male rats are capable of reaching identical excessive
drinking twice a day when access to alcohol is provided
twice in the light cycle with a break between sessions
[35]. However, we found significant differences in the
total number of active lever presses per minute between
sessions early in the dark cycle and sessions late in the
dark cycle in all conditions in the alcohol group (main
effect of session, F; 14=3547, p<0.0001 in 30-min
FR1 sessions; F; 14y=19.69, p<0.001 in 30-min FR3
sessions; and F{; 14=5.52, p<0.05 in 15-min FR3 ses-
sions; data not shown). Therefore, we separated the
data by session to quantify the alcohol intake difference
between the “early sessions” and “late sessions” in male
and female rats. Additionally, in the 15-min FR3 sessions
we found a main effect of sex (F;, 14=7.86, p<0.05) and
thus, for the access compression analysis we separated
the data by sex as well. This was not found in the total
number of active lever presses per minute of control
rats that only had access to water (effect of session, F;,
6=0.44, p>0.05 in 30-min FR1 sessions; effect of ses-
sion, F; =142, p>0.05 in 30-min FR3 sessions; effect
of session, F(; c=1.03, p>0.05 in 15-min FR3 sessions;
data not shown). There was a session x sex interaction
(Fy, =6.23, p<0.05 in 15-min FR3 sessions; data not
shown), however, post hoc analysis did not show any sig-
nificance in either sex or session (Bonferroni’s multiple
comparisons test, adjusted p >0.05).

Sex differences in voluntary alcohol intake is greatest
when testing occurs later in the dark cycle

Operant self-administration experiments in rodents
allows for the precise study of alcohol drinking pat-
terns and examine the role of sex in alcohol consump-
tion behavior [49-56]; reviewed in [57, 58]. In the
current study design (see details in Fig. 2A), the aver-
age of total active lever presses within the 30-min ses-
sions were not different between males and females
(effect of sex, F(;, 14y=0.13, p>0.05; data not shown),
yet the average of total alcohol intake (g/kg) was
higher in adult female rats compared to males (Fig. 2B;
main effect of sex, F 14=6.67, p<0.05). Alcohol

early sessions (main effect of session, F; 14 =34.97,
p<0.0001). There was also a session x sex interaction
(F(1,14y=6.34, p <0.05) and post hoc analysis found sig-
nificantly higher alcohol intake in females compared
to males only in the late sessions (Fig. 2B; Bonfer-
roni’s multiple comparisons test, adjusted p<0.01),
but not in the early sessions (adjusted p>0.05). Rats
consumed significantly more alcohol in the late ses-
sions compared to the early sessions within females
(Fig. 2B; Bonferroni’s multiple comparisons test,
adjusted p<0.0001), whereas within males, this was
only a trend (adjusted p =0.06). Higher alcohol intake
in the later sessions was not due to non-discriminative
lever pressing as inactive lever presses were compara-
ble between the early and late sessions (F(; 14)=0.01,
p>0.05; Table 2). In control rats, water intake (ml/kg)
did not differ between males and females (Fig. 2C; F;,
6 =0.61, p>0.05), or between the early and late ses-
sions (F(; ¢ =1.35, p>0.05).

Females drink faster and consume more alcohol

than males later in the dark cycle

We followed with a microstructural analysis of alcohol
drinking, measuring the total alcohol intake per 1-min
bins across the operant session. In the early sessions,
time had a significant effect on alcohol intake (Fig. 2D;
main effect of time, F(,9 405 =10.40, p<0.0001) but
there were no significant differences between males
and females (F(; 4)=3.81, p=0.07). Post hoc analyses
found sex differences only in the first minute of the ses-
sion (Bonferroni’s multiple comparisons test, adjusted
p<0.0001). In contrast, in the late sessions there is a
main effect of time (Fig. 2E; F 59 40¢)=11.86, p <0.0001),
a main effect of sex (F;, 14y=8.52, p<0.05) and a time x
sex interaction (F(yg 496)=2.07, p <0.01). Post hoc anal-
yses found sex differences in the minute 1 and minute 4
of the session (Bonferroni’s multiple comparisons test,
adjusted ps <0.05), with females drinking more alcohol
than males.

For an accurate front-loading behavior analysis, total
alcohol intake per 1-min bins was compared to the
average rate of intake. In the sessions early in the dark
cycle, there was a significant time x alcohol intake
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Fig. 2 Front-loading behavior drives sex differences in alcohol intake on sessions later in the dark cycle. A Rats were placed in operant boxes at 2 h
in the dark cycle (“early sessions”) and returned to the home cage after the 30-min session with an FR1 schedule of reinforcement. After 8 h, rats
were placed back in the operant boxes at 10 h in the dark cycle (“late sessions”) and returned to the home cage after the 30-min session. B Average
of total alcohol intake (g/kg) of early and late sessions (n =8/ sex); C average of total water intake (ml/kg) in the control group (n=4/ sex); D early
sessions and E late sessions of total alcohol intake per minute in the session, inset: total alcohol intake in the first 5-min bin. FR fixed ratio, h hour,
min minutes. B #, higher intake in late sessions compared to early sessions in females, adjusted p <0.05, and ¥, higher intake in females compared

to males in the late sessions, adjusted p < 0.05; both indicated by Bonferroni’s multiple comparisons test post hoc analysis following a session x sex
interaction. D, E White circles, higher intake compared to the average rate of intake of the session in males and females, adjusted ps < 0.05; indicated
by Bonferroni's multiple comparisons test post hoc analysis following a time x alcohol intake interaction.  In inset graph of E *, unpaired t-test,

p <0.05. Error bars and shading are shown in SEM. A is created with BioRender.com

interaction (Fjy, 406)=7.66, p<0.0001) in males, with circles, Fig. 2D; Bonferroni’s multiple comparisons test,
follow-up post hoc analyses found significantly higher adjusted ps<0.05) accounting for an average of 48% of
alcohol intake in the first 5 min of the session (white the total alcohol intake at the start of access which is
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characteristic of front-loading [43]. A significant time X
alcohol intake interaction was also found in females (F{y,
a06) =520, p<0.0001), with post hoc analyses finding sig-
nificantly higher intake in the first 2 min (white circles,
Fig. 2D; Bonferroni’s multiple comparisons test, adjusted
ps<0.05), which accounts for 32% of the total alcohol
intake.

After an 8-h break in the home cage, rats were placed
in the operant box for the sessions later in the dark cycle.
Front-loading analysis of the alcohol intake in 1-min bins
in the late sessions of males found a significant time x
alcohol intake interaction (Fyg 496=5.98, p<0.0001).
Follow-up post hoc analyses found that males showed
significantly higher intake on minute 2, 3 and 4 of the ses-
sion (white circles, Fig. 2E; Bonferroni’s multiple compar-
isons test, adjusted ps<0.05) which accounts for 29% of
the total intake in the late sessions. In females, a signifi-
cant time x alcohol intake interaction was also found in
the late sessions (F 59 496)=7.29, p <0.0001), with follow-
up post hoc analyses finding significantly higher intake in
the first 4 min of the session (white circles, Fig. 2E; Bon-
ferroni’s multiple comparisons test, adjusted ps<0.05)
accounting for an average of 37% of the total intake
within females.

The total amount of alcohol ingested during the first
5 min was significantly higher in females compared to
males in the late sessions (Fig. 2E inset; unpaired ¢-test,
p<0.05), but no sex differences were found in the early
sessions (Fig. 2D inset; unpaired t-test, p > 0.05).

Increasing the effort required to access alcohol reduces
total alcohol intake
To test if increasing the effort to obtain alcohol reduces
drinking to the same degree in both males and females,
we manipulated the fixed ratio schedule of deliveries
from FR1 to FR3, i.e,, shifting from requiring 1 to requir-
ing 3 presses for alcohol delivery (Fig. 3A). This increase
in effort suppressed the total amount of alcohol self-
administered during the 30-min session in both male and
female rats (main effect of effort, F(; 14)=29.55, p<0.0001
in early sessions and F{; 14 =31.10, p<0.0001 in late ses-
sions, for comparisons to FR1, see Fig. 2), resulting in a
loss of sex difference in total alcohol intake (Fig. 3B; F(;,
14y=2.04, p>0.05). There was a main effect of session
(Fig. 3B; F(1,14)=16.82, p<0.01) and a session x sex inter-
action (Fig. 3B; F(; 14y="5.28, p<0.05). Post hoc analysis
found higher alcohol consumption in the late sessions
compared to the early sessions within females (Bonfer-
roni’s multiple comparisons test, adjusted p <0.001), but
not within males.

In the FR3 sessions, control rats continue to show a
lack of sex differences in self-administration of water
(Fig. 3C; F(15=0.17, p>0.05). There was also no effect of
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time of session on self-administration of water (Fig. 3C;
F16=1.84, p>0.05). There was a trend for higher
responding on the inactive lever in the sessions later in
the dark cycle, but this was not significant (F; 14)=4.35,
p=0.06; shown in Table 2), along with a non-signifi-
cant trend for a session x sex interaction (F; 14)=3.67,
p=0.08; shown in Table 2).

Higher front-loading drinking behavior persists in females
even when higher effort is required for access to alcohol
We next tested whether sex differences in the micro-
structural analysis of drinking persisted when rats had to
work harder for alcohol. In the early sessions, there was a
main effect of time (Fig. 3D; F 59 406)=10.66, p<0.0001)
and time x sex interaction (F(y 496)=2.34, p=0.0002).
Further, post hoc analyses found higher drinking in
females in the first 2 min of the session compared to
males (Bonferroni’s multiple comparisons test, adjusted
ps<0.05). In the late sessions there was a main effect of
time (Fig. 3E; F(59 495=10.58, p<0.0001) and time x sex
interaction (Fyg, 495 =2-18, p=0.0005), and similar to
the early sessions, post hoc analyses found that females
showed higher drinking in the first 2 min of the session
compared to males (Bonferroni’s multiple comparisons
test, adjusted ps <0.05).

Analysis of front-loading behavior comparing alcohol
intake in 1-min bins to the average rate of intake in males
found a significant time x alcohol intake interaction (Fyy
106)="7.15, p<0.0001) in the early sessions, with follow-
up post hoc analyses showing higher intake from minute
2 to minute 4 of the session (white circles, Fig. 3D; Bon-
ferroni’s multiple comparison’s test, adjusted ps<0.05).
In females, a significant time x alcohol intake interac-
tion was found in the early sessions (Fy9 495 =6.30,
p<0.0001), with follow-up post hoc analyses showing
significantly higher intake in the first 2 min of the session
(white circles, Fig. 3D; Bonferroni’s multiple compari-
son’s test, adjusted ps <0.05). In the early sessions, 31% of
the total alcohol intake occurs from minute 2 to minute 4
of the session in males while the same (31%) occurs in the
first 2 min of the session in females.

Similar to the early sessions, front-loading analy-
sis of males in the late sessions found a time x alco-
hol intake interaction (Fpg 495 =6.38, p<0.0001), with
follow-up post hoc analyses showing higher intake in
males from minute 2 to minute 5 of the session (white
circles, Fig. 3E; Bonferroni’s multiple comparison’s test,
adjusted ps<0.05). Within females in the late sessions,
front-loading analysis found a time x alcohol intake
interaction (F(y9 495 =6.39, p<0.0001). Post hoc analy-
ses found higher alcohol intake in the first 3 min of the
session compared to the average rate of intake in females
(white circles, Fig. 3E; Bonferroni’s multiple comparison’s
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Fig. 3 Females maintain front-loading behavior after increasing effort in the late sessions despite decreased total intake. A Rats were placed

in operant boxes at 2 h in the dark cycle (“early sessions”) and returned to the home cage after the 30-min session with an FR3 schedule of
reinforcement. After 8 h, rats were placed back in the operant boxes at 10 h in the dark cycle (“late sessions”) and returned to the home cage

after the 30-min session. B Average of total alcohol intake (g/kg) of early and late sessions (n=8/ sex); C average of total water intake (ml/kg) in
the control group (n=4/ sex); D early sessions and E late sessions of total alcohol intake per minute in the session, inset: total alcohol intake in

the first 5-min bin. FR fixed ratio, h hour, min minutes. B #, higher intake in the late sessions compared to the early sessions in females, adjusted

p <0.01; indicated by Bonferroni's multiple comparisons test post hoc analysis following a session x sex interaction. D, E White circles, higher intake
compared to the average rate of intake of the session in males and females, adjusted ps < 0.05; indicated by Bonferroni’s multiple comparisons test
post hoc analysis following a time x alcohol intake interaction. Error bars and shading are shown in SEM. A is created with BioRender.com
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test, adjusted ps<0.05). Approximately 36% of intake
occurs from minute 2 to minute 5 of the session in
males while 34% occurs in the first 3 min of the session
in females in the late sessions. This suggests that under
FR3 conditions, females still exhibit more front-loading
behavior compared to males, especially later in the dark
cycle. However, despite higher levels of front-loading in
females, the total amount of alcohol consumed in the first
5 min of the session was no longer significantly different
between males and females in the early or late sessions
(Fig. 3D inset, early sessions, and Fig. 3E inset, late ses-
sions; unpaired ¢-tests, p > 0.05).

Alcohol drinking levels were not further increased

by testing every other day (intermittent schedule)
Intermittent access to alcohol can augment alcohol
intake in voluntary rodent models [68, 69]. We investi-
gated whether a shift in the schedule (testing every other
day rather than consecutive days) would enhance drink-
ing levels. Analysis of two different schedules of alco-
hol access during the week (intermittent access versus
continuous access) indicated there were no measurable
differences in total alcohol intake over the session (F
12y=0.23, p>0.05; data not shown) or in microstructural
analysis per 1-min intake (F(; 14)=0.06, p>0.05; data not
shown). Based on these results, we pooled the data from
both testing schedules in our analyses of the 15-min FR3
(happy hour) sessions. There was one day in which the
session early in the dark cycle could not be performed
due to loss of power; thus, we excluded those data from
the analyses.

Compressing access time promotes faster drinking

and elevates total intake

To determine whether a happy hour model would pro-
mote higher levels of front-loading behavior and alcohol
consumption in males and females, we reduced test-
ing sessions from 30 to 15 min (“access compression’,
Fig. 4A). Limiting alcohol availability elicited higher total
alcohol intake in the early sessions (Fig. 4B; main effect
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of access compression, F; 14=33.93, p<0.0001) with
the happy hour sessions eliciting higher total intake com-
pared to the normal sessions in both sexes. In the late
sessions, access compression had no significant effect on
the total intake (Fig. 4C; F{; 14)=3.16, p=0.09).

To gain insight into the specific patterns of drinking
that lead to higher total intake in the compressed ses-
sions, we compared alcohol intake in 1-min bins of the
compressed 15-min happy hour sessions to the normal
30-min sessions. We found that compression of access
time increased front-loading of males in the early ses-
sions (Fig. 4D; time x access compression interaction,
F14, 95=24.94, p<0.0001) and late sessions (Fig. 4E;
time x access compression interaction, Fj, og=34.63,
p<0.0001). In females, compression of access time also
increased front-loading in the early sessions (Fig. 4F;
time x access compression interaction, Fj, o5 =13.47,
p<0.0001), and in the late sessions (Fig. 4G; time x access
compression interaction, F;4 g5 =15.77, p<0.0001). Post
hoc analyses in males found significantly higher alcohol
intake after access compression in the first 6 min of the
early sessions and the first 4 min of the late sessions com-
pared to the normal sessions (+s in Fig. 4D and E, Bon-
ferroni’s multiple comparisons test, adjusted ps<0.05).
In females, post hoc analyses found significantly higher
alcohol intake in the first 3 min in both early and late ses-
sions of the happy hour sessions compared to the nor-
mal sessions (+s in Fig. 4F and G, Bonferroni’s multiple
comparisons test, adjusted ps<0.05). As such, the data
suggests that limiting the time of alcohol availability elic-
ited higher front-loading drinking behavior in males and
females in both sessions in the dark cycle, and this rapid
rate of drinking resulted in more total alcohol intake
overall in the happy hour sessions compared to the nor-
mal sessions.

Compressing access time causes males to engage in rapid
and heavier alcohol intake that is comparable to females
Between males and females, alcohol intake in 15 min
of access showed a significant effect of time (F,

(See figure on next page.)

Fig. 4 Access time compression increased front-loading of alcohol intake of males to the level of females. A Rats were placed in operant boxes at

2 hiin the dark cycle (“early sessions”) and returned to the home cage after the 15-min session with an FR3 schedule of reinforcement. After 8 h, rats
were placed back in the operant boxes at 10 h in the dark cycle (“late sessions”) and returned to the home cage after the 15-min session. B Average
of total alcohol intake of early and C late sessions (n =28/ sex); D early sessions and E late sessions of total alcohol intake per minute in the session of
males; F early sessions and G late sessions of total alcohol intake per minute in the session of females. FR fixed ratio, h hour, min minutes. B+, higher
intake in the compressed happy hour access (15-min) sessions compared to the normal (30-min) sessions in both males and females, adjusted

p <0.05; indicated by a main effect of access compression. D-G) +, higher intake in the compressed happy hour access (15-min) sessions compared
to the normal (30-min) sessions in males (D and E) and females (F and G), adjusted ps < 0.05; indicated by Bonferroni's multiple comparisons test
post hoc analysis following time x access compression interaction. D-G) White circles, higher intake compared to the average rate of intake of the
session in males and females, adjusted ps < 0.05; indicated by Bonferroni’s multiple comparisons test post hoc analysis following time x alcohol
intake interaction. Error bars and shading are shown in SEM. A is created with BioRender.com
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Fig. 4 (See legend on previous page.)
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Table 2 Effect of sex and session on inactive lever presses
Operant parameters Inactive lever (presses/minute) MM ANOVA: sex x session
Mean (3= SEM)
Session Males Females Effect p-value F Df
30-min FR1 sessions Early 0.1900 (0.04) 0.1442 (0.03) Sex 0.9228 0.01 1,14
Late 0.1450 (0.04) 0.1825 (0.03) Session 0.9043 0.01
Sex x session 0.1483 2.34
30-min FR3 sessions Early 0.0792 (0.03) 0.0842 (0.02) Sex 0.2596 1.38 1,14
Late 0.0825 (0.02) 0.1625 (0.04) Session 0.0558 435
Sex x session 0.0761 367
15-min FR3 sessions Early 0.1463 (0.07) 0.1218(0.02) Sex 0.6515 0.21 1,14
Late 0.2199 (0.07) 0.1783 (0.02) Session 0.0097* 8.96
Sex x session 0.6989 0.16

MM-ANOVA repeated measures analysis of variance
#p<0.05

196)="77.90, p<0.0001) and time x sex interaction (F4
196)=2.33, p<0.01) in the early sessions, as well as in the
late sessions (effect of time, (F(14, 195 =72.22, p <0.0001);
time x sex interaction, F;4 195 =2.20, p <0.01). Post hoc
analyses found that sex differences in drinking were only
found in the first minute of the access in both early and
late sessions (Bonferroni’s multiple comparisons test,
adjusted ps<0.05; these subtle sex differences can be
viewed visually comparing the first minute in Fig. 4C ver-
sus Fig. 4E and Fig. 4D versus Fig. 4F and in Fig. 5).

Front-loading analyses found a time x alcohol intake
interaction in both early and late sessions in males (F;4,
196)=66.31, p<0.0001 in early sessions; Fy 195=97.04,
p<0.0001 in late sessions) and females (F(14 196 =32.84,
p<0.0001 in early sessions; F;4 195 =28.10, p<0.0001 in
late sessions). Furthermore, post hoc analyses indicated
that both males and females consume significantly more
alcohol in the first 3 min of the session compared to the
average rate of intake (white circles in Fig. 4D-G and in
Fig. 5; Bonferroni’s multiple comparisons test, adjusted
ps<0.05) in both early and late sessions. In males, alcohol
intake during front-loading accounts for 55% of the total
intake in the early sessions and 60% in the late sessions.
In females, alcohol intake during front-loading accounts
for 63% of the total intake in the early sessions and 61%
in the late sessions. Thus, access compression drove up
front-loading behavior to such an extent in males that
alcohol drinking patterns were almost indistinguishable
from drinking patterns in females.

Control rats showed no differences in water intake
between males and females (F; 4=1.72, p>0.05) nor
differences between time of the session (F 5=0.05,
p>0.05, data not shown). Inactive lever pressing per
minute was found higher in the late sessions compared
to the early sessions (main effect of session, F(; 14 =8.96,

p<0.01; shown in Table 2), with post hoc analyses find-
ing only a trend in males (Bonferroni’s multiple com-
parisons test, adjusted p =0.06) but not females (adjusted
p>0.05). A significant main effect of session was found in
the active lever presses per minute (F; 14)=5.52, p <0.05;
data not shown) and a main effect of sex (F;4=7.38,
p<0.05; data not shown). However, post hoc analysis
found no significant differences in the active lever presses
per minute between the sessions in males (Bonferroni’s
multiple comparisons test, adjusted p>0.05; data not
shown) and a significant difference in females (adjusted
p=0.05; data not shown).

Discussion

Main findings

The factors motivating drinking and the health conse-
quences of heavy alcohol use can differ with sex [29].
Adolescent girls report drinking alcohol as a coping
mechanism to alleviate depression and psychological
distress because of its acute anxiety-reducing properties,
while drinking in adolescent boys tends to relate more to
risk-taking and impulsive behaviors [73, 74]. Addition-
ally, in adulthood women are more likely to alter their
drinking behavior (drinking more, drinking more quickly,
or both) in response to incentives that promote drink-
ing, e.g., “happy hour” [34]. Women are reported to have
more detrimental emotional and physical consequences
including emotional instability, depression, and anxi-
ety compared to men who engage in binge drinking [30,
75]. There are several factors that could contribute to a
higher prevalence of mental health disorders associated
with alcohol use in women. For example, women of vary-
ing races, ages, and nationalities are more likely than men
to report mental health struggles and seek treatment due
to stigma that negatively affects men more than women
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Fig. 5 Summary of findings. All graphs show alcohol intake (g/kg) in the late sessions for all conditions. w/v weight per volume, FR fixed ratio. Error

[76]. As another result of stigmatization of mental health,
medical doctors are more likely to diagnose depression
in women than men, even with comparable standardized
scores for depression or with identical symptoms [77]. In
addition to these social factors, there could also be sub-
tle differences in drinking patterns between men and
women that could influence the severity of negative con-
sequences of alcohol on the brain. Questions about the
sensitivity of the brain to equivalent doses of alcohol can
be answered using rodent models, as rats and mice with
a chronic history of alcohol and withdrawal cycles exhibit
affective disturbances similar to alcohol used disorder in
humans [78-83]. Nevertheless, it can be challenging to
test the effect of alcohol drinking on the nervous system
in rodents because adult female rodents tend to drink
significantly more g/kg alcohol than their male counter-
parts [42, 59-63, 84, 85]. Studies that show no sex differ-
ences in alcohol consumption can also be found, which
may reflect differences in species, strain, age, drinking
paradigm, and study design [46, 47, 63, 65, 86—88]. While

it is well known in the field that adult female rats drink
more alcohol than males, the specific differences in pat-
terns of drinking between males and females and their
effects on the brain are not well understood. Herein, we
used operant procedures to characterize the temporal
dynamics of alcohol drinking in adult male and female
rats to identify the specific pattern of drinking that drives
the sex differences in intake and tested how changes in
alcohol access (happy hour) can influence these sex dif-
ferences. Collectively, we found that higher intake in
females occurs during the initiation of access, i.e., front-
loading. Moreover, manipulation of operant conditions
such as access time to model happy hour resulted in both
front-loading behavior and total alcohol intake in males
being elevated to the level of females; for a summary of
the results see Fig. 5. This study overall provides insight
into sex differences in drinking behavior and provides a
novel approach to control voluntary intake and study its
effects on the brain.
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Front-loading behavior causes higher alcohol intake

in females

Consistent with previous reports, female rats drank more
alcohol than males in the current study [59-63, 85, 87];
reviewed in [29]. The sex difference was most robust
when rats were tested late in the dark cycle and effort
was minimal (FR1 schedule of reinforcement). While
males and females both showed “front loading” drink-
ing behavior, the amount of alcohol consumed during
this time was much higher in females. Females drank
almost as much alcohol in the first 5 min as males drank
in the entire 30 min session. It is important to note that
g/kg alcohol intake is calculated based on the number of
lever presses. Although our approach is less precise than
the lickometer method [38, 40, 42-44, 53, 89], we always
confirm there is no liquid left in the drinking apparatus
or evidence of spillover in the bedding after each session.
Thus, we have found lever presses to be a reliable index of
alcohol intake, and this is further supported by previous
reports in which we used indwelling catheters to measure
blood alcohol levels at multiple time points during oper-
ant self-administration [90, 91].

Front-loading behavior is presumed to reflect the level
of motivation to experience the rewarding effects of alco-
hol. Consistent with this interpretation, front-loading is
observed in high drinking mouse strains [42—48], in alco-
hol-dependent rats [39], and in models that use chronic
intermittent alcohol access to induce compulsive-like
alcohol drinking in rats [40]. High levels of front-load-
ing has been observed in other experimental models in
which there is a motivation to seek a specific substance,
e.g., following intermittent access to high-fat sweetened
liquid in rats [38], with sodium depletion in mice [37]
and polycose in rats [36].

Drinking alcohol quickly may be increasing the
probability of intoxication in females. The intoxicat-
ing effects of alcohol depend not only on the speed
at which alcohol is ingested, but also on the speed at
which alcohol is metabolized and cleared from the
body. Faster metabolism has been reported in female
rodents compared to males, with mixed findings
reported in humans [92-101]; reviewed in [16, 102,
103]. Thus, one possibility is that females drink alco-
hol more quickly because they metabolize it faster.
However, front-loading behavior could be altered in
our study by changing operant parameters that are
unlikely to affect metabolic processes. Increasing the
effort to obtain alcohol with an FR3 schedule sup-
pressed front-loading. Conversely, compressing access
time (modeling happy hour) had the opposite effect on
front-loading. These experimental manipulations may
serve as useful strategies to explore the mechanisms
underlying drinking behavior.
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Manipulation of operant parameters as a strategy to study

sex differences

As mentioned above, the current study outlines an
approach in which manipulation of operant parame-
ters can serve to circumvent sex differences in drinking
in adult rats. This strategy would be useful for studies
investigating the effects of alcohol intake on the brain.
Involuntary/forced models of alcohol administration
are commonly used because they allow for delivery of
equal amounts of low, moderate, and high levels of alco-
hol in males and females, albeit with different degrees of
aversive consequences; for a review of current preclini-
cal models of alcohol drinking see [57]. With voluntary
drinking models, operant parameters can be manipu-
lated to bring one group’s intake up or down to the level
of another group. For example, operant lever access can
be controlled to limit the maximum number of rewards
to match glucose intake in control groups consuming
sweetened water to the glucose intake in groups consum-
ing sweetened alcohol [64, 65, 104]. Additionally, it is
possible to decrease intake of female mice to the level of
males by changing the alcohol concentration available for
drinking from 15 to 10% v/v [105]. Conceptionally this
same strategy could be used to reduce alcohol intake in
adult females to the level of adult males, but this limits
experimental design to testing only lower levels of volun-
tary alcohol. In the current study, we found that drink-
ing was reduced, producing similar total intake between
males and females, after increasing the effort required to
obtain alcohol (a shift from an FR1 to an FR3 schedule
of reinforcement) which was sufficient to dampen sex dif-
ferences. However, the increase in effort did not reduce
front-loading of females to the level of males, as sex dif-
ferences in front-loading remained. Our study replicated
an earlier report in male rats [35], and extended these
findings by demonstrating that compressing the time of
access to model a happy hour incentivized rats of both
sexes to drink more alcohol, more rapidly, and that its
effects were more pronounced in male rats. This resulted
in higher alcohol intake in males, eliciting female-like
drinking patterns; thus, this approach can increase the
opportunities for testing the effects of voluntary alco-
hol on neural or behavioral measures. Furthermore, this
rodent model of voluntary alcohol drinking can be used
to study the neuronal activity underlying front-loading
behavior, which ultimately may help develop targeted
treatment strategies for alcohol misuse and AUD.

Effect of time of day on alcohol intake

Alcohol drinking tests in rodents are often conducted
within the first few hours of the dark cycle to take
advantage of increased nocturnal activity [84, 106—109];
reviewed in [110]. In the current study, we show that
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alcohol consumption within females was highest when
testing was done 10 h into the dark cycle. Higher intake in
the later testing sessions is not likely an effect of non-dis-
criminative lever pressing because inactive lever presses
did not differ between early and late sessions in females.
Instead, other factors must underlie higher drinking
in females when testing is done later in the dark cycle.
One possibility is that early sessions may have acted as a
primer for increased alcohol drinking in the late sessions,
as all rats were tested twice daily in this within-subject
design. To explore this further, we used a data set from a
day in which rats only had a late session due to a power
outage earlier in the day, which had to be excluded from
the overall statistical analysis. We compared the drink-
ing behavior of that day to a single late session from two
days before, in which rats had an early session as well and
found no differences in alcohol intake. This suggests that
those early sessions are not necessary for driving higher
levels of intake in the late sessions. Of course, more data
would be needed to exclude this explanation completely.
Circadian variations in biological factors such as stress-
related hormones may contribute to higher drinking in
the later sessions. For example, baseline plasma corti-
costerone levels in rodents have a temporally regulated
rhythm, with higher levels peaking around two hours
before the start of the dark cycle and gradually decreas-
ing until reaching low levels around 10 h into the dark
cycle in both males and females [111, 112]. Low levels
of corticosterone in rodents and cortisol in humans is
associated with higher drinking [75, 90, 113], reviewed in
[114]. If the circadian reduction in corticosterone levels
late in the dark cycle were the main factor driving higher
drinking levels at that time, we might expect that drink-
ing in females would be highest when baseline corticos-
terone levels were lowest (late in the dark cycle, as tested
here or early in the light cycle, which was not tested
here). While that prediction is consistent with our data
in females, a thorough analysis of drinking behavior at
various timepoints across the light and dark cycle of male
and female rats would be necessary to answer this ques-
tion. Moreover, low corticosterone levels cannot explain
sex differences because female rats actually have higher
corticosterone levels than males [112, 115]. Future stud-
ies could help determine whether circadian regulation
play a role in sex differences in alcohol intake and how
this corresponds with stress-related hormones such as
corticosterone.

Blood alcohol levels

Herein, most of the alcohol drinking occurred in the
first 5 min of access, regardless of the total length of
the session (30 versus 15 min). Based on our current
findings on front-loading, this suggests that collection
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of blood samples should take place after a few minutes
of initial alcohol access for accuracy in binge drinking
rodent models. Yet, blood alcohol concentration levels
are usually taken after testing typically around 30 min to
1 h after the first initial intake [116]. When blood alco-
hol levels were assessed at an earlier timepoint during
alcohol during a 2-h DID drinking session (5—-12 min),
these levels were more aligned with drinking behavior
compared to levels assessed near the end of the session
(112—-119 min) [43]. Blood alcohol levels were not meas-
ured in our study; however, based on previous studies in
male rats, the total consumption of 1.25 g/kg of alcohol
or more reaches the blood alcohol levels of 0.08 g/dL or
higher [64]. Other studies using the DID paradigm in
mice show that adult females consume more alcohol and
have higher blood alcohol levels compared to males [42,
106, 107, 117]. Mice metabolize alcohol faster than rats
and humans [57]; thus, taking blood samples too long
after the initial drinking for assessing blood alcohol lev-
els may result in inaccurate readouts. An important goal
for future studies is to assess more accurate blood alco-
hol levels early in the operant session in both male and
female rats while also taking into account the detrimental
effects various alcohol metabolites may cause to cells and
circuits in the brain [118]; reviewed in [13, 119].

Perspectives and significance

There is a human health discrepancy between the prev-
alence of alcohol drinking and its mental health conse-
quences in men and women. To understand this more,
we need to get a better sense of how drinking patterns
may differ with sex. Our study shows that female rats
drink excessively at the start of a drinking session
(front-loading). If the same patterns occur in women, it
may have implications for how alcohol affects the brain
and the body. We also found that we can manipulate
operant parameters to increase front-loading in male
rats to drive up alcohol intake to the level of females.
This means that we can now take advantage of these
manipulations to directly compare effects of alcohol
drinking on the male and female brain. This model can
help us in the future have a more precise understand-
ing of the neuronal activity underlying these patterns of
drinking behavior which may play a role in the detri-
mental effects on mental health that differ by sex.

Conclusion

Understanding the underlying patterns of alcohol
drinking behaviors that drive sex differences may help
in determining factors contributing to AUD vulner-
ability. Overall, we found that manipulation of operant
parameters of alcohol availability altered behavioral
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patterns of drinking in both male and female rats. This
manipulation can be used to effectively study sex dif-
ferences in alcohol-driven effects on the brain. Front-
loading behavior is highest 10 h into the dark cycle in
females which drives the sex differences in the total
alcohol intake. However, under happy hour conditions,
adult male rats drink as much alcohol as females. Ulti-
mately, the time of access to alcohol, the effort required
to obtain it, and the time of day of testing all contribute
to changes in front-loading behavior and increasing or
decreasing the magnitude of sex differences in volun-
tary alcohol intake in adult rats.
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