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Abstract

Background Biological factors are known to influence disease trajectories and treatment effectiveness in alcohol
addiction and preclinical and clinical evidence suggests that sex is an important factor influencing disease dynam-
ics in alcohol dependence. Another critical factor is age at first intoxicating drink, which has been identified as a risk
factor for later alcohol binging. Preclinical research allows prospective monitoring of rodents throughout the lifes-
pan, providing very detailed information that cannot be acquired in humans. Lifetime monitoring in rodents can be
conducted under highly controlled conditions, during which one can systematically introduce multiple biological
and environmental factors that impact behaviors of interest.

Methods Here, we used the alcohol deprivation effect (ADE) rat model of alcohol addiction in a computerized
drinkometer system, acquiring high-resolution data to study changes over the course of addictive behavior as well
as compulsive-like drinking in cohorts of adolescent vs. adult as well as male vs. female rats.

Results Female rats drank more alcohol than male rats during the whole experiment, drinking much more weak
alcohol (5%) and similar amounts of stronger alcohol solutions (10%, 20%); female rats also consumed more alcohol
than male rats during quinine taste adulteration. Increased consumption in females compared to males was driven
by larger access sizes of alcohol. Differences in circadian patterns of movement were observed between groups. Early
age of onset of drinking (postnatal day 40) in male rats had surprisingly little impact on the development of drink-
ing behavior and compulsivity (quinine taste adulteration) when compared to rats that started drinking during early
adulthood (postnatal day 72).

Conclusions Our results suggest that there are sex-specific drinking patterns, not only in terms of total amount con-
sumed, but specifically in terms of solution preference and access size. These findings provide a better understanding
of sex and age factors involved in the development of drinking behavior, and can inform the preclinical development
of models of addiction, drug development and exploration of options for new treatments.

Highlights

« female rats show more pronounced compulsive-like behavior in response to quinine taste adulteration
« female rats consumed more alcohol than rats throughout the longitudinal experiment (~ 11 months), driven
by differences in access size and frequency of accesses
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+ adolescent and adult male rats did not differ in terms of drinking behavior and compulsive-like drinking
« sex differences in locomotor activity and circadian patterns were observed, with female rats moving more

and having later peak activity in the day

Plain language summary

Various factors can influence the development of alcohol addiction, but studying these factors in humans

over the long-term is challenging and costly. With modern sensing technologies, rodents can be monitored through-
out the lifespan, providing detailed information obtained under controlled conditions. Previous research suggests
sex- and age-dependent differences in addiction processes, with female rats consuming more alcohol and age

at first drink resulting in heavier later consumption, but a better characterization of these is needed. Using a rodent
model of addiction and relapse, collecting high-resolution longitudinal drinking data in a computerized system
over~11 months, we studied differences in the development of addiction and compulsive-like drinking in male vs
female as well as adult vs adolescent rats. Female rats drank more alcohol than male rats during the whole experi-
ment, drinking much more weaker alcohol (5%) and similar amounts of stronger alcohol solutions (10%, 20%); female
rats also consumed more alcohol than male rats in an aversive taste challenge, displaying more compulsive-like drink-
ing. Increased consumption in females compared to males was driven by larger amounts consumed per approach.
Little effect of age of onset of drinking was observed. Our results suggest sex-specific differences in the development
of drinking patterns and solution preference, not only in terms of total amount consumed. These findings highlight
the importance of awareness of sex-specific factors when developing models of addiction, as well as eventual treat-

ment strategies and interventions.
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Quinine taste adulteration

Background

Excessive alcohol use can have serious effects on health
and is a leading cause of preventable death worldwide
[1]. Alcohol is the most common substance for which
addiction criteria are met. Addiction is characterized by
craving, loss of control of amount of or frequency of use,
compulsion to use and continued use despite adverse
consequences [2]. While some people can consume large
amounts of alcohol without coming to harm, others
experience ongoing addiction-related problems.

Clinical and preclinical research has documented
sexually dimorphic effects of alcohol exposure through
life, and both developmental processes and treatment
effectiveness may differ accordingly [3]. Epidemiological
investigations suggest that men have higher 12 month
(17.6%) and lifetime (36%) prevalences for Alcohol Use
Disorder (AUD) than women (10.4, 22.7%, respectively)
[4], but this may be due to opportunity rather than spe-
cific vulnerability [5, 6]. Although men are more likely
to drink alcohol and consume excessive amounts, in
women who drink excessively, biological differences (e.g.,
body size, structure, chemistry, etc.) are thought to lead
women to absorb more alcohol and take longer to metab-
olize it [7], leading to more immediate as well as longer
lasting effects. Women become addicted to alcohol more
rapidly and at lower doses and have a faster progression

to dependence [8]; research has identified higher risk
of liver diseases, accelerated alcohol-related cognitive
decline and shrinkage of the brain in women compared
to men [9]. Indeed, in recent years it has been suggested
that the ‘gender gap’ in drinking is decreasing [10] and
has almost closed [11, 12]. While preclinical research has
in large part used adult male animals in models of addic-
tion and its treatment, there have been an increasing
number of studies examining the development of alcohol
drinking behavior in females, finding that females acquire
self-administration of alcohol more rapidly and consume
more alcohol, but have reduced severity of withdrawal
symptoms than males, possibly tied to differential sex
hormones [6, 13, 14].

Alcohol is widely used in youth and underage drinking
is a serious problem, and early onset of drinking increases
alcohol use in adulthood [15, 16]. Youth drink less often
than adults but binge when they do; 90% of alcohol
drinks consumed by youth are during binge drinking
[17]. This can have serious health consequences as ado-
lescent alcohol use can cause long-term changes in brain
function and also brain structure [18, 19], and it has been
reported that alcohol misuse is the leading cause of death
for youth (15-24 years old, [20]). Human and rodent
studies have both found that adolescent ethanol exposure
results in deficits during adulthood, including cognitive
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impairments and altered development of gray and white
matter [18, 19]. A facilitatory effect of adolescent expo-
sure to alcohol on adult intake has been suggested in sev-
eral studies [21, 22], but there are also conflicting reports
showing no increased consumption [23] or sensitivity to
aversion resistance [24]. There are also reports suggest-
ing that age of drinking onset is not a strong predictor of
prospective alcohol intake and relapse-like drinking [25].

Preclinical models of voluntary drug intake offer the
ability to study the longitudinal development of addic-
tion processes [26] and have the advantage of controlling
for contributing individual genetic, behavioral and envi-
ronmental influences seen in people [12]. Rats develop
quickly and are considered sexually mature around
6 weeks of age; one day for a rat is the approximate equiv-
alent of one month of human life [27]. The alcohol dep-
rivation effect (ADE) paradigm is a longitudinal model
of alcohol addiction development in which rats are given
voluntary access to different concentrations of alcohol
[28]. The experimental procedure consists of repeated
deprivation and reintroduction phases; reintroduction
phases approximate relapse after abstinence and over
time, rats show addiction-like drinking patterns, develop-
ing increased preference for stronger solutions of alcohol.
In addition, once addiction-like behavior has stabilized,
rats also develop compulsive-like drinking (aversion
resistance, e.g., taste adulteration of alcohol solutions
using bitter quinine), which is one important measure of
addiction [29, 30].

Using modern high-resolution sensing and record-
ing systems, it is possible to follow rats as they develop
addiction-like behavior [28], building profiles to under-
stand the development of drinking behavior, response to
treatment [31], and compulsive drinking at a greater level
of detail [32]. There is a continued need for animal mod-
els to characterize compulsive alcohol intake towards the
identification of mechanisms that promote pathological
drinking [33], and it is particularly important to extend
this research to female and adolescent groups.

In the present study, we examined the longitudinally
assessed drinking behavior of female and male (adult
and adolescent) rats acquired via digital “drinkom-
eter” as they underwent a four bottle (H,O, 5%, 10%,
20% ethanol) free-choice ADE paradigm (5 cycles
over ~ 11 months) and a subsequent quinine challenge.
The drinkometer system continuously measured alco-
hol consumption at high resolution; locomotor activity
was also concurrently acquired. We characterized and
compared how drinking and movement behavior in the
different groups evolved over the experiment, taking
a closer look at consumption patterns (e.g., breaking
down consumption by solution strength) during a regu-
lar ADE and during the quinine challenge.
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Methods

Animals

Drinking and locomotor data from n=30 adult male
Wistar rats (postnatal day (PND)=72) are reported
in [32]. Data from adult females (z=14; PND 66)
and adolescent males (n=16, PND 44) from the
breeding colony at the CIMH were collected and
included. The CIMH Wistar rat line was developed at
the Max-Planck-Institute for Psychiatry in Munich
("Crl:WI(Han)" (RS:0001833)) and has been selectively
bred at the CIMH Mannheim for a robust alcohol
drinking and ADE phenotype for over 15 years. Adult
females and adolescent males were housed in the same
experimental room.

At the outset of the experiment, a group of female
adolescent rats was also included. However, it was soon
discovered that these adolescent females were hyper-
active in the drinkometer setup and kept knocking
the alcohol solution and water bottles out of the sys-
tem, compromising the data measurement and posing
an ethical issue as constant access of water could not
be provided. The decision was made to continue the
experiment without adolescent females.

Rats were housed individually in standard rat
cages (Eurostandard Type III; Ehret) dimensions:
top (outside) 425 mmXx276 mm, bottom (inside)
390 mm %230 mm, height: 153 mm, floor area: ~ 820
cm? with feeders at the cover and followed by a 5-cm
raised area, on a 12 h:12 h light—dark cycle (lights on at
07:30). During the experiment, all rats had ad libitum
access to standard laboratory rat food (LASQCdiet®
Rod16-Auto, Lasvendi and soy-free) and tap water.
Bottles hold 250 ml of liquid with ball nipples. The
light intensity was max 130 Ix in the drinking room
and 50 Ix within every cage. The relative humidity in
all rooms was 45-65% and room temperature was
constant between 22 and 24 °C. Bedding material in
the cages had steam-sterilized aspen wood (2-3 mm,
Abedd) with no environmental enrichment. Cages were
changed once per week.

Our health monitoring program checks on all FELASA-
recommended pathogens together with an external CRO
(mfd Diagnostics) at a 3-month interval. We use at least
one bedding/food- and water sentinel rat/per holding
room. Experimental procedures were conducted accord-
ing to the ethical guidelines for the care and use of labo-
ratory animals. Experiments were approved by the local
animal care committee (Regierungsprisidium Karlsruhe,
Germany: AZ:35-9185.81/G-227/20).

ADE paradigm, drinkometer system, quinine challenge
The ADE paradigm was carried out as previously
described, with drinking behavior recorded using a
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digital drinkometer system implemented in the home
cage [28]. Rats first underwent a long-term (4 weeks)
period of baseline voluntary alcohol consumption.
During this time, they are presented with four bottles,
containing three different concentrations of EtOH (5%,
10%, 20%, prepared using 96% EtOH; VWR interna-
tional #83804.360 diluted to the correct concentration)
and water. Positions of bottles were changed regularly
to avoid place preference.

After the first baseline period, rats are deprived of
alcohol for 2 weeks, which is followed by reintroduc-
tion of alcohol. Upon reintroduction, the alcohol
deprivation effect (ADE), a robust increase in alco-
hol drinking as well as a shift to stronger solutions, is
observed. This process, with successive 2-week depriva-
tions and 4-week reintroduction periods, was repeated
4 more times, for a total of 5 ADE cycles.

In the earlier study in adult male rats [32], during
the ADEG6 cycle, a preliminary quinine test of different
concentrations (0.01, 0.03 and 0.05 g/L) was conducted,
finding that 0.05 g/L was appropriate for use in the
drinkometer system bottles and had a larger effect than
0.01 and 0.03 g/L on reducing consumption during the
ADE. A full quinine challenge was conducted during
ADE?7 using 0.05 g/L for the first three days of rein-
troduction. In the adult females and adolescent males,
given the previous results, no preliminary test was
performed; the quinine challenge was then conducted
using 0.05 g/L during the first 3 days of reintroduction
during ADE®6.

Data collection

A computerized Drinkometer system (TSE Systems)
which records liquid consumption by amount continu-
ously was used to monitor drinking behavior. The system
is implemented in standard rat home cages (Eurostand-
ard Type III) and has four drinking stations to enable
choice of solution. Each of these consists of a glass ves-
sel containing a liquid, and a high-precision sensor that
detects the amount of liquid removed from the vessel.
Special bottle caps are used to prevent evaporation and
spills. Bottle weights are measured in 200-ms steps and
can be registered every second, and the system can detect
volume changes as small as 0.01 g. For these experiments,
the sampling interval was set at 1 min.

Locomotor activity was monitored using an activ-
ity detection sensor (Mouse-E-Motion, Infra-e-motion)
mounted above each cage. These devices use an infrared
sensor to detect rat body movements of min. 1.5 cm at any
position inside the cage at the resolution of 1 s. For these
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experiments, locomotor activity was registered in 5-min
bins.

Statistical analysis
Data were examined over the whole experiment and at the
individual ADE levels. Analyses were conducted in R v3.63,
and IBM SPSS 27.

The weekly level was examined to investigate overall
developmental patterns of drinking and movement behav-
ior. Average daily drinking during each BL and ADE week
was calculated. In the adult females and adolescent males,
technical issues led to lost data during the 4th BL period. In
the young males, drinking data from 4 rats were lost from
ADEA until the end of the experiment.

To examine group differences during the whole experi-
ment (from BL1 to BL6), a random-intercepts mixed model
was used. In this model, consumption was specified as
the dependent variable. Group (female, male, adolescent
male) and period were specified as fixed factors. Restricted
maximum likelihood estimation was used, with a diago-
nal covariance structure, which assumes heterogeneous
variance and no correlation between time points. Pairwise
comparisons were examined using estimated marginal
means with Bonferroni correction.

ADE1, ADE5 and ADE with quinine (ADEQ) were
further considered as the periods of interest. The first
ADE has previously been shown to be an initial transi-
tion towards addiction-like behavior [34], while ADEs are
thought to stabilize by the 5th ADE. ADEQ was examined
to study compulsive-like drinking behavior. During these
periods, magnitude of ADEs were quantified by compar-
ing total consumption (i.e., sum of all solutions) on the first
day of reintroduction (the ADE) to the average consump-
tion on the last 3 days of baseline (BL) using paired T-tests
(Cohen’s d was calculated for significant comparisons).
Welch’s tests were used to compare groups to account for
uneven sample sizes (variances), with effect size calculated
using omega squared (w?). Pairwise multiple comparisons
tests with Games—Howell post hoc tests were performed to
compare groups (females, males, adolescent males).

Drinking profiles were calculated for each rat. Con-
sumption (g/kg) of each solution (5%, 10% and 20%) was
calculated and total consumption (g/kg) was calculated by
summing the solutions. Furthermore, we calculated the
average access size and frequency of consumption of the
different solutions (during the first day of ADE).

During ADEQ, compulsive-like drinking was quanti-
fied using percent change versus baseline of the same ADE
cycle (BLQ). That is:

Compulsiveness (% change ADEQ) = (ADEQ — BLQ)/BLQ.
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In addition, for an additional measure of compulsivity,
comparing the size of the ADEQ to a regular one, we cal-
culated the difference of magnitude in change:

Magnitude of change = % change ADEQ — % change ADES5.

Locomotor activity

Locomotor activity was examined to characterize the
different phases in a similar way to drinking data. Mean
activity levels were calculated hourly and daily during the
whole experiment and different periods. Association of
hourly drinking by solution with locomotor activity was
also examined. Mixed models were used to test for group
differences as above.

In addition, we explored the circadian pattern of rats
using a cosinor analysis. Cosinor analysis is often used
to model circadian patterns in time series [35]. The pack-
age “ActCR” implemented in R was used to calculate the
mesor (rhythm adjusted mean activity), amplitude (half
the extent of predictable variation during a cycle) and
acrophase (time to reach peak activity) of hourly locomo-
tor activity during ADE1, ADE5, and ADEQ. For these
analyses, 5 days of data (e.g., 120 h) were used. (The first
day of ADE until midnight was not used given the effect
of the experimenter entering the room to change alcohol
bottles.) For mesor, amplitude and acrophase, Welch’s
tests were used to compare differences between groups
with multiple comparisons using Games—Howell post
hoc tests.

Locomotor activity and drinking

The association between hourly locomotor activity and
alcohol consumption during ADE5 and ADEQ were
examined using random-intercepts mixed models. Loco-
motor activity was specified as the dependent variable,
with 5%, 10%, and 20% consumption (g/kg) specified as
independent variables. Separate models were calculated
for the different groups.

Results

General drinking behavior between groups

The weekly total alcohol consumption is illustrated in
Fig. 1a, showing the average daily total consumption in
different groups by week phase during the experiment.
Significant effects of group (F(2,55.76501)=15.382,
p<0.001) and period (increased consumption over
time, F(1,312.017)=53.194, p<0.001) were observed.
Adult female rats drank significantly higher amounts of
alcohol than both adult male and adolescent male rats
(both p<0.001) throughout the duration of the experi-
ment, descriptively starting even at the first BL. Ado-
lescent males (starting drinking on PND44) and adult
males (starting drinking on PND72) had similar drinking
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Fig. 1 Drinking behavior between groups

throughout the experiment. The total alcohol consumption

a as well as individual bottles (b 5% ¢ 10% and d 20%) are
summarized for the different baseline (BL) and relapse (ADE) phases
of the experiment. Data are presented as mean values + SEM. Gray
bars represent experimental deprivation phases, where only water
was accessible

patterns throughout the entire experiment and consump-
tion did not significantly differ (n.s.).

Underlying this, as shown in Fig. 1b—d, the higher
levels of drinking observed in females compared to the
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other two groups was due to a significantly higher con-
sumption of 5%.

An effect of group on 5% drinking (F(2,56.798) = 8.044,
p<0.001) was observed. Females drank signifi-
cantly more 5% than males (p<0.001), and adoles-
cent males (p=0.038). Descriptively, an increase in
5% drinking in females was seen after the first ADE.
5% drinking between males did not significantly dif-
fer throughout the experiment (n.s.). An effect of
period was not observed (n.s.). For both 10% and 20%,
effects of period were observed (increased drinking
over time, 10% (F(1,207.211)=32.615, p<0.001; 20%
(F(1,229.385) =35.604, p<0.001), but no effect of group
(both n.s.)

Comparison of ADEs over time
In ADE], significant increases in intake (ADEs) were
observed in all groups: females (F) (#13)=- 6.660,

p<0.001, Cohen’s d=1.780), males (M) (£29)=
— 10.116, p<0.001, d=1.847) and adolescent males(AM)
(t(15)=— 12.095, p<0.001, d=3.024) (Fig. 2a).

Group differences were observed in both BL1 (Welch
(2,27.685)=3.554, p=0.042, &*=0.065) and ADElL
(Welch(2,33.247) =4.117, p=0.025, »?=0.075), driven
by differences between adult males and females (BL1:
p=0.070 (n.s.); ADE1, p=0.030); drinking in adult and
adolescent males did not significantly differ (both n.s.).

In ADES5, group differences continued to be observed
(BL5 Welch (2,20.952)=8.647, p=0.002, w?=0.285;
ADES5: Welch (2,16.565)=12.181, p=0.001, »*>=0.376)
drinking in females was much higher than in adult (BL5:
p=0.001; ADE5: p<0.001) and adolescent males (BL5:
p=0.005, ADE5: p=0.024) (Fig. 2b). BL and ADE drink-
ing in adolescent and adult males did not significantly
differ (n.s.). Significant ADEs were observed in all groups
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(all p<0.001; F: £(13)= — 4.572, d=1.222, M: t(28)=
- 9.242, d=1.716, AM: £(10)= — 8.978, d=2.707). We
note that the average magnitude of ADEs was larger in
males than females (M:+62%, AM:+76%, F:+38.5%),
potentially due to a ceiling effect.

With the introduction of quinine as compulsivity meas-
ure during ADEQ (Fig. 2c), sizes of ADEs in all rats were
decreased; only in adult males was a significant ADE
(i.e., compulsive-like drinking) observed (£(29)=— 2.289,
p=0.030, 4d=0.418; AM (#10)=— 1.899, p=0.087; F
(#(13)=— 1.033, p=0.321), however the larger sample
size likely plays a role in this statistical significance. As
in other periods, group differences were observed (BLQ:
Welch(2,22.852) =4.655, p=0.020, »’>=0.195; ADEQ:
Welch(2,20.665)=3.995, p=0.034, ©*=0.208) and the
amount of drinking was higher in females than both adult
males (BLQ: p=0.042; ADEQ: p=0.033), and adolescent
males (BLQ: p=0.016; ADEQ: p=0.035), with no sig-
nificant differences between adult and adolescent males
observed (n.s.).

Comparing regular and quinine ADEs by individual alcohol
solutions
Differences between last regular relapse (ADE5) and
the following quinine-adulterated relapse (ADEQ) are
depicted in Fig. 3. For the 5% bottle, significant differences
were observed during ADE5 (Welch(2,19.369)=3.858,
p=0.039, ©>*=0.180), i.e., higher consumption in females
than males (p=0.030) and adolescent males (p=0.068,
n.s.) were observed. These differences between groups
disappeared in ADEQ (Welch (2,18.814)=2.665,
p=0.173).

Significant decreases between ADE5 and ADEQ
were observed in all groups (M: £(28)=6.427, p<0.001,
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Fig. 2 Total consumption of alcohol during: a ADET, b ADES5 and ¢ ADEQ. Error bars denote SEM
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Fig. 3 Differences in consumption of 5%, 10% and 20% alcohol between the last regular ADE5 and ADE +quinine (ADEQ). Error bars denote SEM

d=1.193; AM: (£(9)=2.371, p=0.042, 4=0.750, F:
t(14)=4.410, p<0.001, d=1.139).

For the 10% bottle, consumption decreased in all
groups but this decrease did not reach significance (M:
1(28)=2.028, p=0.052, AM: t(9)=2.126, p=0.062, F:
t(14)=0.325, p=0.750). No significant group differences
were observed.

For 20%, descriptively, consumption increases in
females (the most pronounced, but with high variance)
and adult males were observed; while a decrease was
observed in adolescent males, none of these changes
reached significance. No significant group differences
were observed.

Access sizes and frequency of accesses in regular ADE

and ADEQ

Looking at ADE5 (Fig. 4a), access sizes differed between
groups for 5% (Welch (2,18.044)=3.732, p=0.044)
but not 10% and 20% and were largest in females for
all solutions. This was similar during ADEQ, effects of
group approached but did not reach significance for 5%
(Welch (2,18.354)=2.920, p=0.079) and 20% (Welch
(2,19.519)=3.124, p=0.067). Comparing only adult and
male and female rats found that female rats had sig-
nificantly larger access sizes of 5% during ADE5 (Welch
(1,15.666) =6.407, p=0.022) and both 5% and 20% dur-
ing ADEQ (5% Welch (1,15.964)=5.251, p=0.036; 20%
Welch (1,18.194) =6.458, p=0.020)).

When comparing across ADEs, in ADEQ (Fig. 4b),
access sizes of 5% decreased in all animals compared to
ADES5 (adult males: p <0.001, d =1.914; adolescent males:
p=0.002, d=1.510; females: p=0.028, 4=0.692). Only
adolescent males experienced a significant decrease in
10% access size (p=0.002, d=1.282), and no group had
significant decreases in 20% access size (adolescent males
and females had non-significant increases).

In ADES5 (Fig. 4c), no effect of group was observed on
frequency of accesses, but descriptively, the frequency
of 5% accesses was highest in females, while frequency
of 10% accesses was higher in the male groups. In
ADEQ, no effect of group on frequency of accesses was
observed.

Comparing across ADEs, in ADEQ (Fig. 4d), com-
pared to ADES5, frequency of accesses was more
affected than access size. Notably, the frequency of
5% accesses in females decreased almost threefold
(p=0.003, d=0.965), while 10% and 20% increased but
not significantly. In adolescent males, frequencies of
accesses to all solutions did not change significantly. In
adult males, the frequency of 5% decreased (p<0.001,
d=1.063), while 10% decreased non-significantly; fre-
quency of 20% accesses increased (p=0.023, d=0.438).

Compulsive-like drinking at the individual level

In order to assess the individual level of compulsive-like
drinking in the three groups, we compared relapse rates
of quinine-adulterated ADEs to baseline consumption at
the same cycle, as well as the previous regular ADE. This
painted a different picture of distributions of the differ-
ent groups. Looking at %change during ADEQ, all groups
had rats who exhibited compulsive-like drinking (i.e.,
positive change >0%; Fig. 5a), and means did not signifi-
cantly differ between groups (Welch (2,16.990)=0.969,
p=0.400), although we note high variability in the female
group. Looking at the magnitude of change between
ADEQ and ADE5, an effect of group was observed
(Fig. 5b, Welch (2,22.526) =5.747, p=0.010, »>=0.159),
driven by females showing greater magnitude of change
between ADEs than males (p=0.006). Descriptively,
using this metric, we also observe that male rats could be
naturally broken into two “more” and “less” compulsive-
like groups (i.e., around — 75% change, Fig. 5b).
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Overall locomotor activity

Average daily locomotor counts during the whole experi-
mental period were higher in females, lower in adoles-
cents, and lower still in adult males (main effect of group

F(2,54.769) =31.759, p<0.001; pairwise comparisons all
p<0.01). Over the whole experimental period, activity
decreased in all groups (F(1,322.729)=81.530, p<0.001),
descriptively, the most in adolescent males.
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Daily movement patterns

Examining hourly locomotor activity on the daily (Fig. 6)
and hourly (Fig. 7) levels during ADE1, it was observed
that females and adolescent males initially had similar
movement patterns, while adult males moved less. By
ADE5 movement in adolescent males had decreased to a
level more similar to that in adult males; female activity
levels remained comparatively constant.

During ADEQ, activity in both male groups was simi-
lar and comparable to activity during ADE5. While still
higher than males, female activity during ADEQ was
reduced when compared to ADE5.

Locomotor activity and drinking

In ADE5 in adult males, significant associations
were seen between locomotor activity and con-
sumption of 5% (F(1,3001.401)=69.578, p < 0.001)
and 10% (F(1,3003.060)=11.371, p=0.001), but not
20% solutions (n.s.). In ADE5 in females and ado-

lescent males, significant associations were seen
between locomotor activity and consumption of
all solutions (F: 5% F(1,1139.227)=358,193; 10%

F(1,1147,820) =128.821;20% F(1,1146.265)=34.911
all p=0.001; AM: 5% F(1,1105.858)=157.117; 10%
F(1,1172.229)=114.826, 20% F(1,1180.917)=59.629, all
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Fig. 6 Average daily locomotor activity throughout experimental periods. Error bars denote SEM
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p=0.001). In all groups at ADES5, association effects were  p<0.001; 10%  F(1,2688.383)=7.564,  p=0.006;
stronger with weaker solutions (5% > 10% >20%). 20%  F(1,2943.603)=5.853, p=0.016; AM: 5%

During ADEQ, significant associations were seen  F(1,1523.208)=248.750; 10% F(1,1530.938)=223.852;
between locomotor activity and consumption of all 20% F(1,1529.931)=189.271, all p<0.001; F: 5%
solutions in all groups (M: 5% F(1,2195.349)=38.227, F(1,1334.724)=113.974; 10% F(1,1339.266) =123.806;
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20% F(1,1338.372)=94.576, all p<0.001). Association
strength in both groups of males followed the pattern
(5% >10% >20%), but in females, was 10% > 5% > 20%.

Cosinor analysis

Figure 8 shows the mesor, amplitude and acrophase as
determined by cosinor analysis for the different periods.
Significant group differences were observed in all meas-
ures during all periods (all p<0.005). Females had sig-
nificantly higher mesor and amplitude than males during
all periods (all p<0.01). Descriptively, adolescent males
began the experiment with more movement rhythms to
females and finished with more similar patterns to adult
males. We note that the acrophase of female rats was
later in the day compared to both groups of males (in
ADE1: adult males p=0.002; in ADE5: adolescent males
p=0.001; in ADEQ: both males p <0.05) and this can also
be seen in the hourly activity traces in Fig. 7.

Discussion
In the present study, we investigated sex and age differ-
ences in the development of alcohol consumption and
compulsive-like drinking. Our results point to considera-
bly different male and female consumption patterns over
time, differences which were also reflected in response to
alcohol adulteration with quinine. Adolescent and adult
males developed largely similar patterns of consumption.
Females consumed more alcohol than males during the
whole experiment, which is in line with the wider litera-
ture; our longitudinal results are in line with the idea of a
“telescoping effect’, which suggests an accelerated course
in females vs. males in the development of substance use
disorders [36]. Interestingly, this difference was already
apparent prior to the first ADE, which is consistent

with the idea of the presence of different innate biologi-
cal mechanisms promoting intake [37], and possibly the
mediation of rewarding effects of alcohol by sex hor-
mones [38]. While females consumed similar amounts of
10% and 20% as males, females consumed the 5% alco-
hol solution in much higher amounts. It is possible that
this reflected taste preference; the 5% solution is slightly
sweet and it has been shown that female rats prefer sweet
solutions compared to male rats [39]. Interestingly, the
difference in 5% between males and females widened
considerably after the first ADE cycle.

Other preclinical research has found that female rats
consume equal or larger amounts of alcohol than male
rats, dependent on strain and drinking paradigm [40].
Research into potential causes for these differences have
found that ovariectomized female rats show no clear-cut
change in ethanol intake [41, 42] but do have decreased
rewarding effects of ethanol [38]. It is also reported that
the estrous cycle itself does not affect alcohol drinking
[40], nor the aversive effects of ethanol [38], nor does
it account for sex differences in related behavior [21].
On the other hand, it is suggested that there are sex-
dependent effects of ethanol on neuronal activity [43, 44],
adaptations in diverse brain regions [45], underlying neu-
roimmune transcriptional signatures and related signal-
ing pathways [46], as well as genetic effects [47] which
contribute to differences in alcohol-related behaviors.

Female rats continued to consume more alcohol than
males with the introduction of quinine; a few female
rats even consumed more alcohol with quinine than in
the regular ADE. This is consistent with prior reports
of females having enhanced sensitivity to rewarding
but blunted sensitivity to aversive effects of ethanol [46,
48, 49]. Previous research suggests that while higher
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concentrations of quinine are tolerated in female rats,
there is no difference in quinine sensitivity [50]. Also,
another recent study found that higher concentrations
of quinine were needed to suppress ethanol consump-
tion in female as compared to male mice [51]. It has been
suggested that this aversion resistance may be related to
underlying sex-specific differences in neurocircuitry [52]
and genetic factors [47].

Looking at the different solutions, we observed that
quinine decreased the consumption of 5% in all rats,
with a large effect in female rats (as they had consumed
the most 5%). Consumption of 10% was also decreased
in all groups, whereas 20% consumption increased
in adult animals but not adolescent males (an n.s.
decrease). This suggests a possible age-related differ-
ence in the development of compulsive-like drinking;
it could be that the compulsive-like drinking is not yet
developed in younger rats, even as they show the simi-
lar consumption patterns to adult males during regular
ADEs. In this study, we did not observe that adoles-
cent male rats drank more alcohol or stronger alco-
hol than their adult male counterparts, which at first
glance appears to come in contrast with literature find-
ing that adolescent rats drink more per approach than
adults and have more binge-like events [53-55]. Many
reports have suggested that adolescent ethanol expo-
sure leads to decreased sensitivity to aversive effects
and increased sensitive to rewarding properties of alco-
hol later in life [56], but there are also reports which
like the present, do not find these effects of early alco-
hol exposure [24]. It must be kept in mind that studies
have made observations using different paradigms (e.g.,
2 bottle choice with 15% alcohol and water; providing
different schedules of alcohol access, different routes/
types of administration (voluntary/forced)), or during
more acute periods of time (e.g., 30 days) than in the
present study, or with adolescent rats of different age.
In this context, our results support the idea that age
and sex are important factors to consider but also that
direction and degree of effects observed are also likely
to be dependent on specific experimental parameters
[12].

One strength of the high-resolution multi-bottle
approach is that it gives deeper insight into the mecha-
nisms underlying behavioral effects of drugs and inter-
ventions. When comparing access sizes and frequency of
accesses of specific solutions, we found differential pat-
terns across groups and regular/quinine ADEs. Access
sizes of all solutions were the largest in females. As previ-
ously shown [32], the effect of quinine was most appar-
ent on the access size and frequency of accesses to the
5% solution. This effect was observed in all groups and
especially prominent in the frequency of accesses in
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female rats; their original higher frequency of approaches
5% meant that they were the most affected. In contrast,
in all animals 10% and 20% were less affected; only in
adult males was there a significant increase in frequency
of access to 20%. Looking at compulsive-like drinking at
the individual level, we find that there is a wider variation
of drinking patterns in females than the other groups.
As a group, only adult males (with a larger sample) had
statistically significant ADEs suggesting compulsive-like
drinking; investigation of effects in a larger sample of
female rats is warranted.

Our examination of movement patterns found simi-
lar results to drinking behavior, with larger differences
observed between females and males than adolescent and
adult males. The higher levels of activity in females were
associated with higher frequency of accesses to 5%. Inter-
estingly, the hourly data show that females and adolescent
males started out with more similar movement patterns;
while females maintained their activity levels over time,
only decreasing mesor and amplitude with the introduc-
tion of quinine, both groups of males experienced reduc-
tions already during the regular ADES5. By the latter part
of the experiment, differences between adolescent and
adult males became less prominent. Another interesting
observation was that female rats had later peaks of activ-
ity. Sex differences in circadian regulation (of sleep and
waking cognition [57] and circadian timing systems have
been observed and are thought to stem from differences,
for example, in (sex) hormonal and stress-responses [58],
neurophysiological [59] and neuroendocrine [60] sys-
tems. Alterations in circadian timing are thought to be
important in determining vulnerability to various types
of disease, including addiction [61-63] and circadian
misalignment may disrupt reward mechanisms, promot-
ing the transition from alcohol use to AUD [64]. One
additional consideration when it comes to movement
patterns is animal size. Females are smaller in size than
males and cages are the same size regardless of animal
size—this may have played a determining factor in move-
ment patterns.

This experiment had certain limitations. First, females
and adolescent males underwent their assessments at the
same time, while adult males underwent the same pro-
cedure earlier. Although every effort was made to keep
experimental factors constant, batch differences may
have been introduced. Given the similarities observed
between drinking patterns in the two male groups, how-
ever, this effect might be minimal. Sample sizes also dif-
fered, with the adult males being the largest group; with
equivalent sample sizes, statistically significant com-
pulsive-like drinking might be more apparent in other
groups. Next, it would be desirable to also include female
adolescent rats in this design. As noted in the methods
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section, this was not possible in the current experiment,
as hyperactivity of the adolescent females prevented
proper measurement of consumption and resulted in
stoppage of their inclusion due to ethical considerations.
We have made similar observations in previous experi-
ments; the development of refined assessment methods
will be needed to tackle this issue when it occurs. Devel-
opmental differences (i.e., puberty) in stress and gonadal
sex hormones might be expected to introduce additional
physiological and behavioral differences, (although it has
been observed that estrous cycle phase does not account
for all sex differences [21]). It has been previously sug-
gested that female rats beginning drinking in adoles-
cence may be more susceptible to stress-induced alcohol
consumption [65]. Finally, females and adolescent males
were housed together, and we did not control for any
effects of estrous cycle on the adolescent males. However,
drinking data from adolescent males were remarkably
similar to those in adult males (not housed with females,
i.e,, Fig. 1), suggesting a limited effect on drinking behav-
ior, if any. Perhaps relatedly, in the female rats, we note
the variability observed in compulsive-like drinking (i.e.,
Fig. 5A). One possibility is the involvement of estrous
cycles or circulating hormones (not assessed in the cur-
rent sample). Although it has been shown that females
do not show greater variability than males due to estrous
cycle [66, 67], and is thought that female rats housed in
proximity are likely to be synchronized [68], exceptions
to this may have contributed to variability; closer investi-
gation of potential mediating factors is needed.

Perspectives and significance

Gaining a more complete understanding of sex and age
factors involved in the development of drinking behav-
ior will be important in preclinical development of mod-
els of addiction, drug development and exploration of
options for treatment. Further refined exploration of the
differences observed will be required to arrive at robust
translational insights. The continued collection (and
combination) of well-characterized longitudinal datasets
investigating different aspects of dynamic processes in
addiction will help to achieve a more comprehensive pic-
ture of the development of addiction processes.

Conclusions

We observed clear sex differences in drinking patterns,
solution preference, response to aversive stimuli and
movement patterns in male and female rats, suggesting
potential areas of focus for future research.
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