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Abstract

Adolescence is a period of high vulnerability for alcohol use and abuse. Early alcohol use has been
shown to increase the risk for alcohol-related problems later in life; therefore effective preventive
treatments targeted toward adolescents would be very valuable. Many epidemiological and
longitudinal studies in humans have revealed the beneficial effects of exercise for prevention and
treatment of alcohol addiction. Pre-clinical studies have demonstrated that access to a running
wheel leads to decreased voluntary alcohol consumption in adult mice, hamsters, and rats.
However, age and sex may also influence the effects of exercise on alcohol use. Herein, we
studied male and female C57BL/6 adolescent mice using a 24-h two bottle choice paradigm to
evaluate 21 days of concurrent voluntary exercise on alcohol consumption and preference. Given
previously known effects of exercise in increasing the expression of brain-derived neurotrophic
factor (BDNF) in the hippocampus and its role in regulating the reward system, BDNF mRNA and
protein levels were measured at the end of the behavioral experiment. Our results demonstrate sex
differences in the efficacy of voluntary exercise and its effects on decreasing alcohol consumption
and preference. We also report increased BDNF expression after 21 days of voluntary exercise in
both male and female mice. Interestingly, the distance travelled played an important role in
alcohol consumption and preference in female mice but not in male mice. Overall, this study
demonstrates sex differences in the effects of voluntary exercise on alcohol consumption in
adolescent mice and points out the importance of distance travelled as a limiting factor to the
beneficial effects of wheel running in female mice.
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1. Introduction

It is well known that drinking alcohol beverages is a common feature of social gatherings
due to its effects on improving mood and increasing self-confidence and sociability.
However, the harmful use of alcohol leads to the death of 2.5 million people worldwide year
(http://www.who.int/en/). The risk for alcohol use and abuse among adolescents may be
particularly high since this is a period during which social contexts exert powerful
influences. Moreover, behavioral characteristics common among adolescents, such as
enhanced novelty seeking, sensation seeking and reward seeking behavior along with poor
judgment and lack of impulsive control, are likely to contribute to increased risk for alcohol
use [reviewed in 1,2,3,4]. Importantly, earlier initiation of alcohol use (prior to age 15) has
been associated with increased risk for alcohol-related problems later in life [5]. Therefore,
it is necessary to find preventive treatments targeted toward adolescents.

Physical activity has been proposed to be a potential non-pharmacological treatment for
alcohol addiction. Epidemiological data obtained from adolescents show that, when engaged
in regular exercise, teens are less likely to consume alcohol [6,7,8,9,10,11,12,13].
Longitudinal studies also show that persistently active individuals report lower levels of
alcohol use, during both adolescence and early adulthood [14], as well as fewer alcohol-
related problems, particularly in women [15]. However, exercise does not always prevent
the use of alcohol and, in some specific situations where high level of physical activity is
required, is associated with increased use of alcohol. For example, female athletes involved
in mixed-gender sports and male athletes involved in male-dominated sports show higher
rates of alcohol use [16,17,18], suggesting that gender and both the type and intensity of
exercise may also influence alcohol use.

Studies from animal models have shown variability in the effects of exercise on voluntary
alcohol consumption, depending on the behavioral model and gender examined [reviewed in
19]. The majority of these studies have been performed using adult animals, and little is
known about the effects of wheel running on alcohol consumption during adolescence. It is
important to characterize these effects, because not only is adolescence a period during
which experimentation with alcohol begins, but it is also a period of brain maturation,
making it highly vulnerable to environmental changes. Brain-derived neurotrophic factor
(BDNF) has been shown to play a significant role in neuronal development and synaptic
plasticity whose levels peak during adolescence with the highest level of BDNF detected in
the hippocampus [reviewed in 20]. Furthermore, BDNF has been suggested to be a key
molecule in regulating hippocampal functions, such as its role in the reward system [21] or
the HPA axis activity [22]. Importantly, differences in expression of genes involved in
stress-related pathways have been demonstrated in hippocampi from brains of deceased
alcoholics [23]. On the other hand, exercise is rewarding, has been shown to increase BDNF

Physiol Behav. Author manuscript; available in PMC 2016 January 01.


http://www.who.int/en/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gallego et al.

Page 3

levels in the hippocampus [reviewed in 24] and to alter the HPA axis responsiveness [25].
Collectively, these studies justify careful examination of this neurotrophin in the
hippocampus to determine its possible mechanistic role on the effects of exercise on alcohol
consumption during adolescence.

Thus, the first goal of this study was to examine the effects of 21 days of concurrent
voluntary wheel running on ethanol consumption and preference in adolescent C57BL/6
mice. Our results demonstrate sex differences in the effects of exercise on alcohol drinking.
In a second goal, we measured mRNA and protein levels of BDNF expression in an attempt
to understand some of the underlying neuronal mechanisms contributing to these behaviors.
As seen in previous animal studies [26], we observed differences in BDNF expression after
ethanol and exercise exposure, suggesting that BDNF may be involved in responses to
exercise and alcohol, which merits further study.

2. Material and Methods

2.1. Animals

Male and female adolescent (21-25 days) C57BL/61bg mice were obtained from breeder
pairs at the Institute for Behavioral Genetics at the University of Colorado, Boulder
(Boulder, Colorado). Animals were housed in standard mouse cages with ad libitum water
and standard rodent chow (Harlan Laboratories, Indianapolis, Indiana) until the start of the
experiment. The lighting in the animal colony was maintained on a 12-hour light/dark cycle
with lights on at 7:00 AM. Room temperature was maintained at 23 + 1.5°C.

This study was conducted with approval from the Institutional Animal Care and Use
Committee at the University of Colorado, Boulder (Boulder, Colorado) following guidelines
established by the Office of Laboratory Animal Welfare (OLAW). All possible measures
were taken to minimize discomfort.

2.2. Behavioral paradigm

Male (n = 15-18/condition) and female (n = 14-18/condition) C57BL/61bg mice were
weaned at 21-25 days old and placed in individual cages (332 x 150 x 130 mm), with or
without running wheels (Coulbourn Instruments, PA, USA) and two cylinder tubes (25 mL)
of water. After 2 days of acclimation, mice were tested using previously established 24-hour
two-bottle choice paradigm conditions that lead to differences in voluntary ethanol
consumption [27]. The four conditions included cages with 1) water only (Sedentary-Water),
2) water and 10% ethanol two-bottle choice (Sedentary-Ethanol), 3) water only with a
running wheel (Exercised-Water), and 4) water and 10% ethanol two-bottle choice with a
running wheel (Exercised-Ethanol). Mice housed with a running wheel had 24-hour access
to the wheel. The protocol lasted 21 days. The side of the tubes was alternated every two
days in order to account for any side preference. Individual consumption of water and
ethanol (if applicable) were recorded daily. Distance and time were counted and recorded
daily using a Cat Eye Mity 8 cyclocomputer (Cateye America, CO, USA). On day 21, mice
were sacrificed by cervical dislocation, and brains were removed for subsequent BDNF
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expression analysis. The hippocampi of a group of mouse brains were dissected and stored
at —70°C until the time to perform the below BDNF ImmunoAssay.

2.3. BDNF Immunoassay

BDNF protein was measured in the hippocampus of mice at the end of the behavioral
experiment using a Promega BDNF Emax ImmunoAssay System (Promega Co., WI, USA)
according to manufacturer’s protocol.

2.3.1. Extraction of protein from mouse brain hippocampi—Male (n = 5-6/
condition) and female (n = 5-6/condition) hippocampi were removed from the freezer, and
then weighed. Two milliliters of Promega lysis buffer (137 mM NaCl, 20 mM Tris-HCI (pH
8.0), 1% NP40, 10% Glycerol) were added to each 100 mg of tissue along with a protease
inhibitor cocktail (Thermo Fisher Scientific, IL, USA). Samples were homogenized with a
syringe and then sonicated with a Branson 1210 sonication water bath (EquipNet, MA,
USA). Samples then were centrifuged at 16,000 x g for 30 min at 4°C. The resulting
supernatant was pipetted into a new tube and stored at =70 °C until use.

2.3.2. BDNF protein quantification—Each well of a 96-well polystyrene plate, included
in the Promega BDNF Emax ImmunoAssay kit, was coated overnight at 4°C, with anti-
BDNF monoclonal antibody (mAb), by mixing 10 pL of mAb with 9.99 mL of carbonate
coating buffer (25 mM sodium bicarbonate and 25 mM sodium carbonate, pH 9.7).
Unabsorbed mAb was removed and plates were washed once with TBST wash buffer (20
mM Tris-HCI (pH 7.6), 150 mM NaCl and 0.05% (v/v) Tween 20). Plates were blocked
using 200 pL Promega 1X Block & Sample buffer and incubated for 1-hour at room
temperature. In the meantime, tissue extracts were removed from the freezer and thawed on
ice. After 1-hour of incubation, plates were emptied and washed once in TBST. One
hundred microliters of each sample or standard (1000, 750, 500, 300, 200, 100, 0 pg/mL)
were added in triplicate to the plates and then incubated with shaking for 2-hours at room
temperature. Plates were emptied and washed five times using TBST. One hundred
microliters of 1:500 Anti-human BDNF polyclonal antibody (pAb), diluted in 1X Block &
Sample buffer, was added to each well plate. Plates then were incubated again with shaking
for 2-hours at room temperature. Plates were emptied and washed five times using TBST.
One hundred microliters of 1:200 Anti-IgY horseradish peroxidase conjugate, diluted in 1X
Block & Sample buffer, was added to each well plate. Plates then were incubated again with
shaking for 1-hour at room temperature. Plates were emptied and washed again five times
using TBST. Finally, plates were developed using 100 uL Promega TMB One Solution and
the reaction was stopped using 100 uL 1 N HCI. Absorbance was measured at 450nm.
BDNF levels are reported in pg/mg total protein = SEM.

2.3.3. Total amount of protein quantification—Total amount of protein was measured
for each sample using a BCA Protein Assay Kit (Thermo Fisher Scientific, IL, USA)
according to manufacturer’s protocol. Briefly, 25 pl of each standard (albumin) or unknown
sample and replicates (three per sample) were pipetted into an untreated 96 well microplate
and mixed with 200 ul of working reagent (50:1, reagent A: reagent B). Samples were then
incubated at 37°C for 30 min, and the absorbance was measured at 562 nm on an Epoch
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Microplate Spectrophotometer (BioTek Instruments, VT, USA). The albumin standards
were used to construct a standard curve relating absorbance with protein concentration.

2.4. Bdnf in situ hybridization

In situ hybridization was performed in order to examine whether Bdnf expression in the
hippocampus was subregion-specific. Frozen male (n = 3—4/condition) and female (n = 3-4/
condition) mouse brains were sectioned coronally (14 pm) using a cryostat (Leica, Wetzlar,
Germany), mounted on poly-L-lysine coated glass slides (ThermoFisher Scientific, MA,
USA) and stored at —70°C. A previously established method for in situ hybridization of
radiolabeled antisense riboprobes has been used [28]. Total Bdnf expression was measured
using a probe from Bdnf exon IX. Briefly, C57BL/61bg mouse DNA was transcribed in vitro
with 35S-UTP (PerkinElmer, MA, USA), as the sole source of UTP, using T7 RNA
polymerase (Promega, WI, USA) and specific primers (Forward 5’-
ggcgeccatgaaagaagtaa-3’; Reverse 5’-gaaattaatacgactcactatagggaagtgtacaagtccgegtc-3’).
Hybridizations were performed within 1 day of transcription. On the day of hybridization,
after warming to room temperature, tissue was fixed first with a 4% paraformaldehyde
solution (15 min), rinsed with 1X phosphate buffered saline (3 x 5 min), and then rinsed
with 0.1 M TEA (2 min). Tissue was then acetylated with 0.25% acetic anhydride in 0.1 M
TEA (15 min) and dehydrated in graded ethanol solutions of 50%, 70%, 95%, 100% and
100% (3 min each). Radiolabeled Bdnf riboprobe was diluted in a hybridization buffer
containing 50% formamide, 10% dextran sulfate, 300 mM NaCl, 10 mM Tris, 1 mM EDTA,
and 1X Denhardt’s solution, and ~100 L were pipetted onto a 24 mm x 60 mm coverslip,
then placed upside down on a slide containing the tissue. Coverslips were sealed to slides
using DPX mountant (Sigma-Aldrich, MO, USA). Tissue sections were hybridized with
riboprobe solution for 16 hours at 60°C. After hybridization, tissue section slides were
washed with 4X saline sodium citrate (SSC) before being treated with RNase A (20 pg/mL)
for 1 hour at 37°C. Then, tissue sections were desalted by incubation in graded SSC
solutions (all with 1 mM DTT) to a final stringency of 0.1 x SSC at 65°C. Finally, sections
were dehydrated with graded ethanol solutions, dried, and exposed to PhosphoScreens
(Packard BioScience, CT, USA) for at least 1 week. Slides were assayed at the same time to
allow for direct comparisons between mice.

In order to relate the intensity of each screen image to a relative measure of tissue
radioactivity, tissue standards containing known amounts of 35S were exposed along with
tissue on each film. Ten tissue standards were prepared by mixing measured amounts of
isotope with a homogenate prepared from whole brain. Actual concentrations of
radioactivity were measured in weighted aliquots. The 35S standards contained from 0 to 25
nCi/mg. The tissue standards were used to construct standard curves relating optical density
and a measure of radioactivity (counts per minute per mg). Exposed PhosphoScreens were
imaged with a Cyclone Phospholmage reader (Packard BioScience, CT, USA), and

image .tif files (600 dpi) were imported into the OptiQuant analysis suite (Packard
BioScience, CT, USA) for analysis. Intensity measures were performed, in the whole
hippocampus (from bregma —0.94 mm to —2.80 mm), by someone blind to the testing
conditions. Background intensity was subtracted from each sample, and values obtained
were averaged for each animal.
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2.5. Statistical analyses

All the statistical analyses were done using the R 3.0.1 Statistics Software. Three dependent
variables with two groups in each variable (Sex (Male vs. Female), Treatment (Sedentary vs.
Exercised), and Drink (Water vs. Ethanol)) were used to analyze the data. Two-way
repeated measures ANOVAs (Sex x Treatment) were used to identify differences between
groups in ethanol consumption and preference. Two-way repeated measures ANOVA (Sex X
Drink) was also used to identify differences in daily distance travelled and time running.
Three-way repeated measures ANOVA (Sex x Treatment x Drink) was used to determine
differences in total fluid intake. Linear regression and Pearson’s correlation analyses were
used to determine if significant correlations existed between ethanol preference or
consumption and distance travelled. Protein and mRNA BDNF expression were analyzed
using the three-way ANOVA (Sex x Treatment x Drink). Male and female data were
analyzed separately when significant main effects of sex were found.

3. Results

3.1. Voluntary exercise decreases ethanol preference and consumption in adolescent
C57BI/6 mice

Two-way repeated measures ANOVA (Sex x Treatment) showed significant main effects of
sex in ethanol preference (F(1,1334) = 8.573, p < 0.01; Fig. 1A, B) and consumption (F(1,1334)
=64.826, p < 0.001; Fig. 1C, D). Separate one-way repeated measures ANOVA showed a
significant decrease in ethanol preference (F(1 s66) = 26.842, p < 0.001; Fig. 1A) and
consumption (F1 666) = 15.027, p < 0.001; Fig. 1C) in female mice with access to exercise.
However, the effect of voluntary exercise on ethanol preference and consumption decreased
after several days of exposure as revealed by a statistically significant interaction (Treatment
x Day), (Ethanol preference, F(1 g66) = 5.685, p < 0.05; Ethanol consumption, F(; ee6) =
11.771, p < 0.001; Fig. 1A, C). Male mice showed a less robust response to exercise. Indeed,
a significant main effect of exercise was found in ethanol preference (F(1 6e6) = 5.704, p <
0.05; Fig. 1B) but not in ethanol consumption (F(1 e66) = 0.070, ns; Fig. 1D).

The three-way repeated measures ANOVA (Sex x Treatment x Drink) also showed
significant sex differences in the total fluid intake (F(1 2670y = 8.780, p < 0.01; Fig. 1E, F).
Separate two-way repeated measures ANOVA (Treatment x Drink) showed a significant
increase in total fluid intake in exercised female (F(1 1313 = 11.949, p < 0.001; Fig. 1E) and
male (F(1,1355 = 20.499, p < 0.001; Fig. 1F) mice compared to the “Sedentary” group, while
access to ethanol showed a decrease in total fluid intake in both female (F(1,1313 = 64.989, p
<0.001; Fig. 1E) and male (F(1,1355 = 26.107, p < 0.001; Fig. 1F) mice compared to the
“Water” group. Only female mice showed significant interaction (Treatment x Drink),
(F(1’1313 =14.493, p < 0.001; Flg 1E).

3.2. Distance travelled and time running increase along days

Two-way repeated measures ANOVA (Sex x Drink) revealed significant main effects of sex
on distance travelled (F(y,1334) = 24.242, p < 0.001; Fig. 2A, B), and time running (F(1,1326)
=55.579, p < 0.001; Fig. 2C, D). Separate one-way repeated measures ANOVA showed a
significant increase, along days, in distance travelled and time running in both female
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(Distance, F(1 666) = 21.490, p < 0.001; Time, F(1 663) = 11.583, p < 0.001; Fig. 2A, C) and
male mice (Distance, F(1 g66) = 77.094, p < 0.001; Time, F(1 661) = 48.886, p < 0.001; Fig.
2B, D). No significant differences between “Water” and “Ethanol” female mice groups were
found in distance travelled (F(1,666) = 0.456, ns; Fig. 2A) or time running (F(1 e63) = 0.170,
ns; Fig. 2C). However, male mice with access to ethanol showed increased distance
travelled (F(1 666) = 6.606, p = 0.01; Fig. 2B) and interaction (Day x Drink) (F(1 ee6) = 4.300,
p > 0.05; Fig. 2B), although no significant differences were found in time running (F1 e61) =
3.329, ns; Fig. 2D).

3.3. The distance travelled in female mice is associated with its effects on ethanol
preference and consumption

The effects of exercise on ethanol preference and consumption weakened, in female mice, as
the distance travelled increased (Fig. 3). Pearson’s correlation analyses along with a linear
regression test revealed significant correlations between the distance travelled and ethanol
preference (r = 0.530, p < 0.05; Fig. 3A) or consumption (r = 0.805, p < 0.001; Fig. 3C) in
female mice. In contrast, this correlation was not observed in male mice (Ethanol
preference, r = —=0.055, p = 0.811; Ethanol consumption, r = 0.01, p = 0.964; Fig. 3B, D)

3.4. Voluntary exercise increases protein BDNF expression in the hippocampus

The three-way ANOVA (Sex x Treatment x Drink) revealed that voluntary exercise
increases protein BDNF expression in the hippocampus (F(y, 35) = 28.272, p < 0.001; Fig. 4).
No significant main differences between drinking groups (Water vs. Ethanol) were found
(F@, 35) = 2.166, ns). Although no main sex differences in protein BDNF expression were
found (F(1, 35 = 0.879, ns), separate analyses and graphs were performed to follow the same
structure as in the behavioral data. A significant main effect of exercise was found in both
female (F(1, 16) = 9.631, p < 0.01; Fig. 4A) and male (F(y, 19) = 18.599, p < 0.001; Fig. 4B)
mice. However, ethanol exposure did not affect BDNF protein expression (Female, F(y, 16) =
2.540, ns; Male, F(1, 19) = 0.352, ns). No significant interaction (Treatment x Drink) was
found in any of the sexes (Female, F(1, 16) = 0.922, ns; Male, F(1, 19) = 1.813, ns).

3.5. Voluntary exercise increases mRNA Bdnf expression in the hippocampus

Bdnf in situ hybridization showed similar results to those found at protein level. A three-way
ANOVA (Sex x Treatment x Drink) showed a significant increase of Bdnf expression in
mice with access to exercise (Fy, 29) = 31.513, p < 0.001; Fig. 5). However, no main effect
of ethanol exposure (F(1, 20) = 0.693, ns; Fig. 5) was observed. Although no sex differences
were found (F(1, 20) = 0.054, ns; Fig. 5), separate female and male analyses were performed
to be consistent with other analyses. The increased Bdnf expression was found in both
female (F(1, 10) = 8.408, p < 0.05; Fig. 5A, B) and male (F(4, 10) = 33.217, p < 0.001; Fig.
5C, D) exercised mice, when compared to the sedentary group. A significant interaction
(Drink x Treatment) was found in male mice (F(y, 10y = 5.347, p < 0.05; Fig. 5C, D).

Analyses of the different regions in the hippocampus were performed (Tables 1, 2). The
dentate gyrus, CA2 and CA1 showed increased Bdnf expression in female (DG, F(1, 10) =
7.306, p < 0.05; CA2, F(4, 10) = 5.196, p < 0.05; CAL, F(4, 10) = 5.657, p < 0.05, Table 1) and
male (DG, F(]_’ 10) = 82.855, p < 0.001; CA2, F(]_’ 10) = 20.079, p<0.01; CAL, F(]_’ 10) =
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5.602, p < 0.05, Table 2) mice with access to exercise. Although no effects of ethanol
exposure were found, a significant interaction (Drink x Treatment) was observed in the
dentate gyrus of male mice (F(y, 10) = 7.623, p < 0.05; Table 2).

4. Discussion

Numerous studies in human and animal models support the idea that aerobic exercise may
be an effective treatment for reducing alcohol consumption in all phases of the alcohol
addiction process [19]. However, few animal studies have been performed using
adolescents, a period of high vulnerability to drug use. In this work, we have focused on the
effects of concurrent exercise, in the form of voluntary wheel running, on ethanol
consumption in adolescent C57BL/6 female and male mice. Our results reproduce the
effects of exercise decreasing ethanol consumption and preference previously seen in adult
mice [27,29,30], and hamsters [31,32]. As previously reported in other studies [reviewed in
24], exercise increased hippocampal BDNF expression in both female and male mice,
suggesting a potential role of this neurotrophin in the adaptive response to wheel running.

Individually, ethanol consumption [reviewed in 33] and wheel running [34,35,36,37] are
reinforcing and rewarding in rodents. Indeed, our results show an escalated ethanol
consumption and preference in all groups of mice tested, and an increase in distance
travelled and time on wheel running along experimental days, a characteristic of reinforcing
and rewarding stimuli when chronically presented [reviewed in 38]. Therefore, the idea of a
hedonic substitution between ethanol consumption and wheel running suggested by some
authors in rats [39], mice [40], and hamsters [31] could potentially explain the decrease in
ethanol consumption and preference observed in our exercised adolescent C57BL/6 mice.
Interestingly, this effect was less robust in male mice, supporting previously reported sex
differences in the effects of voluntary exercise decreasing alcohol consumption [27]. Part of
this sex difference may be explained by the fact that female C57BI/6 mice show higher
alcohol preference compared to males so any decrease will be easier to observe [41,42].
Genetic predisposition may also contribute to individual differences based in part on
baseline levels of alcohol preference. For example, DBA/2J mice, a strain that avoids
alcohol, do not show any effects of exercise on voluntary consumption [29]. Therefore,
overall effects of exercise on alcohol consumption in humans are likely to be influenced by
many factors, including sex and genetic predisposition. It will be important to test other
strains of mice to determine whether differences observed in C57BL/6 may be generalized
in the genetic context, since such differences could have implications for treatment in a
genetically heterogeneous human population.

Disruption of the HPA axis, a system implicated in stress-induced escalations of drug
seeking behaviors [50] hyper-responsive during adolescence [51,52], has been associated
with alcoholism in clinical and animal studies [23, 53]. Wheel running, although rewarding,
is also considered a non-aversive stimulus that activates the hypothalamic-pituitary-adrenal
(HPA) axis [44,45,46,47,48,49], suggesting the HPA axis may be a neurobiological pathway
common to the adaptive effects of chronic alcohol exposure and exercise. However, the
observed behavioral effects are different between males and females. It is possible that these
differences may be mediated by sex-specific HPA axis responsiveness to exercise and
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alcohol exposure through differences in sex hormones. This is based on the fact that
reproductive hormones predominately regulate the HPA axis activity in females but not in
males [25]. Furthermore, one study showed that 17p-estradiol, the predominant sex steroid
hormone in females, is required for the sexually dimorphic effects of repeated alcohol
exposure on the HPA axis during adolescence [54].

The hippocampus is a brain region that has been shown to play an important role in the
negative feedback regulation of the HPA axis [55,56], thus alterations or adaptive changes in
this region due to chronic exposure to exercise may have a negative impact on its effects
decreasing alcohol consumption. Specifically, the neurotrophin BDNF, involved in the
regulation of the HPA axis [58,59], is a strong candidate for mediating the effects of ethanol
[60] and exercise [24] in the hippocampus. Indeed, we found a negative correlation between
mRNA BDNF expression in the hippocampus and alcohol preference in male mice, which
supports our hypothesis that this neurotrophin may be involved in decreasing alcohol
consumption (data not shown). In contrast, female mice did not show any correlation
between mMRNA BDNF expression and alcohol preference, maybe because the effects of
distance travelled on alcohol consumption are masking the effects of BDNF. Importantly,
several studies have demonstrated that alcohol exposure is associated with lower
hippocampal volume in humans and a reduction of hippocampal neurogenesis in animals,
and that these differences are more consistently found in adolescents than in adults
[reviewed in 57] suggesting that voluntary exercise is likely maintaining or restoring the
correct function of the hippocampus through increasing the expression of BDNF.

Based on the behavioral sex differences observed in the present study, we expected to find
sex differences in BDNF expression. However, we did not find main effect sex differences
on the protein expression of BDNF in the whole hippocampus. It is known that voluntary
exercise increases BDNF expression in the hippocampus, but this increase is different
among sub-regions. While BDNF is highly increased in the CA1 sub-region after voluntary
exercise, it is sustained in CA3 and dentate gyrus [61]. In order to study whether the effects
of voluntary exercise were sub-region specific, we studied the mRNA expression of BDNF
in CA1, CA2, CA3 and dentate gyrus hippocampal sub-regions. We did not find main effect
sex differences of voluntary exercise on BDNF expression levels in any of the sub-regions.
One alternative explanation is that BDNF could be expressed in different neuronal locations
in male and female mice, thus differently affecting the neuronal function and its
consequences on behavior. Previous studies have shown that wheel running differentially
modifies exon-specific BDNF expression in the hippocampus of male and female mice [62].
BDNF expression is regulated by different promoters [63], which generate different BDNF
transcripts. These different transcripts are targeted to specific locations in the cell (e.g.
dendrites, cell body) [64,65] and differ in their overall MRNA stability and translational
efficiency [66]. Thus, the study of exon-specific BDNF expression would be needed to
better understand its role on the sex-specific effects of ethanol consumption and voluntary
exercise. Another possible explanation could be the involvement of other brain regions, such
as the prefrontal cortex, ventral tegmental area, striatum, or amygdala, where BDNF
expression has been also associated with alcohol addiction [26, 67, 68]. However, so far the
hippocampus is the only region where a strong increase in BDNF has been observed after
exposure to chronic voluntary exercise [61, 69].
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5. Conclusions

In conclusion, concurrent voluntary exercise, in the form of wheel running, decreases
ethanol consumption and preference in adolescent mice, likely maintaining the hedonic
homeostasis system. The effect of voluntary exercise on this ethanol-behavior is more
efficient in female than male mice, probably because of sex differences in the rewarding
effects of exercise and the role of sex hormones on mediating the HPA axis activity.
However, the distance travelled seems to contribute to ethanol consumption and preference
in adolescent female mice. Although the mechanism underlying this effect is unknown, the
stress responsiveness and adaptation to ethanol consumption and wheel running through its
regulation by the hippocampus could play an important role. The increased expression of
BDNF in the hippocampus after exercise could be a mechanism to protect the integrity and
functionality of this region. However, the study of exon-specific BDNF expression may
elucidate the sex differences observed in the effects of exercise on alcohol consumption.
Additional studies are needed to better understand the effects of non-aversive (i.e. exercise)
and aversive HPA axis-activating stimuli on ethanol consumption and the common
mechanisms directing the behavioral response.
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Fig. 1.

Voluntary exercise decreases ethanol preference and consumption in adolescent C57BI/6
mice. Graphs show (A, B) ethanol preference (%), and (C, D) ethanol consumption (g/kg) in
(A, C) male and (B, D) female mice along 21 days. Black dots represent sedentary mice, and
grey squares represent exercised mice. Total fluid intake (mL) is represented as the mean of
the 21 days in (E) male and (F) female mice of the four different groups (Sedentary-Water,
Sedentary-Ethanol, Exercised-Water, and Exercised-Ethanol). Data are shown as mean *
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SEM; *p<0.05, and ***p<0.001 (Sedentary vs. Exercised); #p<0.05, and ##p<0.001 (Day x
Treatment); ***p<0.001 (Water vs. Ethanol).
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Distance travelled and time running increase along days. Graphs show (A, B) distance
travelled and (C, D) time running in (A, C) female and (B, D) male mice along 21 days of
free access to a wheel running. Black dots represent mice with only access to water, and
grey squares represent mice with access to ethanol. Data are shown as mean + SEM,;
**n<0.01 (Sedentary vs. Exercised), #p<0.05 (Day x Drink).
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Fig. 3.

The distance travelled in female mice is determinant to its effects on ethanol preference and
consumption. Graphs show the correlation between the amount of distance travelled and the
difference (A= “Exercised-Ethanol”-“Sedentary-Ethanol”) in (A, B) ethanol preference and
(C, D) consumption of (A, C) female and (B, D) male mice. Linear regression p-value and r-
square are shown on the right bottom of each graph.
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Fig. 4.
Voluntary exercise increases protein BDNF expression in the hippocampus. Graphs show

the amount of BDNF protein relative to the total amount of protein found in the
hippocampus of (A) female and (B) male mice under the four experimental conditions
(Sedentary-Water, Sedentary-Ethanol, Exercised-Water, and Exercised-Ethanol). Data are
shown as mean + SEM; **p<0.01, and ***p<0.001 (Sedentary vs. Exercised).
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Voluntary exercise increases mMRNA Bdnf expression in the hippocampus. Graphs show
Bdnf mRNA expression (counts per minute) in the whole hippocampus of (A) female and
(C) male mice under the four experimental conditions (Sedentary-Water, Sedentary-Ethanol,

Exercised-Water, and Exercised-Ethanol). (B) Female and (D) male brain photographs
obtained from 35S-UTP radiolabeled slices show intense mRNA Bdnf expression in the

hippocampus. Data are shown as mean + SEM; *p<0.05, and ***p<0.001 (Sedentary vs.

Exercised).
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Female hippocampal subregion-specific mRNA Bdnf expression. The table shows Bdnf expression of different
hippocampal subregions (CA1, CA2, CA3 and Dentate gyrus (DG)) under the four experimental conditions

(Sedentary-Water, Sedentary-Ethanol, Exercised-Water, and Exercised-Ethanol).

Bdnf expression (counts per minute)

Fgmale

Ehppocampus Sedentary Sedentary Exercised Exercised
egion Water Ethanol Water Ethanol

CAl 8952 + 618 9571 + 195 11429 + 929 12815 + 1953*

CA2 6262 + 523 6614 + 525 7925 + 931 8694 + 1136"

CA3 25082 + 2105 | 28922 + 2613 | 25493 + 5567 | 28068 + 1589

DG 14579 + 1732 15272 + 1372 17418 + 1000 18925 + 423*

Data are shown as mean + SEM;

*
p<0.05 (Sedentary vs. Exercised).
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Male hippocampal subregion-specific mMRNA Bdnf expression. The table shows Bdnf expression of different
hippocampal subregions (CA1, CA2, CA3 and Dentate gyrus (DG)) under the four experimental conditions

(Sedentary-Water, Sedentary-Ethanol, Exercised-Water, and Exercised-Ethanol).

Bdnf expression (Counts per minute)

Male

g{iegﬁ?:ampus Sedentary Sedentary Exercised Exercised
Water Ethanol Water Ethanol

CAL 9202 +£1035 | 7627789 | 9558675 | 1156 +689"

CA2 6552+796 | 53914504 | 83114415 | ggg7+973**

CA3 26449 £1158 | 24619 +2300 | 25113 +375 28656 +2136

DG 14796 +894 13283 £663 | 19248 £596 | 21731 +545**#

Data are shown as mean + SEM;

*
p<0.05,

*

*
p<0.01 and

*%

#p<0.05 (Drink x Treatment).
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*
p<0.001 (Sedentary vs. Exercised),



