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Abstract: Exercise has increasingly been recognized as an adjunctive therapy for alcohol-use
disorder (AUD), yet our understanding of its underlying neurological mechanisms remains limited.
This knowledge gap impedes the development of evidence-based exercise guidelines for AUD
treatment. Chronic ethanol (EtOH) exposure has been shown to upregulate and sensitize kappa
opioid receptors (KORs) in the nucleus accumbens (NAc), which is innervated by dopamine (DA)
neurons in the midbrain ventral tegmental area (VITA), which may contribute to AUD-related
behaviors. In this study, we investigated the impact of voluntary exercise in EtOH-dependent mice
on EtOH consumption, KOR and DOR expression in the NAc and VTA, and functional effects on
EtOH-induced alterations in DA release in the NAc. Our findings reveal that voluntary exercise
reduces EtOH consumption, reduces KOR and enhances DOR expression in the NAc, and modifies
EtOH-induced adaptations in DA release, suggesting a competitive interaction between exercise-
induced and EtOH-induced alterations in KOR expression. We also found changes to DOR
expression in the NAc and VTA with voluntary exercise but no significant changes to DA release.
These findings elucidate the complex interplay of AUD-related neurobiological processes,
highlighting the potential for exercise as a therapeutic intervention for AUD.

Keywords: alcohol-use disorder (AUD); voluntary exercise; kappa opioid receptors (KORs); delta
opioid receptors (DORs); nucleus accumbens (NAc); ventral tegmental area (VTA); exercise therapy;
opiate receptor adaptation

1. Introduction
1.1. Significance

According to data from the 2022 National Survey on Drug Use and Health (NSDUH), a
staggering 29.5 million Americans ages 12 and above suffer from alcohol use disorder (AUD) and
require treatment [1]. The Centers for Disease Control and Prevention (CDC) underscores the
economic toll of this disorder, reporting direct costs to the US economy amounting to $249 billion [2].
Despite the substantial need for intervention, the utilization of treatment services remains notably
low, with only 4.6% of individuals seeking help for substance use disorders, including AUD, in 2022
[1]. Thus, the economic, societal, familial, and personal costs associated with AUD make it a
significant public health priority. AUD is a chronically relapsing disorder characterized by
compulsion to seek and take alcohol and the emergence of a negative emotional valence when access
to the drug is restricted. A major goal of AUD research is to characterize the critical neural substrates
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that are most sensitive to the drug, adapt in association with chronic consumption, and drive
subsequent drug-seeking behavior. AUD and opioid use disorder (OUD) share similar
neurobiological substrates in the brain reward system, in particular opioid receptors (ORs). In fact,
the p-OR (MOR) antagonist naltrexone (e.g., common brands: Revia and Vivitrol) used to treat OUD
is one of only three FDA-approved pharmacological treatments for AUD.

Alcohol Use Disorder and the Involvement of the Mesocorticolimbic Dopamine System

The development of AUD involves a complex interplay of genetic predispositions,
environmental factors, and neurobiological factors that contribute to the persistent cycle of alcohol-
seeking behavior. A leading theory posits that neurobiological basis of the addiction cycle starts with
‘binge/intoxication’ through drug reinforcing and rewarding properties[3]. The mesocorticolimbic
dopamine (DA) reward system, originating in the midbrain ventral tegmental area (VTA) and
projecting to the nucleus accumbens (NAc), constitute brain substrates underlying the hedonic and
reinforcing effects of drugs of abuse, including alcohol. Dopamine is the canonical neurotransmitter
implicated in motivated behavior and reward learning[4]. Dopamine is critical for natural behaviors
such as feeding[5-7], drinking[8,9], and has been implicated in the habit-forming actions of several
addictive drugs[10-13]. Within the mesocorticolimbic pathway, opioid receptors (ORs) exert
regulatory control over release of DA, further influencing stress responses, reward processes, and
related learning.

1.2. Opioid Receptors

Opioid receptors (ORs) are expressed both directly on VTA GABA neurons, local striatal y-
aminobutyric acid (GABA) neurons, and cholinergic interneurons (CINs) in the striatum, making
them a strong potential target for modulating DA transmission in the striatum [14]. There are three
traditionally recognized ORs: MORs, 8-ORs (DORs), and xk-ORs (KORs). Each receptor is an
inhibitory G-coupled protein receptor whose activation leads to subsequent inhibition of firing rate
and neurotransmission via inhibition of adenylate cyclase, reduction of calcium currents, and
activation of inwardly rectifying potassium channels [15-19]. Kappa opioid receptors are expressed
extensively in the NAc, both in the core and the shell [15,20,21], where their activation inhibits DA
synthesis, release and DA neuron excitability [15,22]. Data suggests that KORs are synthesized in the
VTA DA cell bodies, where they are expressed and subsequently transported to terminals in the NAc,
where they are then integrated into the presynaptic membrane [23]. Activation of KORs is associated
with dysphoria and stress, many argue that dysregulation of the dynorphin/KOR system contribute
to the negative reinforcement of alcohol [19,24-26]. Evidence suggests an increased expression and
activity of KORs in EtOH-dependent animals, potentially contributing to the increased seeking
behavior associated with alcohol dependency [27,28]. This is demonstrated by a reduction in
dependent-state seeking behavior upon administration of the KOR antagonist nor-BNI, with
negligible impact on non-dependent animals [29]. Similarly, Anderson et al. (2018) found that in a
drinking-in-the-dark (DID) model of binge drinking, administration of nor-BNI decreased EtOH
preference and blood EtOH content (BEC) while administration of the KOR agonist U-50488
increased EtOH preference and BEC [30]. They also indicate that decreased EtOH preference is
observed when nor-BNI or a DYN/KOR inhibitory DREADD viral constructs were injected directly
into the central amygdala [30]. Additionally, Chefer et al. (2013) indicated that this KOR-mediated
aversive behavior is VTA DA neuron dependent [31]. Thus, prolonged exposure to EtOH has been
shown to increase the effect of KORs within the NAc. Such findings indicate involvement of KORs in
the synaptic adaptations that are characteristic of dependency [19]. In contrast, CINs, and GABAergic
medium spiny neurons (MSNs) in the NAc express MORs and DORs [32-35]. In addition, VTA GABA
neurons are generally involved in the inhibition of VTA DA neurons, wherein activation of MORs
and DORs leads to disinhibition of DA neurons and a subsequent increase in DA release in the NAc
[36-38]. At the behavioral level, activation of MORs and DORs produce feelings of euphoria and
problems with coordination [39], while KORs produce dysphoria [40]. Therefore, it is suggested that
an upregulation of KORs and downregulation of MORs and DORs with alcohol exposure results in
the behavior changes that lead to dependence.
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1.3. Exercise

Compelling evidence highlights the advantageous role of aerobic exercise as an adjunct to
existing pharmacological and psychological treatment protocols for AUD [41]. Exercise elicits a
cascade of physiological changes relevant to the mesolimbic system. Similar to the acute effects of
EtOH consumption, aerobic exercise has been observed to increase levels of tyrosine hydroxylase,
the rate limiting enzyme in DA synthesis in the NAc [42,43]. While prevailing evidence
predominantly advocates for the ameliorative role of exercise [44,45], certain studies suggest that
excessive exercise may exacerbate addictive tendences [27,46]. Furthermore, 6-weeks of voluntary
wheel running in rats increased D2 auto-receptor density in the NAc [43]; a modification associated
with increased vulnerability to addictive behavior [47—49]. Currently, these discrepancies are not well
understood; however, disparate recommendations might be to blame due to the inconsistencies in
methodology, type, intensity, and duration of treatment protocols. Evidence supporting opioid
receptor changes with exercise is less conclusive and appears to vary significantly by region [50],
notably lacking in the mesolimbic system [51,52]. To date, direct measurement of KOR and DOR
alterations in the ventral striatum in the context of exercise and EtOH remains unexplored. In this
study, we investigated the effect of chronic exercise on KOR and DOR sensitivity and expression and
hypothesized that voluntary wheel-running will down-regulate KORs and downregulate DORs in
the NAc. Furthermore, we hypothesized that exercise would prevent EtOH-induced sensitization of
KORs and reduce EtOH consumption in chronic EtOH-exposed mice.

2. Material and Methods
2.1. Animals

Male C57BL/6] (Jackson Labs; aged 6-12 weeks) were given ad libitum access to food and water
and were maintained on a reverse 12:12-h light/dark cycle (lights on at 15:00 h). Mice were randomly
assigned to one of four cohorts: EtOH without exercise, EtOH with exercise, saline with exercise, and
saline without exercise. Mice were injected twice daily with EtOH (2.0 g/kg; 16% w/v; IP) or an
equivalent volume of saline for 14 days. Exercise groups were given ad libitum access to a running
wheel, whereas the exercise wheels in the non-exercise control groups had zip ties restricting wheel
rotation to prevent exercise. Intoxication was visually verified with loss of consciousness, which
decreased visually with dependence [53]. All protocols and animal care procedures were in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals
and approved by the Brigham Young University Institutional Animal Care and Use Committee. All
efforts were made to minimize animal suffering and the number of animals used in the present study.

2.2. Brain Slice Preparation

Isoflurane 4% (Patterson Veterinary, Devens, MA) anesthetized mice were sacrificed by
decapitation and brains were rapidly removed and transferred into ice-cold, pre-oxygenated (95%
02/5% CQO») artificial cerebral spinal fluid (aCSF), consisting of (in mM): NaCl (126), KCl (2.5),
NaH2PO4 (1.2), CaCl2 (2.4), MgCl2 (1.2), NaHCO3 (25), glucose (11), with pH adjusted to 7.4. Tissue
was sectioned into 220 pm-thick coronal slices containing the striatum with a vibrating tissue slicer
(Leica VT1000S, Vashaw Scientific, Norcross, GA). Brain slices were placed in a submersion recording
chamber and perfused at 1 ml/min at 36 °C with oxygenated aCSF.

2.3. Fast Scan Cyclic Voltammetry

Fast scan cyclic voltammetry (FSCV) recordings of DA signals were performed and analyzed
using Demon Voltammetry and Analysis Software (National Instruments, Austin, TX) [54]. The
carbon fiber electrode (7 pm X ~150 um) potential was linearly scanned as a triangular waveform
from -0.4 to 1.2 V and back to -0.4 V (Ag vs Ag/Cl) at a scan rate of 400 V/s. Cyclic voltammograms
were recorded at the carbon fiber electrode every 100 msec by means of a potentiostat (Dagan
Corporation, Minneapolis, MN). Dopamine release was evoked every 2 min through a bipolar
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stimulating electrode. To assess baseline DA signals across increasing current simulations in
input/output experiments, we collected single pulse baseline DA signals (0.5 ms, 350 pA) until
stability was achieved across 4-5 collections. KORs: Baseline single pulse responses were measured,
followed by bath application of the selective KOR agonist U-50,488 at 0.3 uM or 1 uM, followed by a
reversal dose of 1 pM nor-BNI a selective KOR antagonist. DORs: Baseline single pulse responses
were measured, followed by bath application of the selective DOR agonist DPDPE at 1 uM.

2.4. Preparation of Brain Slices for Imaging and Confocal Microscopy

Mice were anesthetized using isoflurane (4%) and underwent transcardial perfusion with 4%
paraformaldehyde [55]. Once perfused, brains were carefully removed and placed in 4% PFA for 24
hrs to facilitate continued fixation. After incubation in PFA, brains were placed in a solution of 30%
sucrose in 1X PBS until the density of the brain matched that of the solution and the brains dropped to
the bottom of the vial (~24-48 hrs.). Brains were then flash frozen in dry ice and mounted on a cold
microtome stage. Targeting the VTA and NAc, brains were sliced at 30 um on the microtome, and
slices were placed in cryoprotectant (30% ethylene glycol, 30% sucrose, and 0.00002% sodium azide
in 0.1 M PBS) and kept at -20°C until staining. Slices were washed three times in 1x PBS for 10 minutes
on a rotator. They were then blocked with a blocking buffer comprised of 4% normal goat serum
(Cell Signaling Technology, Danvers, MA), 0.1% Triton-X 100, and 1x PBS. Slices were then washed
another three times in 0.2% PBS in a rotator. Primary antibodies were applied and allowed to incubate
for 20 hrs. Following staining, the slices were washed three times in 0.2% PBST, and secondary
antibodies were applied. After a 2-hr incubation period, they were washed another 3 times with 0.2%
PBST and once with 1x PBS. Antibodies included mouse anti-tyrosine hydroxylase (Novus, 1:1328),
rabbit anti-KOR (LifeSpan Biosciences, 1:200) and rabbit anti OPDR1 (Lifespan Biosciences, 1:100), as
well as secondaries Alexa Fluor 405 donkey anti-sheep (1:900, Abcam) and Alexa Fluor 594 goat anti-
rabbit (1:500, Invitrogen). To mount slides, sections were placed on microscope slides and dried for
~5 min. Once dried, a drop of vectashield (Vector Laboratories, Newark, CA) was placed on the tissue,
and a cover slip was placed on the slide. Slides were set overnight, and then they were kept at 4°C
until imaging. An Olympus FluoView FV1000 confocal microscope (Tokyo, Japan) was used to image
mount slices. Brain slices were mounted on microscope slides and imaged under oil immersion at
40X. To ensure consistent readings between samples, a constant photomultiplier tube voltage and
gain were set between all acquired images.

2.5. 24-Hour Two Bottle Choice Procedure

Mice were given ad libitum access to two bottles containing water over the course of one week
for habituation. One bottle was randomly chosen to replace its contents with 16% EtOH/water. Bottle
weights were measured several times daily for one week to determine baseline drinking behavior.
To ensure that fluid volumes consumed by the mice were accurately measured, another bottle was
filled with saline to access any fluid lost to gravity or from evaporation. This amount was then
subtracted from the total amount of fluid drank by the mice. Following this, a 2-week period of twice
daily EtOH injections (2g/kg) was used to establish EtOH dependence. Drinking was again measured
over the course of another week to determine changes to drinking behavior in conjunction with EtOH
dependence.

2.6. Statistical Analysis

For FSCV, evoked recordings were normalized to the established baseline within subjects and
then averaged across subjects in corresponding time intervals. Comparisons were made using a
Dunnett’s analysis. All statistical tests were performed in Excel using XLMiner Analysis ToolPak
(Frontline Systems, Incline Village, NV). Figures were compiled using IGOR Pro Software
(Wavemetrics, Lake Oswego, OR).

For brain slice imaging, images were loaded into FIJI software. Images were duplicated to
preserve the original settings, while color thresholding and brightness contrast adjustments were
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made to determine the location of cells and create regions of interest (ROIs). ROIs were then projected
back onto the unedited images, where area and mean intensity were recorded for each channel. This
process was performed by three independent raters who were blinded to the hypothesis. The relative
density of KORs and DORs was determined by calculating the ratio of mean fluorescence intensity
to area.

Two bottle choice (TBC) was analyzed measuring the daily fluid lost from each of the bottles as
a measure of drinking (adjusted by a drip/evaporation control). Amounts of water/EtOH
consumption was converted to g/kg based on animal’s average weight. Results were measured as the
percent of EtOH consumption compared to total water consumption. Multiple comparisons ANOVA
was performed in Excel using XLMiner Analysis ToolPak (Frontline Systems, Incline Village, NV).

3. Results
3.1. Effects of Exercise on EtOH Two Bottle Choice Behavior in EtOH-Dependent Mice

To assess exercise and EtOH effects on drinking behavior, drinking was measured using a two-
bottle choice (TBC) paradigm where mice received twice-daily EtOH injections of 2.0 g/kg daily for
two weeks (Figure 1A), Running wheels were available in the mouse cages in the Exercise (EX) group
(n=6), but in the no exercise group (NX) (n=7) the running wheels were zip-tied to prevent movement.
Mice were allowed to run voluntarily in the EX group. Ethanol consumption was evaluated before
injections and after as an index of dependence. We compared their % EtOH pre/post chronic EtOH.
The animals that did not exercise consumed 76.1 + 19.0% more EtOH than at baseline. Animals that
exercised consumed 13.0 + 17.4 % more EtOH than their baseline. There was a significant difference
between pre and post %EtOH consumption in the NX group, but not in the EX group (Fu,12=17.60,
p=0.0012, Figure 1B,C) There was no significant difference between the % EtOH consumption
between EX and NX groups post EtOH conditioning (Fa,12=2.09, p=0.108, Figure 1B,C) but there was
a significant difference in the % change of these % EtOH values after chronic EtOH between groups
(Fa11=5.86, p=0.034, Figure 1B,C). The EX mice consumed 18.5 + 2.8g/kg/day of EtOH and NX mice
consumed 20.5 + 4.0 g/kg/day of EtOH.
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Figure 1. 24 hour 2 bottle choice. Exercise Prevents Increased EtOH Consumption in EtOH-dependent Mice:
(A) Illustration showing two bottle choice (TBC) drinking before and after two weeks of twice-daily
injections of EtOH. (B) Chronic EtOH injections increased EtOH consumption in the TBC procedure.
(C) Exercise reduced EtOH consumption increase in the TBC procedure post chronic EtOH injections,
measured as the percent change in ratio of consumption of EtOH:water after mice had received
chronic EtOH for two weeks with or without exercise. Asterisks ** indicates p<0.01.

3.2. Immunohistochemical Analysis of KORs in the NAc and VTA

Brain slices were obtained from each of the four cohorts: saline no exercise (Sal NX); saline
exercise (Sal EX); EtOH no exercise (EtOH NX); and EtOH exercise (EtOH EX). Brain slices containing
the VT A and NAc were obtained from mice following two weeks of twice-daily 2.0 g/kg EtOH/saline
injections, which we have shown previously in mice[56,57] and rats[58,59], and validated here
(Figure 1), enhances EtOH consumption, an important index of EtOH dependence. Analysis revealed
significant differences in the average mean fluorescent intensity (MFI) of KOR-expressing cells within
the NAc across the groups (Fp189=10.93, p=0.0003; Figure 2A,C,E). The average MFI of KOR-
expressing cells in the EtOH no-exercise group was 398.3 + 29.4 (n=8), whereas in the EtOH with
exercise group, it was 268.0 + 26.3 (n=4). In contrast, the Sal NX group showed an MFI of 494.5 + 34.1
(n=4), and the Sal EX group showed an MFI of 220.3 + 42.9 (n=6). Notably, the MFI of the EtOH EX
group resembled that of the Sal EX group, both significantly differing from the EtOH and Sal NX
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group (6 slices analyzed per animal with multiple cells measured per slice; between EtOH NX and
EtOH EX, F1,10=7.98, p=0.017; between EtOH NX and Sal EX, F(,12=12.59, p=0.004; between EtOH EX
and Sal EX, Fas=0.69, p=0.43). Additionally, the Sal NX group exhibited a significantly increased MFI
compared to the Sal EX group Fu,8=20.89, p=0.0018.
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Figure 2. KOR FSCV. Voluntary Exercise Reduced KOR Expression in the NAc and VTA: KOR expression
was evaluated immunohistochemically in four groups of mice: Sal NX, Sal EX, EtOH NX, and EtOH
EX. (A-D) Example images of KOR Expression in the NAc and VTA following EtOH dependency
protocol in mice with or without access to an exercise wheel for voluntary exercise (A-D).
Quantification of mean fluorescence intensity of KOR fluorescence in the NAc (E) and VTA (F).
Asterisks *, # indicates p<0.05, p<0.01 respectively.

Expression patterns in the VT A mirrored those in the NAc but without significance (Fe12 =2.00,
p=0.17; Figure 2B,D,F; Sal NX was excluded from this statistical test because n=1 for this group). The
MFI of the EtOH NX group was 368.11 * 62.85 (n=5), while the EtOH EX group showed an MFI of
270.2 £44.1 (n=5). The Sal EX group closely aligned with the other exercise groups at 246.1 +19.5 (n=5),
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whereas the Sal NX group displayed the highest MFI at 624.7 (p=0.24 between EtOH NX and EtOH
EX; p=0.10 between EtOH NX and Sal EX; p=0.63 between EtOH EX and saline EX). These findings
indicate that exercise blunts the increase in expression of KORs in the NAc, but not the VTA, after
chronic EtOH exposure.

3.3. Role of KORs in Evoked DA Release and Chronic EtOH: Fast-Scan Cyclic Voltammetry

Dopamine release was measured using FSCV in each experimental group to determine the
effects of EtOH dependence and voluntary aerobic exercise on DA dynamics. There was no change
to baseline levels of DA release on average between the 4 cohorts, indicating that EtOH dependence
and exercise do not affect electrically evoked levels of DA release; however, this does not give any
evidence towards whether exercise affects spontaneous DA release in vivo. We measured changes in
KOR sensitivity with applications of 0.3 uM and 1.0 uM U-50488, a KOR agonist, and reversal with
1.0 uM nor-BNI, a KOR antagonist. Bath administration of U-50488 significantly reduced DA release
in slices taken from Sal NX mice. (F110=9.25, p=0.012; Figure 3D,E) and also in EtOH dependent mice
from the no exercise cohort (F1,19=14.90, p=0.0011; Figure 3C,E). Interestingly, slices taken from mice
that received aerobic exercise both EtOH dependent and naive, did not show changes in DA release
in the presence of a KOR agonist or antagonist, suggesting that exercise desensitizes KORs in the NAc
(Figure 3E). Significant differences were noted between the Sal NX and Sal EX groups at the 0.3 uM
and 1 uM dose level of U-50488, and between the EtOH NX and EtOH EX groups (F,14=16.059%4,
p=0.0013; F,20=6.9498, p=0.0158; Figure 3E). At 0.3 pM U-50488, DA release in the EtOH NX group
decreased to 82.2 + 5.6% of baseline, whereas the EtOH with exercise group decreased to 99.3 + 5.2%.
Conversely, the Sal EX group maintained evoked release at 100.6 +1.2%. The Sal EX group displayed
reduced DA release to 69.1 + 10.7% of the baseline. When 1 pM U-50488 was administered, the EtOH
NX group dropped to 58.7 + 6.9% of baseline and the EtOH EX group dropped to 85.1 + 8.9%. The Sal
EX group remained generally unresponsive at 98.6 + 7.5% while the Sal NX group dropped to 57.8 +
13.6% (n=6 for EtOH NX, all others n=4; p=0.0263 and p=0.0293 between EtOH NX and EtOH EX
following bath concentrations of 0.3 uM and 1 uM U-50488, respectively; p=0.031 and p=0.029 between
Sal NX and Sal EX following bath concentrations of 0.3 uM and 1 uM U-50488, respectively; Figure
3E). There were no significant differences between the 4 cohorts in the presence of the KOR antagonist
nor-BNI (p>0.05, data not shown). These results suggest that exercise dampens KOR efficacy in
reducing evoked DA release in both EtOH dependent and non-dependent mice.

do0i:10.20944/preprints202406.1605.v1
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Figure 3. KOR IHC. Voluntary Exercise Alters KOR Sensitivity of Dopamine Release in the NAc: KOR
sensitivity of DA release was evaluated with voltammetry in four groups of mice: Sal NX, Sal EX,
EtOH NX, and EtOH EX. Example traces of evoked DA release following administration of 1 uM U-
50488, a KOR agonist (A-D). Change in evoked DA release normalized to baseline following
administration of 1 uM U50,488 (E). Conditions indicate EtOH dependence protocol or saline protocol
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while being with or without access to an exercise wheel for voluntary exercise. Symbols *, ***, #, #

indicate p<0.05, p<0.001, p<0.05, p<0.01 respectively.

3.4. Immunohistochemical Analysis of DORs in the NAc and VTA

Brain slices from each of the four cohorts were obtained to analyze the expression patterns of
DORs in the NAcand VTA. Analysis revealed that there were no significant differences in the average
MEFI of DOR-expressing cells within the NAc across all groups. (F311=3.46, p=0.054; Figure 4A,C,E).
The average MFI of DOR-expressing cells in the EtOH NX group was 854.7 + 125.9 (n=4), whereas in
the EtOH EX group, it was 502.1 £ 70.8 (n=3). Similar to the EtOH EX group, the Sal EX group showed
an MFI of 500.03 + 186.94 (n=4), and the Sal NX group showed an MFI of 422.94 + 36.6 (n=4; with 6
slices analyzed per animal with multiple cells measured per slice). Notably, there was a significant
difference between the NX groups (Fa,6=10.8 p=0.017). The EtOH EX group (not significant, p=0.07)
displayed lower MFI than the EtOH NX group. This resembles the saline groups, indicating a
protection or amelioration against EtOH effects. There were no significant differences in DOR
expression between the EtOH EX and Sal EX groups.
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Figure 4. DOR FSCV. Voluntary Exercise impacted DOR Expression in the NAc and VTA: DOR expression
was evaluated immunohistochemically in four groups of mice: Sal NX, Sal EX, EtOH NX, and EtOH
EX. (A-D) Example images of DOR Expression in the NAc and VTA following EtOH dependency
protocol in mice with or without access to an exercise wheel for voluntary exercise (A-D).
Quantification of mean fluorescence intensity of DOR fluorescence in the NAc (E) and VTA (F).
Asterisk ¥, # indicates p<0.05.

Expression patterns in the VTA mirrored those in the NAc. There were significant differences
between all groups in DOR MFI in the VTA (Fi9=4.98, p=0.026; Figure 4B,D,F) (with 6 slices analyzed
per animal with multiple cells measured per slice). The average MFI of DOR-expressing cells in the
EtOH no-exercise group was 263.92 + 51.95 (n=3), whereas in the EtOH EX group, it was 556.6 + 85.98
(n=4).Similar to the EtOH NX group, the Sal NX group showed an MFI of 209.46 + 92.75 (n=4), and
the Sal EX group showed an MFI of 126.39 + 58.19 (n=3). Interestingly, there was no significant
difference between the NX groups in the VTA like there was in the NAc. There was, however, a
significant difference between the EX groups (Fu,4=10.34, p=0.032). Voluntary exercise did result in a
significant difference between the EtOH EX and NX groups (F5=7.00, p=0.046). In summary, in the
NAc, there was a baseline difference in DOR expression between groups that was ameliorated in the
EtOH group by exercise and in the VTA we did not see the same baseline difference between chronic
EtOH and naive conditions, however exercise did change the expression of DORs in the VTA for the
chronic EtOH group.

3.5. Role of DORs in Evoked DA Release and Chronic EtOH: Fast-Scan Cyclic Voltammetry

As with the analysis of KORs, we found that there were no significant differences in DA release
at baseline between all groups (n=4 Sal EX, Sal NX, and EtOH NX; n=6 EtOH EX). This indicates that
EtOH dependence and exercise do not affect electrically evoked levels of DA release, however this
does not give any evidence towards whether exercise affects spontaneous DA release in vivo. We
measured changes in DOR sensitivity with an application of 1.0 uM DPDPE, a DOR agonist. There
were no significant differences in evoked DA release after administration of DPDE, a DOR agonist,
between conditions (Figure 5E). When 1 uM DPDPE was administered, the EtOH NX group
increased to 124.6 + 9.9% of baseline and the EtOH EX group increased to 115 + 2.98%. The Sal NX
group remained generally unresponsive at 108.9 + 8.5% while the Sal EX group increased to 128.9
+12.5% (n=6 for EtOH EX, all others n=4, Figure 5A,B,E). When compared against baseline DA release
the groups dependent on EtOH (with and without exercise) did have significant increases in DA
release (F1,10=25.82, p<0.0001; Fa6=6.14, p=0.048, respectively Figure 5C-E), but the differences
between groups were not significant. The saline group did not display significant increases in DA
release with the application of DPDPE. Overall, these results indicate that there were no significant
changes in evoked DA release between groups receiving chronic EtOH or saline with or without
exercise.
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Figure 5. DOR IHC. Voluntary Exercise Does Not Significantly Alter DOR Sensitivity of Dopamine Release
in the NAc: DOR sensitivity of DA release was evaluated with voltammetry in four groups of mice:
Sal NX, Sal EX, EtOH NX, and EtOH EX. Example traces of evoked DA release following
administration of 1 uM DPDPE, a DOR agonist (A-D). Change in evoked DA release normalized to
baseline following administration 1 uM DPDPE, a selective DOR agonist compared between
conditions (E) and against baseline. Conditions indicate EtOH dependence protocol or saline protocol
while being with or without access to an exercise wheel for voluntary exercise. Asterisks *, ***
indicates p<0.05, p<0.0001 respectively.


https://doi.org/10.20944/preprints202406.1605.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2024 d0i:10.20944/preprints202406.1605.v1

13

4. Discussion

We first demonstrated that our two week twice-daily 2.0 g/kg EtOH injection protocol was an
adequate stimulus to induce EtOH dependence in mice. We have demonstrated in multiple
publications that this injection protocol produces EtOH dependence in mice [56,57] and rats[58-60]
with characteristic indices of withdrawal, as well as increased drinking. The injection procedure is
more reliable than multiple weeks of chronic intermittent EtOH (CIE) vapor exposure, which we have
also used to evaluate dependence using combined CIE and EtOH DID procedures in mice[56,57].
However, in this study we used the EtOH TBC procedure. The TBC drinking model allows mice to
voluntary drink in moderation while the DID drinking model induces mice to voluntary consume
large quantities of EtOH in a short period, which is an accepted model of binge drinking. The TBC
model of moderate, prolonged drinking seemed to be a more logical approach in the context of
prolonged exercise. Regardless, both of these paradigms allow for rapid screening of
pharmacological agents or manipulations (e.g., exercise). In order to evaluate its utility as an index of
EtOH dependence, mice were evaluated in the TBC procedure before and after twice-daily EtOH
injections. Exposure to EtOH with the TBC procedure Post/Pre EtOH injections increased EtOH
consumption, validating previous studies and ensuring EtOH dependence for immunohistochemical
and voltametric experiments. Importantly, exercise prevented the increase in EtOH consumption
using the TBC model in EtOH-dependent mice (Figure 1). Accordingly, we have shown recently that
frequency-dependent mechanoreceptor activation of the cervical spine modulates VTA neuron
activity and enhances DA release in the NAc via endogenous opioid effects on DORs[61,62]. We have
theorized that the same specific mechanoreceptor activation is characteristic of exercise. Most
importantly, using the same frequencies of cervical spine stimulation, whole-body vibration (WBV)
prevents adaptations in VTA neurons, DA release, and behavioral indices associated with EtOH[60]
and morphine[63] withdrawal, suggesting that specific mechanoreceptor activation, perhaps
reflected in exercise, is an adequate stimulus for modulating AUD and OUD adaptations.

This study investigates the expression and sensitivity patterns of KORs and DORs and DA
release in EtOH-dependent mice to elucidate the role of exercise in the natural reward pathway.
Previous research has established that chronic EtOH exposure increases KOR sensitivity and
upregulates the kappa/DYN system in the NAc [64,65]. Our findings for KORs are consistent with
this and indicate that voluntary exercise ameliorates some of the changes that occur in mesolimbic
circuity with the introduction of chronic EtOH. Our results show that although KOR sensitivity
increases with chronic EtOH exposure, exercise reduces this sensitization. We also found that an
increase in KOR expression in the NAc with EtOH exposure was significantly blunted by exercise.
Our study reveals that voluntary exercise alone is sufficient to produce a reduction in KOR sensitivity
to U-50488, a selective receptor agonist. Notably, wild mice in their natural habitat engage in regular
daily exercise, suggesting that the observed reduction in sensitivity and expression may reflect a
more typical state for wild mice. Conversely, the sedentary lifestyle of laboratory mice, lacking
regular exercise, could contribute to alterations in KOR expression, potentially increasing
susceptibility to AUD.

It is important to note that the group that only received saline and no exercise saw high KOR
expression in the NAc and sensitization in their response to ex-vivo stimulation. This result was likely
due to the stress of the protocol, as these mice were exposed to weekly injections without EtOH or
exercise to act as a sedative or coping mechanism for them. This effect is well known among
experiments that require repeated injections and self-isolation[66,67], and especially, many have
found that stress of repeated injections can have its effect through the kappa/DYN system[68,69].
Persons with substance use disorders (SUDs) continue their cycle of abuse, in part, as a result of
maladapted or depleted DA levels, with its accompanying dysphoria, as well as anxiety/stress
mediated by the extended amygdala accompanying the “withdrawal/negative affect’[70]. Anxiety/stress
associated with AUD is a major risk factor for relapse[71]. The amygdala has been implicated in the
anxiety/stress associated with AUD withdrawal states and constitutes allostatic dysregulation of the
mesolimbic DA system (i.e., “between-system” adaptations)[72]. The recruitment of key stress
neurotransmitters in the “extended amygdala” including corticotropin releasing factor (CRF)[73] and
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endogenous opioids like DYN results in the establishment of negative reinforcing mechanisms which
play a key role in the allostatic process (i.e., “anti-reward”)[73] underlying AUD. In effect, persons
with AUD drink compulsively to relieve the emotional consequences of these neurochemical
dysregulations[71,72].

Consensus on DOR expression and sensitivity in the striatum is still a subject of debate and
many find different results depending on the strain, length and type of EtOH exposure, and age of
animal subject [74,75], As such, we found increase in DOR expression in the NAc and no changes to
sensitivity with chronic EtOH, but we do not attempt to generalize these results to any other
population than C57 mice in our chronic EtOH paradigm. We did see in our results, similar to that of
the KORs, that the changes introduced by chronic EtOH, for example an increase in DOR expression
in the NAc, was ameliorated by voluntary exercise. Interestingly, we found a strong uptick in
expression of DORs in the VTA with exercise that indicate large changes to DOR expression when
EtOH and exercise are combine.

We anticipated that the changes in receptor activity would result in reduced drinking behavior
in mice exposed to EtOH and exercise, compared to the controls. We indeed observed a decrease in
drinking among mice chronically exposed to EtOH that exercised, confirming this hypothesis. These
behavioral effects indicate that these changes in sensitivity and expression translate to changes in
drinking behavior after chronic EtOH exposure.

Our findings indicate that consistent aerobic exercise, promotes the translocation of DORs to
cellular membranes in the VTA and perhaps a reduction of KOR sensitivity in the NAc, potentially
counteracting the effects seen with chronic EtOH exposure. Mechanosensory input, mediated via the
dorsal column medial lemniscus pathway, provides collateral connections outside the canonical
somatosensory pathways that terminate in the somatosensory cortex. These collaterals have been
shown to alter neuron firing rate in the VTA, influencing neurotransmitter release and DOR and KOR
expression in the NAc [61]. In this context, we can examine the neurological implications of exercise
on reward circuitry as illustrated by the results of this study.

Additional mechanistic investigations focusing on KORs and DORs inaddition to MORs, and the
neurological circuits responsible for the mesolimbic effects of exercise are necessary for a
comprehensive understanding of exercise’s potential as an adjunctive treatment modality for AUD.
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