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Abstract

Polysubstance use is prevalent in the population but remains understudied in preclinical models.
Alcohol and opioid polysubstance use is associated with negative outcomes, worse treatment
prognosis, and higher overdose risk; but underlying mechanisms are still being uncovered.
Examining factors that motivate use of one substance over another in different contexts in
preclinical models will better our understanding of polysubstance use and improve translational
value. Here we assessed baseline anxiety-like and locomotive behavior and then measured
voluntary consumption of multiple doses of alcohol and fentanyl in group housed male and
female mice using our novel Socially Integrated Polysubstance (SIP) system. Fifty-six male
(n=32) and female (n=24) adult mice were housed in groups of 4 for one week with continuous
access to food, water, two doses of ethanol (5% and 10%) and two doses of fentanyl (5 ug/ml
and 20 ug/ml). Our analyses revealed sex differences across multiple domains — female mice
consumed more liquid in the dark cycle, had higher activity, a higher preference for both ethanol
and fentanyl over water, and their fentanyl preference increased over the seven days. We then
used machine-learning techniques to reveal underlying relationships between baseline
behavioral phenotypes and subsequent polysubstance consumption patterns, where anxiety-
and risk-taking-like behavioral phenotypes mapped onto discrete patterns of polysubstance use,
preference, and escalation. By simulating more translationally relevant substance use and
improving our understanding of the motivations for different patterns of consumption, this study
contributes to the developing preclinical literature on polysubstance use with the goal of

facilitating better treatment outcomes and novel therapeutic strategies.
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Introduction

Polysubstance use, or the longitudinal, sequential, or simultaneous use of multiple substances,
is a persistent and growing concern globally. Clinical populations that engage in polysubstance
use experience detrimental outcomes including worsened substance use disorder (SUD)
severity, mental and physical health status, treatment response, and mortality, as well as
increased risk for overdose, suicide, and infectious and sexually transmitted disease'?. In one
longitudinal study, persistent polysubstance use was associated with the poorest biological
aging and midlife health and financial/social preparedness®. Nearly all individuals with a SUD
additionally consume other substances and the majority have at least one other diagnosed

SuUD*.

The increasing prevalence of alcohol and opioid co-use is a pressing concern — from 2002 to
2012, there was a 15-fold increase in the number of individuals with AUD and comorbid OUD?®.
Alcohol and opioid co-use accelerates the progression of problematic use and is more harmful
than either substance used alone® (the number of deaths resulting from opioid overdose also
involving alcohol increased 5.5 times between 1999 and 2017°). Thus, there is an urgent need

to address alcohol and opioid polysubstance use to limit harms and improve outcomes.

The choice to use one or more substances may depend on life history, current environment, and
personality type. Experiencing stressful life events is predictive of polysubstance use® ™.
Additionally, maladaptive coping (including aggressive, reactive, or substance-driven coping) is
thought to play a role in mediating polysubstance use'*®. Behavioral or psychological
phenotypes of an individual may also influence which substance or substances to use, and if
that choice remains constant in all cases or is circumstance dependent. For example, both
preclinical and clinical studies have shown that higher levels of anxiety and novelty-seeking are

correlated with increased alcohol consumption, albeit with different patterns of use'’°. There


https://doi.org/10.1101/2024.08.22.609245

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.22.609245; this version posted August 23, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

may be a relationship between anxiety-like or reward behaviors and increased opioid
consumption, but findings remain mixed??!. However, these types of investigations have been
limited to a single substance, so conclusions about pre-existing behaviors or personality traits
and polysubstance use remain limited. Sex differences in substance use are also thought to be
a critical factor, but little focus has been placed on understanding polysubstance use in relation

to biological sex.

While work to further characterize polysubstance use patterns in clinical populations is ongoing,
preclinical models present a viable line of research to investigate underlying motivations and
mechanisms. Preclinical polysubstance use research typically involves alcohol, nicotine, or
cocaine, with limited studies on cannabinoids, hallucinogens, and opioids. Within preclinical
opioid research, heroin is commonly administered over prescription opioids or fentanyl. Even
though alcohol and opioid co-use is quite common, animal studies involving the combination of
these two substances are lacking. Furthermore, many current studies lack additional features of
realistic human substance use, such as a group-housed social environment during use and

voluntary, continuous access to multiple substances and concentrations.

To address these gaps, the current study investigated voluntary intake of alcohol, fentanyl, and
water in a group-housed environment in adult male and female mice. To do this, we utilized the
Socially Integrated Polysubstance (SIP) system, which allows rodents to remain group-housed
while self-administering substances with continuous monitoring and intake measurement®.
Previous research using SIP cages in our lab revealed differences in activity and flavor
preference between male and female rodents, offering insights into how sex may influence

substance preference and behavior patterns.
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Materials and Methods

Animals

All experiments utilized female and male (as determined by genital appearance at weaning)
C57BL/6 mice from Jackson Labs aged 9-11 weeks of age at time of arrival to VA Puget Sound.
Mice were housed by sex in cages of four on a 12:12 light:dark cycle (lights on at 06:00), and
were given ad libitum food and water. All animal experiments were carried out in accordance
with AAALAC guidelines and were approved by the VA Puget Sound IACUC. Mice were
acclimated to the VA for one week following arrival and subsequently handled for an additional
week prior to experimental manipulation. To increase rigor and reproducibility, the study

included at least two cohorts of mice each run at separate times.

Baseline behavioral testing

One week prior to housing in the SIP cages, animals were tested in the open field and then at
least 24 hours later in the elevated zero maze to assess locomotion and anxiety-like behavior.
On each day of testing, animals were allowed at least 30 minutes to acclimate to the testing
room.

Open field box (OFB): Mice were allowed 5 minutes to explore a large circular open space (1
meter diameter) and their movements were recorded from above and analyzed with Anymaze
(Wood Dale, IL). Decreased time spent in the middle of the OFB is indicative of an anxiety-like
phenotype.

Elevated zero maze (EZM): Mice were allowed 5 minutes to explore an elevated zero maze
(Maze Engineers, Skokie, IL) and their movements were recorded from above and analyzed
with Anymaze (Wood Dale, IL). Decreased time spent exploring the open arms is thought to

reflect anxiety-like behavior.
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RFID transponder implantation

Each RFID transponder (Euro 1.D., Koln, Germany) is coated in a biocompatible glass material
and is 2.12 mm x 12 mm diameter. At least 72 hours prior to SIP cage housing, each
transponder is sterilized and injected subcutaneously behind the shoulder blades of an

anesthetized mouse (5% isoflurane) using the provided syringe applicator.

Socially Integrated Polysubstance (SIP) system

As previously described, the SIP system enables group housed mice to self-administer multiple
different substances in a home-cage setting while still maintaining individual intake levels on a
second-to-second time scale (Wong et al., 2023). The current study employed a setup with six
drinking stations in a rectangular home cage design (3 drinking stations on each long wall). Mice
were housed for seven days with continuous access to water (2 drinking stations, one on each
wall), two different doses of ethanol (5% and 10%) and two different doses of fentanyl (5 ug/ml
and 20 ug/ml). Cages were checked daily, and food was available ad libidum. Custom Python
scripts were used to integrate the RFID and VDM data streams via common timestamps and

are available at https://github.com/grace3999/SIP_Polysubstance.

Unsupervised machine learning (cluster analysis) of baseline behavioral testing

Given the high degree of collinearity across the 12 behavioral parameters collected from the
OFB and EZM, we first performed a dimensionality reduction step using Principal Component
Analysis (PCA). We then used the first three principal components (explaining over 75% of
model variance) in a K-means cluster-based approach. Cluster stability was assessed as
previously described?®, using the scores for homogeneity, adjusted Rand, and adjusted mutual
information criterion and a bootstrap approach with repeated random assignment of initial

cluster centroids. K=3 clusters was chosen based on the above evaluation metrics.


https://doi.org/10.1101/2024.08.22.609245

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.22.609245; this version posted August 23, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Statistical analysis

Data are expressed as mean + SEM. Differences between groups were determined using a two-
tailed Student’s t-test, one-way analysis of variance (ANOVA), or two-way (repeated measures
when appropriate) ANOVA followed by post hoc testing using Bonferroni’s Multiple Comparison.
Reported p values denote two-tailed probabilities of p £ 0.05 and non-significance (n.s.)
indicates p > 0.05. Statistical analysis and visualization were conducted using Graph Pad Prism
9.0 (GraphPad Software, Inc., La Jolla, CA) and with custom Python scripts

(https://github.com/grace3999/SIP_Polysubstance).
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Results

Fifty-six male (n=32) and female (n=24) adult mice were housed in groups of 4 for one week in
the Socially Integrated Polysubstance (SIP) system with continuous access to water, two doses
of ethanol (5% and 10%) and two doses of fentanyl (5 ug/ml and 20 ug/ml). Visits to the drinking
chambers were collected at 100Hz and drinking data was collected at 1Hz. Across the 56 mice,

the data set included over 650,000 RFID data points and over 45,000 drinking data points.

Visit summary data by sex: Female mice spent more time than male mice in the drinking
chambers in total (Student’s unpaired t-test, t[54]=5.12, p<0.0001) (Figure 1a) and when
analyzed across days (two-way RM ANOVA: interaction effect F[6,324]=1.47, p>0.05, main
effect Sex F[1,54]=26.3, p<0.0001, main effect Day F[6,324]=5.7, p>0.0001; Bonferroni Multiple
Comparison Test (BMCT) post hoc) (Figure 1b), and both sexes decreased time spent in the
chambers as days in the SIP system progressed. Female mice spent more time in the drinking
chambers specifically during the dark cycle (with both sexes showing decreased time spent
during the light vs. dark cycle) (two-way RM ANOVA: interaction effect F[1,54]=24.9, p<0.001,
main effect Sex F[1,54]=26.3, p<0.0001, main effect Cycle F[1,54]=206.3, p>0.0001; BMCT
post hoc) (Figure 1c). Likewise, female mice spent more time in the drinking chambers during all
hours of the dark cycle and some hours of the light cycle (two-way RM ANOVA: interaction
effect F[23,1242]=10.9, p<0.001, main effect Sex F[1,54]=26.3, p<0.0001, main effect Zeitgeber
F[23,1242]=121.2, p>0.0001; BMCT post hoc) (Figure 1d). Heat maps depicting average time
spent in the drinking chambers for male and female mice across days and zeitgeber time are

shown in Figure 1le.

Drinking summary data by sex: Female and male mice did not differ in the total amount of liquid
consumed (Student’s unpaired t-test, t{54]=1.1, p>0.05) (Figure 1f). When analyzed across

days, there was a significant interaction effect but no main effect of sex (two-way RM ANOVA:
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interaction effect F[6,324]=6.4, p<0.001, main effect Sex F[1,54]=1.2, p>0.05, main effect Day
F[6,324]=3.8, p>0.0001; BMCT post hoc) (Figure 1g), with both sexes increasing amount
consumed as days in the SIP system progressed. When examined by light/dark cycle, there
was a significant interaction effect but no main effect of sex (with both sexes showing a
decrease in amount consumed during the light vs. dark cycle) (two-way RM ANOVA: interaction
effect F[1,54]=5.6, p<0.02, main effect Sex F[1,54]=1.2, p>0.05, main effect Cycle
F[1,54]=356.7, p>0.0001; BMCT post hoc) (Figure 1h). Likewise, when examined by zeitgeber
time, there was a significant interaction effect with female mice consuming more liquid during all
hours of the dark cycle and some hours of the light cycle (two-way RM ANOVA.: interaction
effect F[23,1242]=3.1, p<0.001, main effect Sex F[1,54]=1.2, p>0.05, main effect Zeitgeber
F[23,1242]=3.0, p>0.0001; BMCT post hoc) (Figure 1i). Heat maps depicting the average
amount consumed in drinking chambers for male and female mice across days and zeitgeber

time are shown in Figure 1j.

Visit individual substance data by sex: When summarized across all days in the SIP system,
there were significant main effects of sex and substance type but no significant interaction effect
(two-way RM ANOVA: interaction effect F[4,216]=0.3, p>0.05, main effect Sex F[1,54]=26.3,
p<0.0001, main effect Substance F[4,216]=25.0, p>0.0001; BMCT post hoc) (Figure 2a).
Potential differences in time spent in the drinking chambers for males vs. females across
substances and light/dark cycle was examined using a three-way ANOVA (three-way RM
ANOVA: 3 way interaction effect F[4,216]=0.5, p>0.05) (Figure 2b; see Table 1 for statistical
results). Finally, we examined potential differences in male vs. female mice across days for
each substance separately (Figure 2c; see Table 2 for statistical results). Heat maps depicting
the average time spent in each substance drinking chamber for male and female mice across

days and zeitgeber time and the total time spent in each substance drinking chamber across
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individual mice are shown in Figure 3a and 3b, respectively. Finally, Figure 3c shows a raster

plot of chamber visits for four example mice (2 male and 2 female).

Drinking individual substance data by sex: When summarized across all days, there was a
significant interaction effect (two-way RM ANOVA: interaction effect F[4,216]=4.6, p<0.001,
main effect Sex F[1,54]=1.2, p>0.05, main effect Substance F[4,216]=23.7, p>0.0001; BMCT
post hoc) (Figure 2d). Potential differences in amount consumed for males vs. females across
substances and light/dark cycle was examined using a three-way ANOVA (three-way RM
ANOVA: 3 way interaction effect F[4,216]=4.4, p<0.01) (Figure 2e; see Table 3 for statistical
results). Finally, we examined potential differences in male vs. female mice across days for
each substance separately (Figure 2f; see Table 4 for statistical results). Heat maps depicting
the average amount of each substance consumed for males and females across days and
zeitgeber time are shown in Figure 3d. Heat maps depicting the amount of each type of
substance consumed across individual mice are shown in Figure 3e. Finally, Figure 3f shows a

raster plot of chamber visits for four example mice (2 male and 2 female).

When examining total intake, preference for both alcohol (Student’s unpaired t-test, t[54]=2.37,
p<0.05) (Figure 2g) and fentanyl (Student’s unpaired t-test, t{54]=3.1, p<0.01) (Figure 2h) was
higher in females. When examined across days, there were significant main effects of Sex and
Day but no significant interaction effect for ethanol preference (two-way RM ANOVA: interaction
effect F[6,324]=1.6, p>0.05, main effect Sex F[1,54]=8.2, p<0.01, main effect Day F[6,324]=1.8,
p>0.05; BMCT post hoc) (Figure 2i). Conversely, when examining fentanyl preference across
days, there was a significant interaction effect and significant main effects of Sex and Day (two-
way RM ANOVA: interaction effect F[6,324]=2.9, p<0.01, main effect Sex F[1,54]=9.3, p<0.01,
main effect Day F[6,324]=6.0, p<0.001; BMCT post hoc) (Figure 2j). Finally, we examined dose

preference in males vs. females for alcohol (doses available were 5% and 10%) and fentanyl
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(doses available were 5 ug and 10 ug/ml) (Figure 2k-n). When examining total intake, dose
preference for alcohol was not significantly different between males and females (Student’s
unpaired t-test, t{54]=1.54, p>0.05) (Figure 2k) nor was dose preference for fentanyl (Student’s
unpaired t-test, t{54]=0.67, p>0.05) (Figure 2I). When examined across days, there was only a
significant main effect of Day but not Sex and no significant interaction effect for ethanol dose
preference (two-way RM ANOVA: interaction effect F[6,168]=1.0, p>0.05, main effect Sex
F[1,54]=1.7, p>0.05, main effect Day F[6,324]=6.5, p<0.001; BMCT post hoc) (Figure 2m).
Likewise, when examining fentanyl dose preference across days, there was only a significant
main effect of Day but not Sex and no significant interaction effect for ethanol dose preference
(two-way RM ANOVA: interaction effect F[6,324]=1.0, p>0.05, main effect Sex F[1,54]=1.7,

p>0.05, main effect Day F[6,324]=2.7, p<0.05; BMCT post hoc) (Figure 2n).

Baseline behavioral clustering: In addition to finding differences between male and female mice,
we also hypothesized that baseline behavioral phenotypes might map on to subsequent
polysubstance use profiles. One week prior to the start of housing in the SIP cages, mice were
tested in the OFB and EZM. While male and female mice did not differ significantly in locomotor
or anxiety-like metrics in the OFB (Figure 4a-f) or in the EZM (Figure 4g-1) (see Table 5 for
statistical results), there was large amount of variability across animals, leading us to
hypothesize that we could identify phenotypic sub-groups by using an unsupervised cluster-
based approach. Given the high degree of collinearity across the 12 behavioral parameters
collected from the OFB and EZM, we first performed a dimensionality reduction step using
Principal Component Analysis (PCA) (Figure 4m-0). We then used the first three principal
components (explaining over 75% of model variance) in a K-means cluster-based approach.
Analysis of cluster stability supported a three-cluster solution (Table 6; Figure 4p-r). Using k=3,
there is a non-significant trend for a different distribution of cluster assignment across male and

female mice (Chi® = 4.5, p=0.1) (Figure 4s). To determine whether OFB and EZM behavior
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differed across clusters, we assessed the 12 behavioral parameters when grouped by cluster
assignment. Behavior across clusters differed significantly on all 12 parameters examined

except for EZM open arm time (see Table 7 for statistical results) (Figure 4t-ae).

Visit summary data by behavioral cluster: There was no significant difference across clusters for
total time spent in the drinking chambers (one-way ANOVA: F[2,53]=1.22, p>0.05) (Figure 5a).
When analyzed across days, there was a significant effect of Day but not Cluster (two-way RM
ANOVA: interaction effect F[12,318]=1.62, p>0.05, main effect Cluster F[2,53]=1.2, p>0.05,
main effect Day F[6,318]=5.7, p<0.0001; BMCT post hoc) (Figure 5b). Likewise, when examined
by light/dark cycle, there was a significant effect of Cycle but not Cluster (with all clusters
showing decreased time spent during the light vs. dark cycle) (two-way RM ANOVA: interaction
effect F[2,53]=1.3, p>0.05, main effect Cluster F[2,53]=1.2, p>0.05, main effect Cycle
F[1,53]=151.3, p<0.0001; BMCT post hoc) (Figure 5c). Finally, when examined by zeitgeber
time, there was a significant effect of Time but not Cluster (two-way RM ANOVA: interaction
effect F[46,1219]=1.2, p>0.05, main effect Cluster F[2,53]=1.2, p>0.05, main effect Time
F[23,1219]=103.6, p<0.0001; BMCT post hoc) (Figure 5c). Heat maps depicting the average
time spent in the drinking chambers for males and females across days and zeitgeber time are

shown in Figure 5e.

Drinking summary data by behavioral cluster: There was no significant difference across
clusters for total liquid consumed (one-way ANOVA: F[2,53]=0.84, p>0.05) (Figure 5f). When
analyzed across days, there was a significant effect of Day but not Cluster (two-way RM
ANOVA: interaction effect F[12,318]=0.43, p>0.05, main effect Cluster F[2,53]=0.84, p>0.05,
main effect Day F[6,318]=8.7, p<0.0001; BMCT post hoc) (Figure 59). Likewise, when examined
by light/dark cycle, there was a significant effect of Cycle but not Cluster (with all clusters

showing decreased time spent during the light vs. dark cycle) (two-way RM ANOVA: interaction
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effect F[2,53]=0.01, p>0.05, main effect Cluster F[2,53]=0.8, p>0.05, main effect Cycle
F[1,53]=318.4, p<0.0001; BMCT post hoc) (Figure 5h). When examined by zeitgeber time, there
was a significant effect of Time but not Cluster (two-way RM ANOVA: interaction effect
F[46,1219]=0.8, p>0.05, main effect Cluster F[2,53]=0.9, p>0.05, main effect Time
F[23,1219]=97.2, p<0.0001; BMCT post hoc) (Figure 5i). Heat maps depicting average time
spent in the drinking chambers for male and female mice across days and zeitgeber time are

shown in Figure 5j.

Visit data by individual substance and behavioral cluster: When summarized across all days in
the SIP system, there was a significant interaction between Cluster and Substance and main
effect of Substance type but no main effect of Cluster (two-way RM ANOVA: interaction effect
F[8,212]=2.63, p<0.01, main effect Cluster F[2,53]=1.2, p>0.05, main effect Substance
F[4,212]=26.8, p>0.0001; Benjamini/Hochberg FDR correction) (Figure 6a). Potential
differences in time spent in the drinking chambers for each cluster across substances and
light/dark cycle was examined using a separate two-way ANOVA for each cluster. For clusters 0
and 1 there was a significant main effect of Cycle but no main effect of substance or interaction
effect. Conversely, for cluster 2 there were significant main effects of Cycle, Substance and a
significant interaction (Figure 6b; see Table 8 for statistical results). Finally, we examined
potential differences across days and behavioral clusters for each substance separately (Figure
6¢; see Table 9 for statistical results). Heat maps depicting average time spent in each type of
substance drinking chambers for each cluster across days and zeitgeber time are shown in

Figure 7a.

Drinking data by individual substance and behavioral cluster: When summarized across all days
in the SIP system, there was a significant interaction between Cluster and Substance and main

effect of Substance type but no main effect of Cluster (two-way RM ANOVA: interaction effect
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F[8,212]=2.55, p<0.05, main effect Cluster F[2,53]=0.85, p>0.05, main effect Substance
F[4,212]=23.5, p>0.0001; Benjamini/Hochberg FDR correction) (Figure 6d). Potential
differences in amount consumed for each cluster across substances and light/dark cycle was
examined using a separate two-way ANOVA for each cluster (Figure 6e). For clusters 0 and 2
there was a significant interaction effect and significant main effects of Cycle and Substance.
Conversely, for cluster 1 there was only a significant main effect of Cycle but no main effect of
substance or interaction effect (Figure 6e; see Table 10 for statistical results). Next, we
examined potential differences across days and behavioral cluster assignment for each
substance separately (Figure 6f; see Table 11 for statistical results). Heat maps depicting the
average amount of each substance consumed for each cluster across days and zeitgeber time

are shown in Figure 7b.

When examining total intake, neither preference for alcohol nor fentanyl was significantly
different across clusters (one-way ANOVA: F[2,53]=2.6, p>0.05, Figure 6g; one-way ANOVA:
F[2,53]=2.2, p>0.05, Figure 6h). When examined across days, there was a significant main
effect of Day but not Cluster or interaction effect for both ethanol and fentanyl preference
(Figure 6i-j; see Table 12 for statistical results). Finally, we examined potential differences
across behavioral clusters in the dose preference for alcohol and fentanyl (Figure 6k-n). When
examining total intake, dose preference for alcohol was not significantly different across clusters
(one-way ANOVA: F[2,53]=1.9, p>0.05) (Figure 6k). Conversely, dose preference for fentanyl
was significantly different across clusters (one-way ANOVA: F[2,53]=4.4, p<0.05) (Figure 6l).
When examined across days, there was only a significant main effect of Day for ethanol dose
preference, while there were significant main effects of Day and Cluster for fentanyl dose

preference (Figure 6m-n; see Table 13 for statistical results).
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Discussion

This study aimed to better understand how individual differences influence alcohol and opioid
polysubstance use in male and female mice. We identified multiple parameters related to
drinking activity that differed according to sex. We also uncovered three discrete clusters of
mice based on behavioral phenotypes that had unique drinking patterns. Together our results
demonstrate the utility of studying polysubstance use in group housed mice and support the
overarching notion that baseline behavioral phenotypes map onto substance use and

preference patterns.

The first outcome that we measured was activity level, determined by number of visits to and
time spent in the drinking chambers (registered by RFID sensor). While number of visits and
time spent in the drinking chambers is an imperfect measure of activity, it gives an initial
baseline to build from. Both male and female mice decreased time spent in the chambers
across the seven days in the SIP system, but female mice spent more time in the drinking
chambers each day. This agrees with previous rodent studies that found increased locomotion
in female rodents compared to males after chronic alcohol, fentanyl, or morphine
administration®’. It is unclear why differences in locomotion exist between male and female
rodents following alcohol and/or opioid consumption. One possible explanation could be
differences in metabolism and how these substances physiologically affect males and females,
or potentially differences in the rewarding or aversive neural properties of a substance.
Importantly, we did not track estrous cycle in the female mice. While changes in estrous cycle
could potentially influence the reinforcing effects of fentanyl, previous studies have shown that

estrous cycle likely does not impact locomotor behavior®®%.

When looking at intake across the five available substances (water, 5% and 10% alcohol, 5%

and 10% fentanyl), there were sex differences in substance intake pattern and preference. On
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average, male mice consumed the most water, followed closely by 5% fentanyl, small amounts
of 5% and 10% ethanol, and the lowest volume of 20% fentanyl. The highest total intake for
female mice was 5% fentanyl, then water, closely followed by 20% fentanyl, 5% ethanol, and
the smallest volume of 10% ethanol. Males had a slight preference for alcohol over water and a
moderate preference for fentanyl over water, while females had a moderate preference for
alcohol and a strong preference for fentanyl over water. In females, the preference for alcohol
over water decreased over time, but fentanyl preference escalated over time. Fentanyl
preference remained generally consistent for the male mice. There were no statistical

differences in dose preference between male and female mice.

Our results generally corroborate trends seen previously. Female mice tend to consume higher

|24,30 |31—33

amounts of ethano and fentany relative to their body weight compared to male mice.
Another study found that female rats drank larger volumes of a 5% dose of ethanol compared to
male mice, as well as compared to other higher doses of ethanol, showing the importance of
including multiple doses of substances®*. There is also evidence in both human and rodent
studies that females will escalate from initial and moderate substance consumption to

32,34

disordered use or addiction more quickly than males®~", which mirrors what we saw with the

female mice escalating fentanyl preference during the seven days.

One striking result from this study is the high variability in consumption, not only between mice
but also across days within individual mice. The constant access and voluntary consumption
model of the SIP system provides an abundance of data regarding the timing and dose
preference patterns for each individual mouse. When looking to the clinical literature to uncover
motivators underlying choice in substance use, it appears choice is often driven by stress-
related experience, social environment, or personality traits such as impulsivity and maladaptive

coping strategies®*>*>". To test this concept using our SIP system, we decided to assess
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locomotion and anxiety-like behaviors one week prior to housing in the SIP cages to investigate

any correlations between behavior and substance use patterns.

Our initial examination revealed no significant sex differences on any of the twelve parameters
in the open field (OFB) and elevated zero maze (EZM) tests. While behavioral tests have some
degree of variability, typically female rodents show lower anxiety-like behaviors, with no sex
differences in novelty-seeking behavior (although this can depend on estrous phase)®**°.
Because there was a considerable amount of variability across mice in our study, we
hypothesized that the range of behavioral profiles might map on polysubstance use patterns.
After dimensionality reduction and an unsupervised clustering analysis based on the 12
behavioral parameters, three distinct groups of mice were revealed. The composition of male
and female mice in cluster zero had 7 males and 4 females, cluster one had 5 females and 1
male, and cluster two had 24 males and 15 females; this distribution was trending but non-
significant when tested statistically. The clusters did statistically differ in 11 of 12 behavioral
parameters (all except EZM open arm time) which suggests we identified three distinct
behaviorally phenotypic subgroups. Cluster 0 was defined by higher anxiety-like behaviors,
including less distance traveled in the center of the OFB and in the open arms of the EZM and
longest latency to enter the center area/open arms. Cluster 1 had the longest time spent in the

center of the OFB and open arms of the EZM, and shortest latency to enter the center

area/open arms, suggesting lower anxiety-like behavior.

Finally, we projected the three clusters onto the substance consumption data. Although this
would not prove a causal relationship between behavioral phenotypes and polysubstance use
patterns, it certainly provides beneficial insight and highlights predictive ability. There were
meaningful differences in consumption patterns between the three clusters, with cluster 0

drinking a high amount of 5% fentanyl and a moderate amount of water; cluster 1 consuming a
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high amount of 20% fentanyl and a moderate amount of 5% fentanyl; and cluster 2 consuming a
high amount of water, moderate 5% fentanyl and small amount of 5% ethanol. There were no
significant differences between clusters for ethanol or fentanyl preference over water, or for
alcohol dose preference, but fentanyl dose preference was higher for cluster 1 compared to

clusters 0 and 2 and increased over the course of the seven days of substance access.

Taken all together, it appears that cluster 1 consists of majority female mice, shows lower
anxiety-like behavior, and preferentially consumes a higher dose of fentanyl. Previous studies
have found mixed results relating anxiety-like and novelty-seeking behaviors with higher opioid
consumption?’. In our study, Cluster 1 showed more exploratory and less anxious behavior and
the highest consumption of fentanyl. Surprisingly, the cluster with the highest anxiety-like
behavior (cluster 0) did not have the highest preference for ethanol, as has been shown before
in the literature’™°. This could be because the mice had access to fentanyl in addition to the
ethanol, the 24-hour access of the alcohol, the concentration of ethanol, or because there were

no stressors prior to substance availability.

To our knowledge, there are only two other studies that consist of simultaneous or sequential
(respectively) voluntary administration of an opioid and alcohol®*°. Both studies used oxycodone
in limited access operant chamber models, and specifically captured the effect of forced
withdrawal from oxycodone on alcohol consumption. In line with our research, Wilkinson et al.,
also found that male and female rats with access to oxycodone consumed less alcohol than rats
that only had access to sucrose. Neither study conducted behavioral testing before alcohol or
opioid administration. While there are some meaningful differences that prevent direct
comparison between these studies and our experiments here, a main takeaway is the persistent
existence of sex differences in polysubstance use and behavioral profiles across a variety of

housing conditions and access paradigms.
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Our results provide an initial characterization of some of the fundamental parameters
surrounding polysubstance use in a preclinical model, and the interpretation is constrained by
the scope of the experiment. We began with seven days in the SIP cages, and while we
observed escalation of consumption and dose preference, a longer experimental timeline will be
critical to understand the transition from casual substance use to development of an SUD-like
phenotype. We provided continuous access to both alcohol and fentanyl, and an intermittent
access paradigm may reveal different patterns of use. We relied on drinking chamber visits to
determine activity, which could not accurately reflect total locomotion. The addition of a stressor,
or period of extinction/deprivation of a substance would also help improve our understanding of
drug seeking and motivations for consumption. Age of first exposure is known to have
significant implications for future substance consumption and behavioral and biological
outcomes; so inclusion of animal models across the lifespan is important as well******2_Future
studies should investigate the mechanisms underlying drug metabolism and pharmacology and
how it affects other related behaviors, including sex differences. Physiological measures and
biomarkers could play an important role in predicting future substance consumption patterns,

consequences of substance use, and treatment outcomes.

The SIP system provides an enriched social environment and voluntary consumption of multiple
substances, and the possibilities for future studies using the SIP system are nearly unlimited. It
offers the opportunity to continue interrogating the role of sex differences in substance use. It is
pertinent to acknowledge that our preclinical models do have limitations in uncovering the multi-
faceted and societal-driven motivations to consume substances that are cited in clinical studies,
but some indicators such as anxiety-like behaviors and stress responses are preserved across
species. These basic behaviors may help us to reveal critical factors that influence substance

use. Overall, we hope this study underscores the need for more preclinical research on
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polysubstance use to better understand the patterns of consumption, treatment outcomes, and

novel therapeutic strategies.
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Tables:

Table 1: time spent in chamber, male vs. female across substances and

light/dark cycle
Chamber 3-way ANOVA F(df) P Effect
Sex x Cycle F[1,54] = 21.9 <.0001 | 2 way interaction
Sex x Substance F[4,216] = 0.3 >0.05 2 way interaction
Cycle x Substance F[4,216] = 18.16 <.0001 | 2 way interaction
Sex F[1,54] = 26.3 <.0001 Main
Cycle F[1,54] = 221.5 <.0001 Main
Substance F[4,216] = 24.6 <.0001 Main
fable 2: time spent in chamber
Chamber Interaction F(df) Interaction P Sex F(df) Sex P Day F(df) Day F
water F[6,324] = 1.9 0.08 F[1,54] = 4.9 0.03 F[6,324] =3.6 | 0.00z
etoh 5% F[6,324] = 2.6 0.02 F[1,54] =13.8 <.0001 F[6,324] = 2.2 0.04
etoh 10% F[6,324] =1.2 0.3 F[1,54] = 20.7 <.0001 F[6,324] = 0.9 0.4
fent Sug F[6,324] = 2.1 0.06 F[1,54] = 4.8 0.03 F[6,324] = 6.2 | <.000
fent 20ug F[6,324] = 3.5 0.002 F[1,54] = 37.8 <.0001 F[6,324] = 6.2 | <.000
Table 3: amount consumed, male vs. female across substances and
light/dark cycle
Chamber 3-way ANOVA F(df) P Effect
Sex x Cycle F[1,54] = 5.6 <0.05 | 2 way interaction
Sex x Substance F[4,216] = 4.6 <.01 2 way interaction
Cycle x Substance F[4,216] = 23.35 <.0001 | 2 way interaction
Sex F[1,54] = 1.2 >0.05 Main
Cycle F[1,54] = 362.2 <.0001 Main
Substance F[4,216] = 22.5 <.0001 Main
rable 4: amount consumed
Chamber Interaction F(df) Interaction P Sex F(df) Sex P Day F(df) Day F
water F[6,324] = 1.1 0.34 F[1,54] =5.9 0.02 F[6,324] = 1.5 0.16
etoh 5% F[6,324] = 3.1 0.006 F[1,54] = 2.8 0.1 F[6,324] = 1.6 0.1
etoh 10% F[6,324] = 2.0 0.07 F[1,54] =0.11 0.74 F[6,324] = 1.2 0.35
fent 5ug F[6,324] = 3.4 0.003 F[1,54] = 2.5 0.12 F[6,324] = 12.7 | <.000
fent 20ug F[6,324] = 2.0 0.07 F[1,54] =11.1 0.002 F[6,324] = 1.0 0.45
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Table 5: baseline behavioral clustering

Student's unpaired t-
Behavior Test test P
OFB distance t[54] = 1.33 >0.05
OFB speed t[54] = 1.21 >0.05
OFB CT t[54] = 1.29 >0.05
OFB CE t[54] = 1.14 >0.05
OFB CL t[54] = 0.5 >0.05
OFB CD t[54] = 0.9 >0.05
EZM distance t[54] = 0.43 >0.05
EZM speed t[54] = 0.34 >0.05
EZM OAT t[54] = 0.5 >0.05
EZM OAE t[54] = 1.52 >0.05
EZM OAL t[54] = 1.1 >0.05
EZM OAD tf54]=1.1 >0.05
Table 6: cluster stability
K adj. rand
homogeneity completeness V measure info. adj. mutual infc
3 0.79 0.67 0.72 0.71 0.71
4 0.76 0.74 0.75 0.72 0.73
5 0.77 0.77 0.77 0.67 0.74
6 0.74 0.77 0.76 0.63 0.72

Table 7: three cluster behavioral parameters

Behavior Test one-way ANOVA P
OFB distance F[2,53] =44.1 <.0001
OFB speed F[2,53] = 42.7 <.0001
OFB CT F[2,53] = 11.8 <.0001
OFB CE F[2,53] = 26.8 <.0001
OFB CL F[2,53] = 7.0 <.01
OFB CD F[2,53] = 32.9 <.0001
EZM distance F[2,53] = 16.6 <.0001
EZM speed F[2,53] = 15.7 <.0001
EZM OAT F[2,53] = 1.6 >0.05
EZM OAE F[2,53] = 28.3 <.0001
EZM OAL F[2,53] = 8.2 <.001
EZM OAD F[2,53] = 6.7 <.01
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able 8: time spent in chambers for each cluster across substances and light/dark cycle

‘hamber | Interaction F(df) Interaction P Cycle F(df) Cycle P | Substance F(df) Substance
luster 0 | F[4,40] = 1.7 >0.05 F[1,10] = 16.0 <0.01 F[4,40] = 2.4 >0.05
luster 1 | F[4,20] = 2.2 >0.05 F[1,5] = 14.0 <0.05 F[4,20] = 2.7 >0.05
luster 2 F[4,152] = 41.7 <0.001 F[1,38] = 192.3 <.001 F[4,152] = 47.7 <.001
able 9: time spent in chamber
Chamber Interaction F(df) Interaction P | Cluster F(df) Cluster P Day F(df) Day P
water F[12,318]=1.4 0.15 F[2,53] = 0.67 0.52 F[6,318] = 3.6 0.002
etoh 5% F[12,318] = 1.3 0.23 F[2,53] =0.2 0.82 F[6,318] = 2.15 0.048
etoh 10% F[12,318] = 1.8 0.048 F[2,53] = 1.6 0.22 F[6,318] = 0.9 0.47
fent 5ug F[12,318] = 0.9 0.5 F[2,53] = 2.6 0.08 F[6,318] = 6.1 <.0001
fent 20ug F[12,318] = 2.0 0.021 F[2,53] =11.7 <.0001 F[6,318] = 6.15 <.0001
able 10: amount consumed for each cluster across substances and light/dark cycle
Substanc
“hamber | Interaction F(df) Interaction P Cycle F(df) Cycle P | Substance F(df) P
Zluster O F[4,152] = 19.7 <0.001 F[1,38] =240.9 | <0.001 F[4,152] = 18.1 <.001
Cluster 1 F[4,20] = 1.8 >0.05 F[1,5] =28.0 <0.01 F[4,20] = 2.6 >0.05
_luster 2 F[4,152] = 17.7 <0.001 F[1,38] = 240.9 <.001 F[4,152] = 18.2 <.001
able 11: amount consumed
Chamber Interaction F(df) Interaction P | Cluster F(df) Cluster P Day F(df) Day P
water F[12,318] = 0.2 0.9 F[2,53] = 2.5 0.09 F[6,318] = 1.5 0.2
etoh 5% F[12,318] = 1.1 0.35 F[2,53] = 0.1 0.87 F[6,318] = 1.6 0.14
etoh 10% F[12,318] = 0.7 0.74 F[2,53] =0.12 0.89 F[6,318] = 1.0 0.37
fent Sug F[12,318] = 0.9 0.56 F[2,53] = 1.6 0.21 F[6,318] =12.1 <.0001
fent 20ug F[12,318] = 4.1 <.0001 F[2,53] =19.3 <.0001 F[6,318] = 1.0 0.4
able 12: ethanol/water and fentanyl/water preference across days
Substance Interaction F(df) Interaction P Cluster F(df) | Cluster P Day F(df) Day P
Alcohol F[12,318] = 0.8 >0.05 F[2,53] = 2.3 >0.05 F[6,318] = 3.2 <.01
Fentanyl F[12,318] = 0.7 >0.05 F[2,53] =1.9 >0.05 F[6,318] = 5.7 <.001
able 13: ethanol and fentanyl dose preference across days
Substance Interaction F(df) Interaction P Cluster F(df) | Cluster P Day F(df) Day P
Alcohol F[12,318] = 0.6 >0.05 F[2,53] = 0.7 >0.05 F[6,318] = 6.2 <.001
Fentanyl F[12,318] = 1.7 >0.05 F[2,53] = 5.6 <.01 F[6,318] = 2.7 <0.05
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ABBREVIATIONS

AUD: Alcohol Use Disorder

BMCT: Bonferroni Multiple Comparison Test
CD: Center Distance

CE: Center Entries

CL: Center Latency

CT: Center Time

EtOH: Ethanol

EZM: Elevated Zero Maze

Fent: Fentanyl

OAD: Open Arm Distance

OAE: Open Arm Entries

OAL: Open Arm Latency

OAT: Open Arm Time

OFB: Open Field Box

OUD: Opioid Use Disorder

PC: Principal Component

SIP: Socially Integrated Polysubstance

SUD: Substance Use Disorder
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Figure Legends

Figure 1: Activity and consumption in combined drinking chambers by sex

A-E: Time spent in the drinking chambers in male and female mice in total (a), across days (b),
across light/dark cycle (c), and across Zeitgeber time (d); heatmaps shown in e. F-J: Amount of
liquid consumed by male and female mice (normalized to body weight) in total (f), across days
(9), across light/dark cycle (h), and across Zeitgeber time (i); heatmaps shown in j. Student's t-
test (a,f); Two-way RM ANOVA post hoc BMCT (b-d. g-h). **p < 0.01, ***p < 0.0001. Values

represent mean + SEM.

Figure 2: Activity and consumption in individual substance/dose drinking chambers by
sex

A-C: Time spent in each drinking chamber in male and female mice in total (a), across light/dark
cycle (b), across days (c). D-F: Amount of liquid consumed by male and female mice
(normalized to body weight) for each individual substance/dose combination in total (d), across
days (e), across light/dark cycle (f). G-J: Alcohol and fentanyl preference over water in total (g,h)
and across days (i,j). K-N: Alcohol and fentanyl dose preference in total (k,I) and across days
(m,n). Two-way RM ANOVA post hoc BMCT (a,c,d,f,i,j,m,n). Three-way RM ANOVA post hoc

BMCT (b,e); Student's t-test (g,h,k,I). **p < 0.01, ****p < 0.0001. Values represent mean + SEM.

Figure 3: Heatmap and example raster plots for individual substances and mice

A. Heatmap of time spent in each drinking chamber in male and female mice across days and
Zeitgeber time. B. Heatmap of total time spent in each drinking chamber for individual mice. C.
Raster plots of drinking chamber visits for 2 example male (left) and female (right) mice across a
single day. D. Heatmap of amount consumed for each substance in male and female mice

across days and Zeitgeber time. E. Heatmap of amount consumed for each substance for
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individual mice. F. Raster plots of individual drinking events for 2 example male (left) and female

(right) mice across a single day (same mice used as in c).

Figure 4: Baseline behavioral testing and cluster analysis

A-F: Behavioral parameters measured in the OFB in male and female mice. G-L: Behavioral
parameters measured in the EZM in male and female mice. M-O. PCA dimensionality reduction
of 12 behavioral parameters measured in OF and EZM: explained variance by PC (m). Heatmap
of PC loadings by behavioral parameter (n). PCA biplot (0). P-Q: Unsupervised k-means
clustering metrics using first three behavioral PCs. S: Behavioral cluster assignment by sex. T-
Y: Behavioral parameters measured in the OFB by behavioral cluster. Z-AE: Behavioral
parameters measured in the EZM behavioral cluster. Student's t-test (a-); Chi? (s); One-way

ANOVA post hoc BMCT (t-ae). **p < 0.01, ****p < 0.0001. Values represent mean + SEM.

Figure 5: Activity and consumption in combined drinking chambers by cluster

A-E: Time spent in the drinking chambers for each cluster in total (a), across days (b), across
light/dark cycle (c), and across Zeitgeber time (d); heatmaps shown in e. F-J: Amount of liquid
consumed by mice in each cluster (normalized to body weight) in total (f), across days (g),
across light/dark cycle (h), and across Zeitgeber time (i); heatmaps shown in j. Student's t-test
(a,f); Two-way RM ANOVA post hoc BMCT (b-d. g-h). **p <£0.01, ****p < 0.0001. Values

represent mean £ SEM.

Figure 6: Activity and consumption in individual substance/dose drinking chambers by
cluster

A-C: Time spent in each drinking chamber for each cluster in total (a), across light/dark cycle
(b), across days (c). D-F: Amount of liquid consumed by mice in each cluster (normalized to

body weight) for each individual substance/dose combination in total (d), across days (e),
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across light/dark cycle (f). G-J: Alcohol and fentanyl preference over water in total (g,h) and
across days (i,j). K-N: Alcohol and fentanyl dose preference in total (k,I) and across days (m,n).
Two-way RM ANOVA post hoc BMCT (a,c,d,f,i,j,m,n). Three-way RM ANOVA post hoc BMCT

(b,e); Student's t-test (g,h,k,l). *p < 0.01, ****p < 0.0001. Values represent mean + SEM.

Figure 7: Heatmap and example raster plots for individual substance and mice
A. Heatmap of time spent in each drinking chamber for each cluster across days and Zeitgeber

time. D. Heatmap of amount consumed for each substance by mice in each cluster.
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