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ABSTRACT

Opioids and obesity are two concurrent health crises in the United States.
Buprenorphine is an opioid drug prescribed for treatment of opioid use disorder. Studies
in both rodent and human subjects have demonstrated potential for anxiolytic effects of
buprenorphine. However, a previous study in the Lydic/Baghdoyan lab suggests that
buprenorphine has anxiogenic effects on C57BL/6J (B6) mice. Gut microbiome alteration
(concurrent with obesity) has been shown to modulate opioid tolerance in a study using
morphine. There also exists a correlation between obesity and anxiety. Considering these
multidirectional relationships between opioids, the gut microbiome, obesity, and anxiety,
the present study was designed to compare anxiety-like behavior in adult, male B6 mice
after a buprenorphine injection to anxiety-like behavior in adult, male B6 mice with diet-
induced obesity (DIO) after a buprenorphine injection. DIO mice (n=10) were injected
subcutaneously with saline and two doses of buprenorphine (1 mg/kg and 10 mg/kg). One
hour post-injection, the mice were placed on the elevated zero maze (EZM) for five
minutes. Latency to enter the open region for the first time and the ratio of time spent in
the open and closed regions of the EZM were recorded. Experiments were recorded using
a GoPro camera. Unpaired t-tests indicated no significant differences in anxiety-like
behavior in DIO mice compared to lean B6 mice due to buprenorphine. The results are
discussed in the context of various measures of anxiety-like behavior and opioids’

relationship with an altered gut microbiome.
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INTRODUCTION

Prevalent causes of morbidity and mortality in the United States include obesity
and misuse of opioids (Centers for Disease Control and Prevention, 2022a, 2022c). Both
disorders are polygenic and driven by complex socio-economic factors. Data from
humans and mice show that opioids alter the gastrointestinal (GI) microbiome, an
occurrence known as opioid-induced dysbiosis (OID) (reviewed in Mora et al., 2012;
reviewed in Thomas et al., 2022; Wang & Roy, 2017). A further complexity is evidence
that anxiety-like behavior in rodents is modified by alterations in the GI microbiome
(reviewed in Huang & Wu, 2021). Multiple studies over the past few decades have
suggested increased anxiety-like behavior in obese human subjects, as well (Cilli et al.,
2013; Davis et al., 2005; reviewed in Rajan & Menon, 2017; Scott et al., 2008; Simon et
al., 2006). This thesis project was encouraged by two previous studies of C57BL/6J (B6)
mice. Previous studies show that morphine differentially altered the composition of the
GI microbiome of lean B6 mice but not in B6 mice with diet-induced obesity. Mice with
diet-induced obesity rather experienced functional differences of the gut microbiota
(Blakeley-Ruiz et al., 2022). A second unpublished study provided preliminary evidence
that the opioid buprenorphine increased anxiety-like behavior in normal weight B6 mice
(Thibert, 2022). Considered together, these two lines of evidence encouraged the present
honors thesis evaluating the hypothesis that buprenorphine would alter anxiety-like
behavior in B6 mice with diet-induced obesity.

The first portion of this introduction places the present study within the context of
the ongoing epidemic of opioid misuse. The second section describes this epidemic in the

light of an altered GI microbiome associated with obesity. Finally, the present study
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connects both prevalent disorders to analyze buprenorphine’s effects on anxiety-like
behavior in diet-induced obese B6 mice.
A Spring 2023 Perspective on Opioid Use Disorder in the U.S.

Opioids are clinically prescribed for management of acute and chronic pain. The
addictive qualities of opioids have led to a widespread issue of opioid abuse and overdose
in the United States (Centers for Disease Control and Prevention & National Center for
Injury Prevention and Control, 2017). About 50,000 deaths in 2019 were related to opioid
overdose (reviewed in Sumner et al., 2022). From 2019 to 2020, death by opioid
overdose rates rose among all sex, age, race, and Hispanic-origin groups (Hedegaard et
al., 2021). From 2020 to 2021, there was a 15% increase in the number of opioid
overdose-related deaths, with 80,816 opioid overdose deaths recorded in 2021 in the
United States (Centers for Disease Control and Prevention, 2022c). Opioid-induced
respiratory depression contributes to about 100,000 deaths per year in the United States
(National Center for Health Statistics, 2023). Regional analyses show Tennessee was the
eighth highest state in the country for deaths by drug overdose in 2021, and Tennessee is
the third highest state in the country for prescription drug abuse (Centers for Disease
Control and Prevention, 2022b; Tennessee Bureau of Investigation).

The Opioid Buprenorphine and Its Drug Characteristics

Buprenorphine is an FDA-approved opioid prescribed to treat opioid use disorder
(OUD) as part of a comprehensive treatment plan. As an initial medication for OUD that
could be prescribed or distributed by a physician office, it has made medicated treatment
against OUD more accessible for patients (Substance Abuse and Mental Health Services

Administration, 2023). Buprenorphine works as a partial agonist for mu opioid receptors
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and as an antagonist at kappa opioid receptors. As only a partial agonist compared to a
full agonist, however, the effects of buprenorphine are weaker than those of heroin and
morphine (reviewed in Falcon et al., 2015)

If the prescription instructions are followed, buprenorphine is safe and effective in
lessening craving and dependency on opioids, increasing safety if overdose occurs, and
decreasing the potential for abuse. Abuse can arise in some individuals because of
buprenorphine’s opioid effects. People who are not dependent on an opioid before using
buprenorphine are more likely to abuse buprenorphine (Substance Abuse and Mental
Health Services Administration, 2023).

Additional studies have shown that opioids can help regulate and alleviate
symptoms of anxiety in both rodent and human subjects (Colasanti et al., 2011). More
specifically, buprenorphine has been reported to mitigate depressive and anxiety-like
behavior in mice (Falcon et al., 2015). A novel analogue of buprenorphine (BU10119)
resulted in antidepressant behavior in CD-1 mice when tested in a forced swim test and a
novelty-induced hypophagia task (Almatroudi et al., 2018). A study done in C57BL/6J
mice showed antidepressant behavior in a forced swim test and anxiolytic behavior in a
novelty-induced hypophagia test due to buprenorphine (Falcon et al., 2015).

A Spring 2023 Perspective on Obesity in the U.S.

Concurrent with the opioid crisis, clinical and morbid obesity proves to be another
major health issue in the United States. From 2017 to March 2020, the obesity rate in the
United States was 41.9% (reviewed in Centers for Disease Control and Prevention,
2022a). Type 2 diabetes, cancers, osteoarthritis, sleep apnea, and heart and lung diseases

are all associated with obesity and increased risk of preventable and premature death
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(Centers for Disease Control and Prevention, 2022a; reviewed in DiBaise et al., 2012,;
reviewed in Scott et al., 2008). Obesity is often attributed to overconsumption of food
and/or lack of exercise. Recent research has demonstrated that gut microbiota
composition (which can be caused by a high fat diet) can influence nutrient uptake and
energy homeostasis and consequently can promote obesity (Blakeley-Ruiz et al., 2022;
reviewed in Bliss & Whiteside, 2018; reviewed in Moran & Shanahan, 2014).
Drawing Connections Between Obesity, Buprenorphine, and Anxiety

Studies in mice fed a high fat diet have shown increased levels of
lipopolysaccharide, gut permeability, and a decrease in expression of genes that regulate
tight junctions in the intestinal barrier (reviewed in Moran & Shanahan, 2014). The mu,
delta, and kappa opioid receptors are found in the gastrointestinal tract, and obesity
promotes gut dysbiosis. Chronic use of opioids diminishes the innate immune system,
making the gut more susceptible to infection and sensitivity to microbes and bacteria. The
exact mechanisms by which opioids alter the gut microbiome have yet to be determined,
but one possible mechanism is disruption of the intestinal epithelial barrier. This barrier
protects the gut from environmental stimuli and invasion of microbes through activation
of the innate immune response (reviewed in Muchhala et al., 2021). Obesity is also
associated with chronic pain; obese individuals more likely than lean individuals to report
pain (one study found four times more likely), and pain intensity reports are positively
associated with body mass index (Hitt et al., 2007; reviewed in Okifuji & Hare, 2015;
Stokes et al., 2020).

Reciprocally, the composition of the microbiome affects opioid uptake and

tolerance; also, the presence of certain bacterial species can affect mental health
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(reviewed in Thomas et al., 2022). One example was a study done using germ-free mice
and mice that harbored fecal microbiota from wild type mice. The results show that the
germ-free mice did not demonstrate analgesic tolerance to morphine like the mice with
the fecal microbiota (reviewed in Muchhala et al., 2021). Additional studies have shown
that the gut microbiota affects various players in the generation of anxiety, including the
vagus nerve, the hypothalamic-pituitary-adrenal axis, tryptophan metabolism, and
neurotransmitter production (Huang & Wu, 2021). The complex multi-directional
relationships between gut microbiota, obesity, and opioid use raised questions of obesity
and opioids’ effects on brain behavior, such as anxiety.
Hypothesis of this Thesis

Previously in the Lydic/Baghdoyan laboratory, the effects of the opioid
buprenorphine on anxiety-like behavior in lean male B6 mice have been investigated.
That study hypothesized that buprenorphine would decrease levels of anxiety, but the
results indicated that buprenorphine induced anxiety-like behavior (Thibert, 2022). The
present study was designed to test the hypothesis that male B6 mice with diet-induced
obesity (DI10O) would also reveal influences on anxiety-like behavior caused by
buprenorphine.

MATERIALS AND METHODS

Methods

All procedures in this study were approved by the University of Tennessee
Institutional Animal Care and Use Committee (IACUC) under protocol #2555 and
followed ARRIVE guidelines (Percie du Sert et al., 2020). The subjects in this study were

adult, male C57BL/6J (B6) mice (n=10) from the Jackson Laboratory. Once received, the
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mice were housed together and fed a 60 kcal% fat diet (D12492, Research Diets, Inc.,
New Brunswick, NJ). Mice are classified by Jackson Laboratory as a model of diet-
induced obese (DI10O; Stock #38005). Mice weighed an average of 40.1 g (ranging from
32.8 gto 47.1 g) for baseline experiments, an average of 43.3 g (ranging from 34.4 g to
48.7 g) for saline control experiments, an average of 45.9 g (ranging from 38.9 g to 51.1
g) for buprenorphine 1 mg/kg experiments, and an average of 44.9 g (ranging from 37.2 g
to 50.3 g) for buprenorphine 10 mg/kg experiments. The mice had ad libitum access to
food and water, and they were housed in a 12 hour/12 hour light-dark cycle. To identify
each mouse, the mice were anesthetized with isoflurane, and a radio frequency
identification chip (RFID-100B 14, Trovan, Microchip ID) was inserted subcutaneously
at the level of the scapula. Mouse health was observed daily by trained and certified
laboratory members. Each mouse was weighed and handled for sixteen days prior to
beginning experiments, and each mouse was handled almost daily in between experiment
days. This continuous conditioning was performed to mitigate stress caused by handling
(Ghosal et al., 2015).

To quantify measures of anxiety-like behavior, time spent in the open and closed
regions of an elevated zero maze (EZM), as well as the latency to enter the open region of
the EZM, were timed and tested. An image of the EZM is shown below in Figure 1.
Figure 1. The elevated zero maze (EZM) has dimensions of a
diameter of 39.5 inches, circumference of 10.3 ft, and height of
25.5 inches. The arrow in this image illustrates the location on
the EZM where a mouse was placed when starting behavioral

assessment. Modified from (Thibert, 2022). Image created
with BioRender.com.

Mice are a nocturnal prey species and show a preference

for the closed portions within the wall of the EZM. Greater time spent in open regions
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and/or a decreased latency to enter the open region are indications of anxiolysis (hon-
anxiety-like behavior). Contrarily, greater time spent in closed regions and/or an
increased latency to enter the open region are indications of anxiogenesis (anxiety-like
behavior). Many laboratories have shown mouse behavior on the EZM to provide a valid
and reliable measure of anxiety-like behavior (reviewed in Braun et al., 2011; Shepherd,
1994; Tucker & McCabe, 2017). At the beginning of each experiment, a mouse was
placed at the barrier of the open and closed region, with its head facing into the closed
region. Mice were scored on their presence in an open or closed region based on the
entirety of the mouse body and tail in that region.

The first experiments performed in the study were three baseline measurements.
The purpose of these measurements was to condition the mice to the process of the
experiment: the mock injection, an hour of waiting, and five minutes spent on the EZM.
Conditioning the mice to this process mitigated their anxiety levels as a confounding
factor in the saline and buprenorphine experiments. The second reason three baseline
measurements were performed was to ensure the EZM would provide consistent results
and therefore could act as a reliable measurement of the desired dependent variables. For
baseline experiments, each mouse received a mock injection (tip of a pen cap lightly
poked to the area of future subcutaneous injection studies). In the next phase of the
experiment, each mouse received a 0.3 mL injection of 0.9% saline. This treatment
served as the control treatment. For the next phase of the experiment, each mouse
received a 0.3 mL injection of 1 mg/kg buprenorphine. In the final phase of
experimentation, each mouse received a 0.3 mL injection of 10 mg/kg buprenorphine.

For all experiments—Dbaseline, saline, buprenorphine 1 mg/kg, buprenorphine 10
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mg/kg— each mouse waited an hour post-injection before being placed on the EZM for
five minutes. All injections and the time periods of post-injection waiting took place in
the experiment room. Each experiment was recorded with a GoPro Camera that was
mounted to the ceiling above the EZM. The digital videos were uploaded to a software
cloud and taken for further scoring and data analyses using DeepLabCut and simBA
software (Luxem et al., 2023; Mathis et al., 2018; Mathis et al., 2020).

The flow of the experiment methods is portrayed in Figure 2 below.

e
Ceiling-mounted .3e0 i0°‘22 c\o\ld
GoPro camera N\ 5 ded
up Images digitized and
' downloaded for
analyses using
DeepLabCut
Begin experimental |
measures on EZM 60 | b Record mouse
' min. post-injection on EZM for 5 min.
; R — 5
Subcutaneous injection of
saline or buprenorphine Place mouse on EZM at the Score data using
boundary between open and DeeplLabCut software

closed region

Figure 2. Work flow of experiments measuring the effects of buprenorphine on anxiety-
like behavior in DIO mice. Each mouse received a mock injection, saline injection, or
buprenorphine injection (all injections were subcutaneous). Sixty minutes after injection,
each mouse was placed on the EZM for five minutes. Time spent in the open regions,
time spent in the closed regions, and latency to enter the open regions were recorded
digitally and via the GoPro camera mounted on the ceiling. DeepLabCut will be used for
continued data analysis in the future. Image created with BioRender.com.

RESULTS
Descriptive statistics for DIO mouse performance on EZM

Baseline Studies: Figure 3 displays the results of baseline measurements on the EZM

taken one hour post mock-injection. Mice spent an average (+ SD) of 48.10 (+12.36)

seconds (16%) in the open regions of the EZM, and they spent an average (+ SD) of
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251.57 (+12.39) seconds (84%) in the closed regions. The mean (+ SD) latency to enter

the open region for the first transition from closed to open region was 22.54 (+12.35)

seconds.
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Figure 3. Baseline data across three trials per subject displayed in seconds, with mean
shown by the vertical gray bar and standard deviation represented by the vertical black
line. The 30 dots on each bar summarize 3 time measures for each of the 10 mice.
Seconds spent in the open regions and closed regions (left), and latency to enter the open
region for the first time (right) were recorded. The red dots represent time spent in the
open regions, blue dots represent time spent in the closed regions, and purple dots
represent latency to enter the open region for the first time.

Saline Injection: Figure 4 displays the results of measurements on the EZM taken one

hour after a 0.3 mL saline injection. Mice spent an average (+ SD) of 30.5 (+17.63)
seconds (10%) in the open regions of the EZM, and an average of 269.5 (+17.63) seconds
(90%) in the closed regions. The mean (+ SD) latency to enter the open region for the

first transition from closed to open region was 17.65 (+19.88) seconds.
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Figure 4. Saline control data displayed in seconds, with mean shown by the vertical gray
bar and standard deviation represented by the vertical black line. Each measurement has
ten dots displayed, each representing one of ten mice. n=10 in both graphs. Seconds spent
in the open regions and closed regions (left), and latency to enter the open region for the
first time (right) were recorded. The red dots represent time spent in the open regions,

blue dots represent time spent in the closed regions, and purple dots represent latency to
enter the open region for the first time.

Saline Latency

Buprenorphine (1 mg/kg) Injection: Figure 5 displays the results of measurements on the

EZM taken one hour after a 0.3 mL buprenorphine (1 mg/kg) injection. Mice spent an
average (+ SD) of 40.50 (+36.28) seconds (14%) in the open regions of the EZM, and an
average of 259.50 (+36.28) seconds (87%) in the closed regions. The mean (+ SD)
latency to enter the open region for the first transition from closed to open region was
68.88 (+122.45) seconds. For mice who did not enter the open region, the latency was

recorded as the full five minute time period.
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Figure 5. Buprenorphine (1 mg/kg dose) data displayed in seconds, with mean shown by
the vertical gray bar and standard deviation represented by the vertical black line. Each
measurement has ten dots displayed, each representing one of ten mice. n=10 in both
graphs. Seconds spent in the open regions and the closed regions (left), and latency to
enter the open region for the first time (right) were recorded. The red dots represent time
spent in the open regions, blue dots represent time spent in the closed regions, and purple
dots represent latency to enter the open region for the first time.

Buprenorphine (10 mg/kg) Injection: Figure 6 displays the results of measurements on

the EZM taken one hour after a 0.3 mL buprenorphine (10 mg/kg) injection. Mice spent
an average (+ SD) of 44.10 (+46.03) seconds (15%) in the open regions of the EZM, and
an average of 255.90 (+46.03) seconds (85%) in the closed regions. The mean (+ SD)
latency to enter the open region for the first transition from closed to open region was
102.59 (+137.05) seconds. For mice who did not enter the open region, the latency was

recorded as the full five minute time period.
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Figure 6. Buprenorphine (10 mg/kg dose) data displayed in seconds, with mean shown
by the vertical gray bar and standard deviation represented by the vertical black line.
Each measurement has ten dots displayed, each representing one of ten mice. n=10 in
both graphs. Seconds spent in the open regions and the closed regions (left), and latency
to enter the open region for the first time (right) were recorded. The red dots represent
time spent in the open regions, blue dots represent time spent in the closed regions, and
purple dots represent latency to enter the open region for the first time.

The following experimental occurrences are noted for the sake of transparency
regarding the data. In baseline measure 1, Mouse A was placed on the EZM 1 hour post-
injection, but data measures had to restart three minutes later due to timer error. In
baseline measure 3, Mouse B was placed on the EZM 1 minute after the 1 hour post-
injection time. For mice A-E, the 10 mg/kg buprenorphine solution was forgotten to be
filtered. In the 10 mg/kg buprenorphine measure, Mouse E was placed on the EZM 17

minutes after the 1 hour post-injection time due to technological issues with the GoPro

camera storage and recording.
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Inferential Statistics for Performance on EZM Comparing Lean B6 Mice to DIO B6
Mice

Buprenorphine (1 mg/kq) Injection:

Bup 1 mg/kg Bup 1 mg/kg Bup 1 mg/kg
Time in Closed Regions Time in Open Regions Latency to Enter Open Region
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Figure 7. Unpaired t-test comparing measures of anxiety-like behavior between lean B6
mice and DIO B6 mice with a 1 mg/kg injection of buprenorphine. Each measurement
has ten dots displayed, each representing one of ten mice. The lean mice are represented
with blue dots, and the DIO mice are represented with green dots. These measures
include time spent in the closed regions of the EZM, time spent in the open regions of the
EZM, and latency to enter the open region.

Buprenorphine (10 mg/kq) Injection:

Bup 10 mg/kg Bup 10 mg/kg Bup 10 mg/kg
Time in Closed Regions Time in Open Regions Latency to Enter Open Region
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Figure 8. Unpaired t-test comparing measures of anxiety-like behavior between lean B6
mice and DIO B6 mice with a 10 mg/kg injection of buprenorphine. Each measurement
has ten dots displayed, each representing one of ten mice. The lean mice are represented
with blue dots, and the DIO mice are represented with green dots. These measures
include time spent in the closed regions of the EZM, time spent in the open regions of the
EZM, and latency to enter the open region.

DISCUSSION/CONCLUSIONS
The experimental results from this study indicate that there is no significant

difference in anxiety-like behavior in DIO mice compared to lean B6 mice in response to
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buprenorphine. Two doses of buprenorphine were studied: 1 mg/kg and 10 mg/kg. Two
dependent measures of anxiety-like behavior were taken for each dose: latency to enter
the open region of the EZM for the first time and the ratio of time spent in open versus

closed regions of the EZM.

Ethically, studies investigating potentially addictive drugs cannot be performed on
human subjects. Therefore, mice are used to address the potential benefits to come from a
better understanding of opioid effects on anxiety-like behavior. There are not yet any
proven biomarkers to measure anxiety in mice, so methods such as the elevated zero
maze are used to quantify anxiety-like behavior. Mice, being a nocturnal prey species,
exhibit a decreased latency to enter the open region and an increased time spent in the
closed regions of the EZM as demonstrations of anxiety-like behavior (Bailey &
Crawley, 2009). The behavioral measures from the present study do not support the
hypothesis that there is a difference in anxiety-like behavior between male DIO mice and
male B6 mice caused by buprenorphine.

Considering that both the DIO mice and the lean B6 mice are genetically the
same, the most prevalent difference between the current study and a similar study of lean
B6 mice (Thibert, 2022) is that of diet-induced obesity and a consequently altered gut
microbiome. The Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
provides several symptoms and diagnostic criteria on the manifestation of anxiety and
anxiety disorders, from chest pain to fear of dying to sleep disturbance to avoidance of
social settings (American Psychiatric Association, 2013). This supports the notion that
anxiety can present itself in different ways. The lean B6 mice in Thibert’s study

demonstrated significantly different anxiety-like behavior in measures of both the latency
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measure and time spent in the open versus closed regions (both dependent measures)
(Thibert, 2022) . DIO mice did not display significantly different anxiety-like behavior in
these same measures. However, future studies utilizing other measures of anxiety-like
behavior could find significant differences in anxiety-like behavior attributed to obesity
and an altered gut microbiome after buprenorphine injection.

Mice with altered gut microbiota exhibited tolerance to morphine when compared
to germ-free mice (reviewed in Muchhala et al., 2021). The present study does not
indicate a similar tolerance to buprenorphine in mice with obesity and an altered gut
microbiome.

Behavior is profoundly altered by epigenetic factors (Brain, 1975). Comparison of
the previously conducted study (Thibert, 2022) and the present study reveals procedural
differences with potential epigenetic effects on behavior in the EZM. For example, some
mice in Thibert’s study were housed together, and others were housed individually. All
mice in the current study were housed with at least one other mouse in the cage. The
possibility of housing differences altering anxiety-like behavior is open to future studies.
Another procedural difference between the present study and the previous Thibert study
was the number of days between experiments (Thibert, 2022). Whether through
epigenetic factors or other unknown factors, these procedural differences could have
influenced the results of the present study. The foregoing differences should be
considered for future studies in anxiety-like behavior in mice.

Another potential future direction for data analysis and/or future studies is that of
correlations between the gradually increasing mouse weight across the duration of the

experiments. Figures 9-12 below plot increasing mouse weight versus measures of
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anxiety-like behavior. For mice who did not enter the open region, the latency was
recorded as the full five minute time period. No statistical analysis has been done, but
trends can be seen. Notably, there is a similar pattern between the time spent in the closed
regions and the latency measures for the 10 mg/kg buprenorphine dose (Figures 11 and

12.

1 mg/kg buprenorphine
Comparison of Mouse Weight vs Time in Closed Regions

350.00
300.00
250.00 m
200.00
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Figure 9. Comparison of mouse weight versus time spent in the closed regions after mice
received injection of 1 mg/kg buprenorphine. This line summarizes the weights of 10
mice.
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1 mg/kg buprenorphine
Comparison of Mouse Weight vs Latency to Enter
the Open Region
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Figure 10. Comparison of mouse weight versus latency to enter the open region after
mice received injection of 1 mg/kg buprenorphine. This line summarizes the weights of
10 mice.

10 mg/kg buprenorphine
Comparison of Mouse Weight vs Time in Closed Regions
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Figure 11. Comparison of mouse weight versus time spent in the closed regions after
mice received injection of 10 mg/kg buprenorphine. This line summarizes the weights of
10 mice.
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10 mg/kg buprenorphine
Comparison of Mouse Weight vs Latency to Enter the
Open Region
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Figure 12. Comparison of mouse weight versus latency to enter the open region after
mice received injection of 1 mg/kg buprenorphine. This line summarizes the weights of
10 mice.

LIMITATIONS OF THE STUDY AND FUTURE DIRECTIONS

The next step in the present study is utilization of DeepLabCut and simBA
software. These tools will allow for additional data scoring and analysis using pose
estimation. Various other measures of anxiety-like behavior can be analyzed, as well
(Luxem et al., 2023; Mathis et al., 2018; Mathis et al., 2020).

Previous dose-response studies have shown that antinociception in DIO mice is
caused by buprenorphine doses as low as 0.3 mg/kg (Glovak et al., 2017). Those results
encouraged the present study to bracket the low and high therapeutic window for
buprenorphine doses that reliably produce antinociception. This allowed the present study
to be adequately powered by a sample size of 10 DIO mice to be compared to previous
results obtained from 10 lean B6 mice. These limitations on sample size while achieving

statistical power are in accord with recommendations of the ARRIVE guidelines (Percie

du Sert et al., 2020). The small number of drug concentrations tested is a limitation of
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this study. An increased number of dosage concentrations of buprenorphine would enable
dose-dependent measures of anxiety-like behavior in DIO mice.

The present study was limited to male mice, yet obesity is known to be sexually
dimorphic in humans and in mice (Casimiro et al., 2021; Palmer & Clegg, 2015). Anxiety
is likewise sexually dimorphic (Kokras et al., 2012). A concurrent study (Sharma 2023,
in progress) in the Lydic/Baghdoyan laboratory is investigating anxiety-like behavior on
the EZM using female B6 mice for comparison to data from male B6 mice (Thibert,
2022). The emerging results encourage future studies to determine if antinociceptive
doses of buprenorphine alter mouse behavior on the EZM that vary significantly as a
function of body weight, sex, and sex by weight interaction.

Additionally, variability in weight among each respective mouse throughout the
months of experimentation could be a contributing factor to the present results. This
points to a potential future analysis of correlations between the weight of the mice at the
time of each buprenorphine injection and the resulting anxiety-like behavior. Although
the present study was stimulated by the discovery that opioids altered intestinal
microbiome composition and function differentially in lean versus obese mice, the
present study involved no direct measures of the microbiome. Such studies in mice are
feasible as recently demonstrated by microbiome samples from feces, urine, colon tissue,
and plasma analyzed using targeted LC-MS/MS quantification of metabolites (Blakeley-
Ruiz et al., 2022). Additionally, the present study was not designed to investigate the

underlying mechanism by which anxiety-like behavior is modulated in DIO mice.
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POTENTIAL HEALTH-RELATEDNESS OF THE STUDY
This honors thesis also was stimulated by continually emerging data that human
behavior traits and behavioral states are modulated by the microbiome. Directly related to
the present focus on anxiety-like behavior in mice is evidence that human anxiety and
social anxiety behavior are altered by the composition of the gut microbiome (Butler et
al., 2023; reviewed in Yang et al., 2019). Increased knowledge regarding the interaction
between prescription opioids, human obesity, and anxiety has the potential to enhance

clinical practice regarding diagnoses and treatment of affective disorders.
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