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Abstract: Buprenorphine, a semi-synthetic opioid prescribed for the treatment of opioid use
disorder (OUD), has been suggested as a potential pharmacological treatment for anxiety. Some
preclinical and clinical studies provide support for the anxiolytic effects of buprenorphine, but
research in this area is scarce, and findings to date have been mixed. The present study was
designed to test the hypothesis that buprenorphine alters anxiety-like behavior in C57BL/1J (B6)
mice measured using the elevated zero maze (EZM). Adult, male mice (n=10) were given
subcutaneous injections of saline (control) and three doses of buprenorphine (0.3, 1, and 10
mg/kg). One hour following injection, mice were placed on the EZM for a duration of five
minutes. The dependent variables measured were time spent in the open and closed regions of
the EZM, and latency to enter the EZM open region. Repeated measures ANOVA revealed that
all three dependent measures varied significantly as a function of buprenorphine dose. Dunnett’s
post-hoc analyses showed for all dependent measures that buprenorphine (10 mg/kg) increased
anxiety-like behavior in B6 mice. These results are discussed relative to human studies showing

that buprenorphine decreases objective measures of stress and anxiety.



Introduction

Opioids are a class of analgesic drugs that relieve pain by binding to widely distributed
opioid receptors in the central and peripheral nervous systems (National Academies of Sciences
& Medicine, 2017; Rosenblum et al., 2008). Although effective for pain relief, opioids have
unwanted side effects, such as respiratory depression, sleep disruption, constipation, and risk of
physical dependence and addiction (Camilleri, 2011; Eacret et al., 2020; Kosten & George, 2002;
Zaig et al., 2021). A substantial percentage of people to which opioids are prescribed go on to
develop opioid use disorder (OUD). Although incidence is highly variable, population studies
report up to 34% of patients prescribed opioids present with OUD symptoms (Klimas et al.,
2019). Opioid misuse and abuse are at crisis levels within the United States (US), and the
Centers for Disease Control and Prevention (CDC) estimate that approximately 91 deaths due to
opioid overdose occur daily (Schiller et al., 2022). Opioid overdose rates have sizably increased
in the last two decades, with accidental prescription opioid overdoses having increased nearly
fourfold from 2000 to 2010 (Brady et al., 2016). Opioid abuse is highly prevalent in the
Appalachian region of the US, and The Appalachian Regional Commission (ARC) reported that
deaths due to drug overdose in general were 37% higher in Appalachia than the rest of the US in
2015 (Dasgupta et al., 2018; Schalkoff et al., 2020). Investigations of this trend suggest that poor
social and economic conditions, lower education levels, and high work-related injuries make the
Appalachian region particularly vulnerable to opioid abuse (Moody et al., 2017). Other important
factors highlighted in these studies are the loss of social connection and a diminished sense of
hope experienced by people within these regions (Blanco et al., 2020).

Relevant to the opioid epidemic is the ongoing worldwide coronavirus disease 2019

(COVID-19) pandemic. Recent studies have found that individuals suffering from OUD or other



forms of substance use disorder are among the most susceptible to poor outcomes associated
with COVID-19 (Volkow, 2020). This is due in part to the respiratory health challenges faced by
opioid users, along with indirect factors, such as unstable housing, incarceration, and decreased
support and medical care. Regarded as a “disease of despair” (Schalkoff et al., 2020), OUD is
also linked to major depressive disorder and anxiety and stress-related disorders (Rosoff et al.,
2021). It is plausible that those with OUD have diminished motivation to seek medical treatment
and care, which may exacerbate their inherent vulnerabilities to COVID-19. Recent studies have
also demonstrated that the pandemic has significantly increased rates of anxiety, depression, and
psychological distress amongst the general population in the US (Khubchandani et al., 2021).
Already the leading cause of a global health-related burden, diminished mental health has
become an even greater cause for concern during the pandemic (Santomauro et al., 2021) .

The endogenous opioid system plays a crucial role in modulating anxiety and other
affective states, and some studies suggest that opioids alleviate anxiety-like behavior in rodents
and humans (Colasanti et al., 2011). Rodent studies report that mu-opioid receptor agonists, such
as morphine (Rezayof et al., 2009), fentanyl (Fujii et al., 2019), and buprenorphine (Almatroudi
et al., 2018; Falcon et al., 2015) are anxiolytic, meaning they decrease anxiety-like behavior.
Additionally, clinical studies provide support for the antidepressant and anxiolytic effects of
buprenorphine in humans (Bershad et al., 2015; Karp et al., 2014; Sher, 2016; Velander, 2018).
Researchers have proposed that buprenoprhine could be used as a potential therapeutic for
anxiety and depression (Ahmadpanah et al., 2017; Lynch & Benhamou, 2019; Pendergrass et al.,
2019). With respect to opioid-dependent patients, studies reported that a single dose of
buprenorphine could be an effective tool to treat anxiety (Ahmadi & Jahromi, 2017,

Ahmadpanah et al., 2017). Buprenorphine is a unique, semi-synthetic opioid that is clinically



approved for the treatment of OUD and pain syndromes (Sher, 2016). Buprenorphine acts as a
high-affinity, partial agonist at mu opioid receptors (MOR) and an antagonist at kappa opioid
receptors (KOR) (Falcon et al., 2015). As a high-affinity agonist at MORs, buprenorphine blocks
the binding of other opioids, thereby decreasing opioid abuse (Velander, 2018). Buprenorphine is
a partial MOR agonist and full KOR antagonist, and it causes less respiratory depression than
full MOR agonists such as morphine and fentanyl. There is a linear relationship between
respiratory depression and dose of morphine and fentanyl. By contrast, buprenorphine exhibits a
“ceiling effect,” for respiratory depression such that respiratory depression is not linearly related

to opioid dose (Davis, 2012; Falcon et al., 2015).

Preclinical studies provide some support for the potential anxiolytic and antidepressant
effects of buprenorphine, but results have been inconsistent to date. One such study reported that
buprenorphine had antidepressant and anxiolytic effects on B6 mice in the forced swim test and
novelty-induced hypophagia test (Falcon et al., 2015). In a later study by Almatroudi (2018),
CD-1 mice were administered a novel buprenorphine analogue (BU10119) and anxiety-like
behavior was quantified using an elevated plus maze (EPM). These studies in CD-1 mice also
reported antidepressant and anxiolytic effects of the buprenorphine analogue in the forced swim
and novelty-induced hypophagia test. However, the behavior of CD-1 mice in the EPM and light
dark box test was not significantly different among mice receiving BU10119 and the vehicle
(Almatroudi et al., 2018). Table 1 summarizes studies of mice that used the EPM and other tests
of anxiety and depressive-like behavior. Mice exposed to fluoride and induced traumatic brain
injury displayed anxiety-like behavior in the elevated zero maze (EZM) (Li et al., 2019; Popovitz
et al., 2019). Additionally, mice given intraperitoneal injections of oxytocin spent less time in the

open regions of the EZM, indicating anxiety-like behavior (Sakamoto et al., 2019). Table 1



illustrates two points relevant to the present study. First, is the wide acceptance in behavioral

neuroscience of the EZM for providing an operational measure of anxiety-like behavior in mice.

Table 1 also illustrates the novelty of the present studies. Relatively few studies to date have

investigated the effects of buprenorphine on anxiety-like behavior in mice using the EPM, and

even fewer with the modified EZM. The present study was designed to test the hypothesis that

buprenorphine alters anxiety-like behavior in B6 mice as measured using the EZM.

Table 1. Selective summary of data from 2000-2021 on different treatments that
influence anxiety-like behavior in mice.

Test of Anxiety/Depressive-Like Behavior

EPM EZM FST NIH LDB
Buprenorphine N/A N/A B6 mice, B6 mice, N/A
antidepressant | anxiolytic
effects (Falcon | effects
etal., 2015) (Falcon et
al., 2015)
BU10119 CD-1 mice, no | N/A CD-1 mice, CD-1 mice, | CD-1 mice,
significant antidepressant | anxiolytic no
effects effects effects significant
(Almatroudi et (Almatroudi et | (Almatroud | effects
al., 2018) al., 2018) ietal, (Almatroud
2018) ietal,
2 2018)
S || TBI B6 mice, B6 mice, N/A N/A N/A
§ anxiogenic anxiogenic
w effects effects
|‘: (Popovitz et al, | (Popovitz et
2019) al, 2019)
Fluoride Exposure N/A Kumming Kumming N/A N/A
mice, mice,
anxiogenic depressant
effects (Liet | effects (Li et
al., 2019) al., 2019)
IP Oxytocin Injection | N/A B6 mice, N/A N/A
anxiogenic
effects
(Sakamoto et
al., 2019)

*BU10119= Buprenorphine analogue *TBI= Traumatic brain injury *EPM= Elevated plus maze

*EZM= Elevated zero maze *FST= Forced swim test *NIH= Novelty-induced hypophagia test *LDB= Light-dark box test




Methods

Animals: The protocol for these studies was reviewed and approved by the University of
Tennessee Institutional Animal Care and Use Committee. All procedures adhered to The Guide
for the Care and Use of Laboratory Animals (Council, 2011) and the Arrive-2 guidelines (Percie
Du Sert et al., 2020). Adult, male C57BL/6J (B6) mice (n=10) were purchased from the Jackson
Laboratory at age 12 weeks and housed together upon arrival. Each mouse was anesthetized with
isoflurane and implanted with a unique radio frequency identification chip (RFID-100B 1.4,
Microchip ID). The RFID chips made it possible to identify each mouse using a unique
alphanumeric code. Mice had ad libitum access to food and water and were housed under a
12:12h light:dark cycle. Mice were weighed and handled daily for 12 days before starting data

collection.

Measuring Anxiety-Like Behavior in Mice: This study used the amount of time spent in
specific regions of the elevated zero maze (EZM), along with the latency to enter the open region

as surrogate measures of anxiety-like behavior in B6 mice.

Figure 1. The EZM has alternating open and closed regions that
form a circular shape (Shepherd et al., 1994; Walf & Frye,
2007). The EZM used in the present studies has a diameter of

| I ‘ I ' 39.5 inches, circumference of 10.3 ft, and height of 25.5 inches.

At the start of each experiment a mouse was placed in the

position shown in this figure.

Previous studies have suggested that the EZM encourages

greater exploratory behavior by B6 mice than the elevated plus
maze (EPM) and that the EZM yields more consistent results across trials (Tucker & McCabe,
2017b). The design of EZM was driven by knowledge that as a prey species mice evolved to

decrease the risk of predation by staying in darken and closed areas (Bailey & Crawley, 2009).



The open regions of the maze may signal potential danger, whereas the closed regions of the may
be perceived as safer and harboring less risk (Tucker & McCabe, 2017a). At the time of testing,
mice were placed into the maze at a boundary between an open and closed region facing the
closed region (Almatroudi et al., 2018; Tucker & McCabe, 2017a).

Place mouse on EZM at v

boundary between
open and closed region

I
A%\ s Begin measures on EZM k"I I Record for
,_ﬁ 60 min after injection > | I | 5 minutes

Score recordings for time spent
in open and closed regions, and
latency to enter open region

SC injection
of saline or
buprenoprhine

Figure 2. Workflow schematic of steps for measuring buprenorphine effects on anxiety-like
behavior in B6 mice. Mice received a subcutaneous (SC) injection of saline (control) or
buprenorphine. Sixty min after the injection, mice were placed on the EZM as shown in Fig. 1.
During the 5 min after being placed on the EZM, three dependent measures were recorded: time
spent in the open or closed regions of the maze, along with the latency to enter the open region.
The EZM shown in Figs. 1 and 2 was designed with the operational definition that more time in
the open regions of the EZM is scored as anxiolysis (decreased anxiety-like behavior) and that
anxiolysis would also be expressed as a decreased latency to enter the open region of the maze.
Correspondingly, less time spent in the open regions and an increased latency to enter the open
region would be representative of anxiogenesis (increased anxiety-like behavior). These
dependent variables and the interpretations are based on the previous studies of anxiety-like
behavior with the EZM (Braun et al., 2011; Shepherd et al., 1994; Tucker & McCabe, 2017a).

Mice were scored as having entered the open region when all four limbs had passed the boundary

separating the open and closed regions.



Experimental Design for Baseline and Treatment Conditions: The first step in these studies
was to confirm that my use of the EZM provided a reliable measure of anxiety-like behavior in
B6 mice. Specifically, my measures of time spent in the open and closed regions, along with the
latency to enter the open region of the maze were compared to the previously published
measures (Tucker & McCabe, 2017a). Initially, each of the 10 mice was placed on the EZM to
provide baseline data, and three measures were obtained from each mouse. In the next phase of
the study, all 10 mice were assigned to the control group (0.9% saline 0.3 mL) and their behavior
was recorded on the EZM. Following the control trials, mice were assigned to the buprenorphine
group (0.3 mg/kg). This dose was chosen because it has been shown to be antinociceptive in B6
mice (Glovak et al., 2017). Two weeks after receiving the 0.3 mg/kg dose, mice were
administered 1 mg/kg of buprenorphine. Three weeks after administering 1 mg/kg of
buprenorphine, a third series of experiments was performed, whereby mice were administered
buprenorphine at 10 mg/kg. For control and buprenorphine conditions, the injections were
scheduled to ensure that the same amount of time had elapsed between time of injection and time
tested on the EZM. Accordingly, mice received injections in the experiment room 1 h before
being placed on the EZM, and mice remained in the room until testing. Figure 2 illustrates the

workflow of the study and recording on the EZM.

Results

In Figs. 3-7 each mouse is represented by a single point. The y-axes display time spent in open
regions (A) and closed regions (B) in min, and plotted in s, the latency to enter the open regions
of the maze (C). The broad horizontal line illustrates the mean, and the two shorter horizontal

bars represent the standard deviation. The dependent measures were manually scored by the
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investigator at the time of testing and later double scored by a second investigator. Percent
similarity was calculated by dividing the sum difference (s) between the two scores of the
investigators by the total sum of seconds on the maze. Calculations revealed a percent similarity

of 98.8% for time spent in open and closed regions and 99.9% for latency to enter the open

region of the EZM.

Baseline Studies: Three baseline measures of time spent in locations on the EZM were
conducted prior to the treatment conditions. On average, mice spent 1.01 min in the open regions

and 3.99 min in the closed regions with a standard deviation of 0.29 (Fig. 3A, B). The average

A B C . . .
Time in Open Regions Time in Closed Regions Latency to Enter Open Region Flg_ure 3. Mean time Sp_ent In open
5 5 30- regions (A), closed regions (B), and
° _ . latency to enter open region (C) for
341 341 i 3 L each individual mouse during the
+ + a - - -
£ e ;] g baseline recordings. Each point
(] - .
s g = — represents an individual mouse, and
0 24 2+ - . . .
g g 2 104 o the y-axis displays mean time in
£l e £ 1- 3 ele minutes (A, B) and seconds (C)
o . . .
] * ] \ along with the standard deviation.
Baseline Baseline Baseline

latency to enter the open region was 13.85 s with a standard deviation of 8.07 (Fig. 3C). In terms
of percent time, mice spent an average of 20.3% of their time in the open regions and 79.7% of
their time in the closed regions with a standard deviation of 5.8. The three published studies to
which these results were compared are summarized in Table 2 (Braun et al., 2011; Shepherd et
al., 1994; Tucker & McCabe, 2017a). The numbers in the table cells represent the percent of

recording time spent in various portions of the EZM, along with the latency to enter the open

region.



Previous measures on the EZM to which the present study was compared

Study Percent Time in | Percent Time in | Latency to Enter
Open Regions Closed Regions | Open Regions (S)

Current Study 20.3 79.7 13.85

Braun et al., 31 69 6.5

2011

Shepherdetal., |30 70 N/A

1994

Tucker & 39 61 N/A

McCabe, 2017

Table 2. Within the present study, the percent time in open regions averaged
across three baseline trials was 20.3% with a standard deviation of 8.8. The three
studies to which the present study was compared averaged 33.3% of time in the

open regions with a standard deviation of 4.93.
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Saline Injection: Figure 4 summarizes measures taken after mice were administered 0.3 mL of

saline one h prior to being placed on the EZM. On average, mice
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Figure 4. Mean time spent in
open regions (A), closed regions
(B), and latency to enter open
region (C) for each individual
mouse during the saline
treatment. Each point represents
an individual mouse, and the y-
axis displays mean time in
minutes (A, B) and seconds (C)
along with the standard
deviation.

spent 0.83 min in the open regions and 4.17 min in the closed regions of the maze with a

standard deviation of 0.52 (Fig. 4A, B). Their average latency to enter the open region was 23.20

s with a standard deviation of 35.36 (Fig. 4C).
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Buprenorphine (0.3 mg/kg) Injection: Figure 5 summarizes measures taken after mice were
administered 0.3 mg/kg of buprenorphine (BUP) one h prior to being placed on the EZM. On

average, mice spent 0.90 min in the open regions and 4.10 min in the closed regions of the maze
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with a standard deviation of 0.67 (Fig. 5A, B). Their average latency to enter the open region

was 6.0 s with a standard deviation of 3.59 (Fig. 5C).

Buprenorphine (1 mg/kg) Injection: Figure 6 summarizes measures taken after mice were

administered 1 mg/kg of buprenorphine one h prior to being placed on the EZM. On average,

A B C . . .
Time in Open Regions Time in Closed Regions Latency to Enter Open Region Figure 6. Mean time spent In
5- et 300 . open regions (A), closed regions
. 5. g (B)., and latency to enter open
+ . +1200- region (C) for each individual
g ] g - mouse during the bup (1 mg/kg)
2+ . g 2 £ 17 ' experiment. Each point
Y £, S et represents an individual mouse,
[} 'Y [ Y - -
ol e . ° T and the y-axis displays mean
Bup (1 mg/kg) Bup (1 Imglkg) Bup (1 Imglkg) time In minutes (A’ B) and
seconds (C) along with the
mice spent .48 min in the open regions and 4.52 min in the closed standard deviation.

regions of the maze with a standard deviation of 0.53 (Fig. 6A, B). Their average latency to enter

the open region was 55 s with a standard deviation of 90.85 (Fig. 6C).
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Buprenorphine (10 mg/kg) Injection: Figure 7 summarizes measures taken after mice were

administered 10 mg/kg of buprenorphine one h prior to being placed on the EZM. On average,

Time in 0£n Regions Time in c|oBsed Regions Latency to En?er Open Region Figure 7. Mean time spent in
. 300- oo open regions (A), closed regions
= 4 = LhT XL = (B), and latency to enter open
2 24 - 1 200 B region (C) for each individual
g N . g . g ? mouse during the bup (10 mg/kg)
8 8 2 800 —F— experiment. Each point
g O g E represents an individual mouse,
0{ e°etese . ol a_nd the y-_axis displays mean
Bup (10Imglkg) ’ Bup (10Imglkg) Bup (10 mg/kg) time In minutes (A’ B) and
seconds (C) along with the
mice spent 0.33 min in the open regions and 4.67 min in the closed standard deviation.

regions of the maze with a standard deviation of 0.60 (Fig. 7A, B). Their average latency to enter

the open region was 107 s with a standard deviation of 115.07 (Fig. 7C).
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EZM Behavior Varied with Buprenorphine Dose: Repeated measures ANOVA followed by
Dunnett’s post-hoc test revealed a significant dose-main effect on each of the three dependent
measures. ANOVA revealed a buprenorphine dose effect of time spent in the open regions
(F=6.973; d.f. =1.999, 17.99; P = 0.0057) and time spent in the closed regions of the EZM (F
=6.973; d.f. =1.999, 17.99; P = 0.0057), along with the latency to enter the open region (F =
5.501; d.f. =1.802, 16.22; P = 0.0171). The Dunnett’s post-hoc test revealed that the 10 mg/kg
dose of buprenorphine caused a statistically significant decrease in time spent in open regions (P
=0.02), increase in time spent in closed regions (P = 0.02), and increase in latency to enter the

open region (P = 0.04) as compared to the control.
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Figure 8. Summary of the three dependent variables measured across the control and three
treatment groups (Bup 0.3, 1, and 10 mg/kg). Figure 8A represents the mean time spent in the
open regions in minutes, Figure 8B represents the mean time spent in the closed regions in
minutes, and Figure 8C represents the mean latency to enter the open region in seconds. The y-
axis displays time in minutes (A, B) and seconds (C) along with the standard deviation. Asterisks

indicate significant differences by Dunnett’s test comparing measures after saline and 10 mg/kg
buprenorphine.



A. Time in Open Regions

Buprenorphine (mg/kg)

15

B. Time in Closed Regions

Saline 0.3 1 10
Minutes 0.83 + 090+ | 048+ |0.33+
(Mean + SD) | 0.52 0.67 0.53 0.60

Buprenorphine (mg/kg)

C. Latency to Enter Open Region

Saline 0.3 1 10
Minutes 4,17 + 410+ | 452+ 4,67 +
(Mean + SD) | 0.52 .0.67 0.53 0.60

Buprenorphine (mg/kg)

Saline 0.3 1 10
Seconds 23.20+ | 6.00+ |55+ 107 +
(Mean + SD) | 35.36 3.59 90.85 115.07

Discussion

Table 3. Representation of the mean and
standard deviation (SD) of time in open
regions and closed regions (min) (A, B)

and latency to enter the open region (s)
(C) for each dependent variable.

The novel finding to emerge from the present study is that all three dependent measures indicate

that buprenorphine (10 mg/kg) increased anxiety-like behavior in this sample of B6 mice. Three

doses of buprenorphine (0.3, 1, and 10 mg/kg) were studied, and the 10 mg/kg dose was the only

dose to have a significant effect on time spent in the open and closed regions, along with the

latency to enter the open region. Given that previous papers report buprenorphine-induced

anxiolysis, what factors might explain the present results? Methodological factors and potential

confounding variables should be addressed as results from this study are interpreted within the

context of previous literature.

Potential methodological reasons for buprenorphine-induced anxiogenesis: To the best of

my knowledge, this is the first study to investigate the effects of buprenorphine on anxiety-like

behavior in B6 mice as measured using the EZM. Previous studies have reported anxiolytic and

antidepressant effects of buprenorphine on rodents using alternative measures of anxiety-like

behavior, such as the forced swim and novelty-induced hypophagia test. One such study included

in Table 1 reported anxiolysis using the novelty-induced hypophagia test, but did not achieve

these same effects using the EPM (Almatroudi et al., 2018). As discussed in the introduction, the
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EZM is a modified version of the EPM, and use of the EZM has been demonstrated to be a
reliable measure of anxiety-like behavior in different rodent species. The 5-min recording time
on the maze and the dependent variables measured were selected based on previous literature
employing the EZM (Braun et al., 2011; Shepherd et al., 1994; Tucker & McCabe, 2017b).
Differences between the present effects of buprenorphine on anxiety-like behavior may be due in
part to the different measures used to operationally measure anxiety-like behavior. The EZM
relies on the inherent apprehension of the mouse to approach the open regions of the maze,
which may be perceived as more dangerous than the dark, enclosed regions. The novelty-induced
hypophagia test relies on hyponeophagia (novelty-suppressed feeding), and the dependent
variable of interest is the latency to enter the center of an arena and engage in eating behavior.
Both tests appear to provide a reliable measure of anxiety-like behavior in rodents based on
previous literature. However, inconsistent findings suggest a need for further comparison of and
refinement of paradigms used to assess anxiety-like behavior in rodents. They also highlight the
complexity of anxiety-like behavior and the inherent difficulty in characterizing this behavior in
animals.

Also worthy of discussion is the present experimental design to administer three doses of
buprenorphine (0.3, 1, and 10 mg/kg). Buprenorphine 10 mg/kg was the only dose to cause a
statistically significant effect on all three dependent variables. The 0.3 mg/kg dose was chosen,
because it has been shown to be antinociceptive in B6 mice (Glovak et al., 2017), and the two
higher doses are half a log unit and a whole log unit greater than the first dose, respectively.
Buprenorphine is unique from other MOR agonists in that analgesia and respiratory depression
are not linearly related to dosage. One study characterized the dose-response effects of

buprenorphine on nociception, reporting a bell-shaped curve for antinociception, whereby 1.0
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mg/kg caused significantly greater antinociception than the 3.0 mg/kg dose (Lutfy et al., 2003).
A dose-response curve for the effects of buprenorphine on anxiety-like behavior has yet to be
reported. The buprenorphine-induced anxiogenesis observed in the current study encourages

future dose-response studies.

Opioid-induced motor activity and sleep disruption as potential confounds for anxiety-like
behavior: Motor activity is another variable that is directly impacted by opioid administration in
rodents. Previous studies report that opioids induce rapid and repetitive bouts of motor activity
(circling), which are followed by periods of complete immobility (Andrew Mickley et al., 1990;
Brase et al., 1977; Murphy et al., 2001). As opioid doses increase above analgesic ranges, these
periods of locomotion become more visible and are correlated with respiratory variables, such as
ventilatory depression (Haouzi et al., 2021). Some studies have reported a biphasic effect of
opioids on locomotion, whereby low doses decrease locomotion and higher doses increase it
(Patti et al., 2005). Falcon et. al, 2015 demonstrated that buprenorphine doses ranging from
0.065-2 mg/kg all caused significant increases in locomotor activity as relative to saline. Based
on these findings, it is expected that high doses of buprenorphine would increase bouts of
locomotion in mice. Total motor activity was not measured in the present study but should be
taken into consideration when interpreting the results.

Relevant to motor activity, our lab has previously shown that opioids significantly
disrupt the temporal organization of sleep/wake states. We have shown that fentanyl and
morphine both disrupt sleep in a dose-dependent manner, with higher doses eliminating sleep
altogether (Zebadua Unzaga et al., 2021). Notably, our lab demonstrated that opioid-induced
sleep disruption was independent of enhanced motor activity (Zebadua Unzaga et al., 2022).

Additionally, antinociceptive doses of buprenorphine eliminated NREM and REM sleep and
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significantly altered electroencephalogram frequency bands (O’Brien et al., 2021). These
findings are relevant to the present study in that enhanced levels of arousal in a novel
environment could promote anxiety-like behavior. As opioids have been shown to disrupt sleep
and promote wakefulness in a dose-dependent manner, it is conceivable that the 10 mg/kg dose
of buprenorphine had the greatest effect on arousal. Buprenorphine-induced anxiogenesis, then,
could be secondary to increased arousal in the novel environment of the EZM. Although not
quantified in the present study, the locomotor behavior of mice receiving 10 mg/kg
buprenorphine was not noticeably different from the locomotor behavior associated with lower

doses of buprenorphine.

Limitations, Conclusions, and Future Directions: The major finding of the present study is
that buprenorphine at 10 mg/kg induced anxiogenesis in B6 mice as measured using the EZM.
This dose caused a statistically significant decrease in time spent in the open regions, increase in
time spent in the closed regions, and increase in the latency to enter the open region. Anxiety is
known to be sexually dimorphic (Kokras et al., 2012) and to vary as a function of age
(Borodovitsyna et al., 2022). The present results encourage future studies of the effects of
buprenorphine on anxiety-like behavior in female B6 mice and in male and female mice across a
range of ages. The buprenorphine-induced anxiogenesis observed in the current study encourages
a future dose-response study of anxiety-like behavior that spans 5 to 7 log units of buprenorphine
concentration. The present results also raise questions regarding the role of endogenous opioids
as potential contributors to anxiety-like behavior in B6 mice. This question could be addressed
by future studies on the effects of naloxone on anxiety-like behavior.

Both opioid abuse (Mauro et al., 2022) and anxiety-related disorders (Daly & Robinson,

2022) continue to be major public health concerns in the US, and the COVID-19 pandemic has
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significantly heightened these concerns (Alexander et al., 2020; Asmundson et al., 2022).
Continued basic research on the relationship between opioids and anxiety-like behavior has
potential relevance for mental health (Miller, 2022). The results from my honors thesis provide a

novel finding that will inform future studies aiming to better understand opioid-induced changes

in behavior.
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