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Abstract

Opioid use disorder (OUD) has been associated with the emergence of sleep disturbances.
Although effective treatments for OUD exist, evidence suggests that these treatments also

may be associated with sleep impairment. The extent to which these effects are an effect of

OUD treatment or a result of chronic opioid use remains unknown. We investigated the acute
effects of methadone, buprenorphine, and naltrexone on actigraphy-based sleep-like parameters
in non-opioid-dependent male rhesus monkeys (Macaca mulatta, n=5). Subjects were fitted with
actigraphy monitors attached to primate collars to measure sleep-like parameters. Actigraphy
recordings were conducted under baseline conditions, or following acute injections of vehicle,
methadone (0.03-1.0 mg/kg, i.m.), buprenorphine (0.01-1.0 mg/kg, i.m.), or naltrexone (0.03-
1.0 mg/kg, i.m.) in the morning (4h after “lights on”) or in the evening (1.5h before “lights

off””). Morning and evening treatments with methadone or buprenorphine significantly increased
sleep latency and decreased sleep efficiency. The effects of buprenorphine on sleep-like measures
resulted in a biphasic dose-response function, with the highest doses not disrupting actigraphy-
based sleep. Buprenorphine induced a much more robust increase in sleep latency and decrease in
sleep efficiency compared to methadone, particularly with evening administration, and detrimental
effects of buprenorphine on sleep-like measures were observed up to 25.5h after drug injection.
Treatment with naltrexone, on the other hand, significantly improved sleep-like measures, with
evening treatments improving both sleep latency and sleep efficiency. The currently available
pharmacotherapies for OUD significantly alter sleep-like parameters in non-opioid-dependent
monkeys, and opioid-dependent mechanisms may play a significant role in sleep-wake regulation.
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1 Introduction

Opioid use disorder (OUD) is a chronic, relapsing disorder that currently represents a global
public health crisis (Strang et al., 2020). According to the 2016 Global Burden of Disease
study, 26.8 million people were estimated to be living with OUD worldwide (GBD 2016
Disease and Injury Incidence and Prevalence Collaborators, 2017). In the United States,
which leads the world in opioid consumption, drug overdose fatalities exceeded 90,000 in
the 12-month period ending in February 2021 (Ahmad et al., 2021), and over 70% are
attributable to opioids (Mattson et al., 2021). Several treatments are available for OUD,
including FDA-approved medication-assisted therapies (MAT) using the mu-opioid receptor
agonist, methadone, the partial mu-opioid agonist, buprenorphine, or the opioid receptor
antagonist naltrexone, all of which have been shown to facilitate recovery (Kampman and
Jarvis, 2015). However, relapse rates remain high and adherence to treatment continues to be
a challenge (Hoffman et al., 2019).

Recently, treatment with methadone and buprenorphine has been associated increasingly
with the emergence of sleep disturbances (Le et al., 2019; Tripathi et al., 2020). Chronic use
of opioids in general has been shown to induce sleep impairment (Cutrufello et al., 2020),
and OUD patients on MAT medications often complain about their sleep quality (Dunn

et al., 2018). Importantly, sleep disruption may alter the course of opioid addiction, with
individuals having a history of sleep problems being more likely to relapse during and after
treatment (Eacret et al., 2020; Fathi et al., 2020). Therefore, understanding the extent to
which the impairing effects of MAT medications on sleep are a direct result of their action or
an indirect effect of having a substance use disorder is extremely important.

The aim of the present study was to investigate the acute effects of methadone,
buprenorphine, or naltrexone on actigraphy-based sleep-like parameters in adult naive

male rhesus monkeys. Previous studies from our laboratory have shown that experimenter-
administered psychoactive drugs may have sleep-disrupting effects even when administered
several hours before “lights off” (Berro et al., 2021). Therefore, to investigate the effect of
time of administration on the sleep-related effects of these drugs, methadone, buprenorphine,
and naltrexone were administered in the morning (4h after “lights on™) or in the evening
(1.5h before “lights off”).

2 Material and Methods
2.1 Subjects

Five adult, non-opioid-dependent, male rhesus monkeys (Macaca mulatta) ranging from 11—
18 kg were chosen as subjects for the studies. Subjects were housed individually with access
to toys and a mirror in their cage, and had visual, auditory and olfactory contact with other
monkeys throughout the duration of the study. A 12h light/12h dark cycle (lights on at 0600
h), at a temperature of 21+1°C, was maintained with water available ad /ibitum and monkey
diet available once/day, supplemented by freshly cut fruit and forage (seeds and dry fruit).
All subjects were weighed monthly. Prior to the study, subjects were fitted with collars
(Primate Products). All of the procedures and animal maintenance were in accordance with
the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011),
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with review and approval via the Institutional Animal Care and Use Committee of the
University of Mississippi Medical Center.

(x)-Methadone HCI and (£)-Buprenorphine HCI were supplied by the National Institute on
Drug Abuse (Research Technology Branch, Research Triangle Park, NC, USA). Naltrexone
HCI was purchased commercially (Sigma-Aldrich®, St. Louis, MO, USA). Methadone
and naltrexone were dissolved in 0.9% sterile physiological saline, and buprenorphine was
dissolved in sterile water. Doses were expressed as the salt form of the drug. All drugs were
administered intramuscularly (i.m.) at a volume of 0.1 ml/kg.

2.3 Actigraphy-based sleep-like parameters

Actiwatch sensors (Mini Mitter, Bend, OR, USA) were used to assess nighttime activity,

as described previously (Berro et al., 2021). Briefly, nighttime activity data generated the
following sleep-like behavior parameters: sleep efficiency (i.e., the percentage of the 12 h
dark phase — 1800h to 0600h — spent sleeping) and sleep latency (i.e., the number of minutes
from “lights off” at 1800h until the first sleep bout). All parameters were calculated using
the Actiware Sleep 3.4 software program (Mini-Mitter, Bend, OR, USA).

2.4 Study design

At the start of each drug condition associated with each experiment (see below), sleep-like
behaviors were measured for 1 week to serve as the sleep-like baseline measures for the
drug condition, and recordings continued throughout the duration of treatments. During
Experiment 1, each subject received methadone (0.1-1.0 mg/kg, i.m.), buprenorphine (0.03-
1.0 mg/kg, i.m.), or naltrexone (0.03-1.0 mg/kg, i.m.) at 1000 h (4h after “lights on”).
Vehicle tests (saline for methadone and naltrexone, sterile water for buprenorphine) were
included for each drug, so that each drug condition consisted of a 1-week baseline period,
a vehicle test and drug doses. To minimize any potential influences of one treatment over
another on sleep-like parameters, all doses within a drug condition were counterbalanced
across each drug treatment. During Experiment 2, the same procedures were used, except
subjects received an injection of methadone (0.03-0.3 mg/kg, i.m.), buprenorphine (0.01-
1.0 mg/kg i.m.), or naltrexone (0.03-1.0 mg/kg, i.m.) at 1630 h (1.5h before “lights

off”). Vehicle tests (saline for methadone and naltrexone, sterile water for buprenorphinge)
were included for each drug, so that each drug condition consisted of a 1-week baseline
period, a vehicle test and drug doses. Following a within-subject design, every monkey
received all doses of each drug. Within each experiment, each drug or vehicle condition
was administered once for each animal. A 2-week drug-free baseline period was given
between each experiment during which sleep-like measures were recorded. During each
set of treatments, at least 2 days were given between each treatment. All subjects were
housed in the same colony room, but individually housed. All experimental treatments were
performed contemporaneously, and baseline sleep-like data were collected during the same
week for all animals.

Studies investigating the antinociceptive and response rate-altering effects of methadone
and buprenorphine in rhesus monkeys were our starting point for dose selection (Walker
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etal., 1995; Banks et al., 2010; Schwienteck et al., 2019). Once a dose of methadone

or buprenorphine was determined to induce impairments in actigraphy-based sleep-like
measures following morning treatments (i.e. increase in sleep latency with 1.0 mg/kg), it
was expected that the same dose also would induce sleep impairment when given closer

to “lights off”. Therefore, we chose to cap the evening dose of opioid agonists to one
half-log dose below the dose that was determined to induce sleep impairment when given in
the morning due to concerns over potential respiratory suppressant effects overnight, when
animals were not under constant monitoring by an experimenter. For methadone, given that
a significant effect was observed for both sleep latency and sleep efficiency with the dose
of 0.3 mg/kg for evening treatments, we chose not to pursue further studies with higher
doses due to concerns over the animals’ safety. For buprenorphine, once we reached a dose
that had no effects on sleep measures (i.e. an antagonist dose), we did not pursue further
studies with higher doses. Doses of naltrexone were chosen based on previous studies in
rhesus monkeys, with the highest dose being selected based on its ability to block opioid
self-administration (Rowlett et al., 1998; Maguire et al., 2020).

2.5 Data analysis

Table 1 shows individual-subject baseline actigraphy-based sleep-like parameters. As can
be seen in Table 1, there was a high degree of variability between subjects regarding

their normal, baseline sleep (i.e. subjects 205-2002 vs 98-003). Therefore, baseline data
were averaged across the 7-day period immediately preceding each experiment and all
drug/vehicle tests were normalized to baseline sleep-like parameters (i.e., sleep latency and
efficiency) by computing the percentage of baseline (i.e. sleep data from treatment night /
sleep data from averaged baseline night * 100). Percent sleep latency (i.e., the percent
increase or decrease in time to first sleep bout) and efficiency (i.e., the percentage increase
or decrease in percent time spent on sleep-like behavior during the dark phase) were each
analyzed using separate one-way repeated-measures (RM) analysis of variance (ANOVA)
with the within-subject factor of treatment (vehicle or methadone, buprenorphine, naltrexone
doses). Because vehicle testing allowed for the control over the effects of an injection

on baseline sleep parameters, which is particularly important for evening treatments given
that an injection alone might affect measures such as sleep latency, drug treatment tests
were compared to vehicle. Because of buprenorphine’s unique and long-lasting effects (see
Results section), we also conducted a time-course analysis of the effects of buprenorphine
on actigraphy-based sleep-like parameters. Percent sleep latency and efficiency were each
analyzed using a separate two-way RM ANOVA with the within-subject factors of treatment
(vehicle, buprenorphine doses) and time (1.5, 8, 25.5 or 32h before “lights off). For all

RM ANOVAs, corrections for violations of sphericity were performed using the Geisser-
Greenhouse method. For multiple comparisons, Bonferroni tests were used to compare
each dose within a drug condition to the baseline sleep-like parameters. All graphical

data presentations and statistical tests were performed using GraphPad Prism 9 (GraphPad
Software). Family-wise error was constrained to an alpha value of p<0.05, except for tests
using a correction procedure.
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3 Results

Table 1 shows individual-subject baseline actigraphy-based sleep-like parameters. No
significant differences were observed between the 7-day baseline periods preceding each
experimental treatment for each monkey. Vehicle averages were not significantly different
from average baseline values for any measure.

3.1 Effects of acute morning treatment with methadone, buprenorphine or naltrexone on
actigraphy-based sleep-like parameters in male rhesus monkeys

The percent baseline sleep latency (panel A) and efficiency (panel B) for methadone,
buprenorphine, and naltrexone on the night of morning treatments are illustrated in Figure
1. One-way RM ANOVA showed a main effect for methadone on sleep latency (F [3,

12] = 9.134; p=0.002). At the highest dose tested (1.0 mg/kg), methadone significantly
increased percent of time to sleep onset compared to vehicle (Bonferroni t-test, p=0.0025).
However, morning treatment with methadone had no effects on sleep efficiency (F [3,

12] = 1.472; p=0.2716). A significant effect was also observed for buprenorphine for

both percent sleep latency (F [4, 16] = 3.571; p=0.029) and percent sleep efficiency

(F [4, 16] = 4.603; p=0.01). Specifically, the dose of 0.3 mg/kg significantly increased
percent of time to sleep onset (Bonferroni t-tests, p=0.037) and decreased percent sleep
efficiency (Bonferroni t-tests, p=0.0027) compared to vehicle. Interestingly, the effects of
buprenorphine on actigraphy-based sleep-like parameters resulted in a biphasic function,
with the highest dose not significantly disrupting any sleep-like measure (Bonferroni t-test,
p>0.05). Finally, a significant effect was observed for naltrexone for percent sleep latency
(F [4, 16] = 5.896; p=0.004), but not percent sleep efficiency (F [4, 16] = 0.7347; p=0.58).
At the highest dose tested (1.0 mg/kg), naltrexone significantly decreased percent of time to
sleep onset compared with vehicle (Bonferroni t-tests, p=0.009).

The percent baseline sleep latency (panel C) and efficiency (panel D) for methadone,
buprenorphine, and naltrexone during the following night (32 h-post injection) are illustrated
in Figure 1. During the following night, neither methadone (percent sleep latency: F [3, 12]
= 1.283; p=0.3249; percent sleep efficiency: F [3, 12] = 1.157; p=0.3662) nor naltrexone
(percent sleep latency: F [4,16] = 1.560; p=0.2329; percent sleep efficiency: F [4, 16] =
0.9438; p=0.4641) had any impact on actigraphy-based sleep-like parameters. A main effect
was observed for buprenorphine on percent sleep efficiency (F [4, 16] = 3.062; p=0.047), but
not percent sleep latency (F [4, 16] = 0.5214; p=0.7214), during the following night. At the
dose of 1.0 mg/kg, buprenorphine significantly increased percent sleep efficiency compared
to vehicle (Bonferroni t-tests, p=0.027).

3.2 Effects of acute evening treatment with methadone, buprenorphine or naltrexone on
actigraphy-based sleep-like parameters in male rhesus monkeys

The percent baseline sleep latency (panel A) and efficiency (panel B) for methadone,
buprenorphine, and naltrexone following evening treatment administration are illustrated
in Figure 2. One-way RM ANOVA showed an effect for methadone on both percent
sleep latency (F [3, 12] = 6.518; p=0.007) and percent sleep efficiency (F [3, 12] =
19.96; p<0.0001). Specifically, the dose of 0.3 mg/kg significantly increased percent of
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time to sleep onset (Bonferroni t-tests, p=0.0083) and decreased percent sleep efficiency
(Bonferroni t-tests, p=0.0004) compared to vehicle. A significant effect was also observed
for buprenorphine on percent sleep latency (F [4, 16] = 3.391; p=0.034) and percent sleep
efficiency (F [4, 16] = 5.175; p=0.0072). Specifically, the doses of 0.03 and 0.1 mg/kg
significantly increased percent of time to sleep onset (Bonferroni t-tests, p=0.047 and
p=0.031, respectively) and decreased percent sleep efficiency (Bonferroni t-tests, p=0.036
and p=0.002, respectively) compared to vehicle. Similar to the morning treatments, the
effects of buprenorphine on actigraphy-based sleep-like parameters resulted in a biphasic
function, with the highest doses not significantly disrupting either sleep-like parameter.
Finally, naltrexone also had a significant effect on percent sleep latency (F [4, 16] =

9.036; p=0.0005) and percent sleep efficiency (F [4, 16] = 4.946; p=0.0087). Naltrexone
significantly decreased percent of time to sleep onset compared to vehicle at the doses of
0.1, 0.3 and 1.0 mg/kg (Bonferroni t-tests, p=0.008, p=0.001 and p=0.001, respectively) and
increased percent sleep efficiency compared with vehicle at the doses of 0.3 and 1.0 mg/kg
(Bonferroni t-tests, p=0.049 and p=0.025, respectively).

The percent sleep latency (panel C) and efficiency (panel D) for methadone, buprenorphine,
and naltrexone during the following night (25.5 h-post drug administration) are illustrated in
Figure 2. Neither methadone (percent sleep latency: F [3, 12] = 0.1949; p=0.8978; percent
sleep efficiency: F [3, 12] = 0.8018; p=0.5165) nor naltrexone (percent sleep latency: F

[4, 16] = 1.374; p=0.2869; percent sleep efficiency: F [4, 16] = 0.05009; p=0.9948) had
significant effects on actigraphy-based sleep-like parameters during the following night.
Buprenorphine dose-dependently increased percent of time to sleep onset (F [4, 16] = 5.130;
p=0.0075), but not percent sleep efficiency (F [4, 16] = 0.3469; p=0.8423), during the
following night. Specifically, the 0.1 mg/kg dose of buprenorphine significantly increased
percent of time to sleep onset compared to vehicle (Bonferroni t-tests, p=0.017).

3.3 Time-course analysis of buprenorphine’s effects on actigraphy-based sleep-like

parameters

Because of buprenorphine’s long half-life (Kelly et al., 2014), unique receptor binding
profile (Lewis, 1985) and long-lasting effects that were observed even during the following
night after morning and evening treatments, we also conducted a time-course analysis of the
effects of buprenorphine on actigraphy-based sleep-like parameters (Figure 3). The doses of
0.01 and 1.0 mg/kg were excluded from this analysis due to missing data-points. Two-way
RM ANOVAs with treatment (vehicle vs buprenorphine) and injection time (1.5, 8, 25.5

or 32h before “lights off””) showed a significant interaction between the two factors for

both sleep latency (F [9, 36] = 2.01; p<0.05) and sleep efficiency (F [9, 36] = 5.914;
p<0.0001). Detrimental effects of buprenorphine on actigraphy-based sleep-like measures
were observed up to 25.5h after drug injection (significant increase in sleep latency at the
dose of 0.1 mg/kg compared to vehicle, Bonferroni t-test, p<0.05).

4 Discussion

Chronic use of opioids is associated with sleep disturbances (Cutrufello et al., 2020), and
OUD patients treated with methadone or buprenorphine often report sleep impairment
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(Dunn et al., 2018). A study by Peles et al. (2011) showed that while methadone
maintenance does not alter sleep over a 12-month period, OUD patients in the study showed
worse sleep parameters at baseline compared to healthy human volunteers (Boulos et al.,
2019). In addition, a study by Frers and colleagues (2021) investigating sleep parameters

in individuals with a history of chronic pain found that current or past OUD treatment

with methadone or buprenorphine was associated with worse subject-rated sleep outcomes
compared to chronic pain patients who were opioid-naive. However, it is important to

point out that chronic pain itself is associated with poor sleep quality (Frohnhofen et

al., 2018). Therefore, these studies not only corroborate our findings, but also emphasize

the importance of investigating the effects of opioid drugs under controlled laboratory
conditions, such as in the present study, to rule out the influence of other factors that also
can affect sleep (such as pain, chronic opioid exposure, and other health problems associated
with chronic opioid use). In this context, the extent to which sleep impairment is due to the
direct effect of the medications used for OUD treatment vs. an indirect effect of chronic drug
use is unknown. In the present study, we show that acute administration of methadone and
buprenorphine induced marked impairment in actigraphy-based sleep-like measures in non-
opioid-dependent male rhesus monkeys, even when the drug treatments were administered
in the morning. These findings indicate an effect of methadone and buprenorphine that may
contribute to sleep impairment in OUD patients undergoing agonist replacement therapy.

Previous studies reported that acute administration of methadone in cats (De Andrés and
Caballero, 1989) decreased total sleep time by suppressing both rapid eye movement (REM)
and non-REM (NREM) sleep. Similarly, acute buprenorphine administration also disrupts
sleep in rats, decreasing total sleep time and increasing latency to fall asleep (Gauthier et
al., 2011). Our study extends these findings by comparing the major OUD medications in
the same animals, and demonstrates that acute treatment with methadone and buprenorphine
also impairs actigraphy-based sleep-like measures in a highly translational animal species
that shows a striking similarity in sleep architecture and wake-sleep patterns with humans
(Hsieh et al., 2008). Of note, the acute disrupting effects of buprenorphine on actigraphy-
based sleep-like parameters in monkeys were more robust compared to methadone following
evening treatments, and detrimental effects of buprenorphine on sleep-like measures

were observed up to 25.5h after drug injection. Buprenorphine has a longer half-life
compared to methadone (Ferrari et al., 2005; Kelly et al., 2014), which could explain its
long-lasting effects. Furthermore, the pharmacological differences between methadone and
buprenorphine could influence their effects on sleep-like measures. Specifically, methadone
is a full agonist at the p-opioid receptor, while buprenorphine is a partial p-opioid receptor
agonist and x-opioid receptor antagonist (Ferrari et al., 2005; Lewis, 1985). While studies
suggest that opioid-induced sleep impairment is primarily mediated by p-opioid receptors,
other receptor subtypes also have been implicated in opioid-induced sleep-wake regulation,
including x-opioid receptors (Eacret et al., 2020). Further studies are warranted to determine
the specific role of opioid receptor subtypes in the effects of opioid drugs or sleep. Another
difference between buprenorphine and methadone in the present study is the biphasic

nature of the buprenorphine dose-response function (i.e., lack of effects at the highest
buprenorphine dose tested) compared with the largely monotonic methadone dose-response
functions. Biphasic dose-response functions for other effects of buprenorphine have been
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well-documented (e.g., antinociception; Walker et al., 1995) and may contribute to the
overall low toxicity of this opioid partial agonist.

Surprisingly, we show in the present study that treatment with the opioid antagonist,
naltrexone significantly improved actigraphy-based sleep-like measures in non-opioid-
dependent male rhesus monkeys. The sleep-like promoting effects of naltrexone were

most prominent when the drug was administered closer to “lights off”, although morning
treatment with naltrexone also improved sleep latency. Opioids can affect the signaling
mechanisms of several other neurotransmitters and neuromodulators involved in sleep-wake
regulation, with wake-promaoting systems being generally activated, and sleep-promoting
systems inhibited, via activation of p-opioid receptors (for review, see Eacret et al.,

2020). Therefore, p-opioid receptor antagonists might be expected to promote sleep

under certain circumstances (e.g., if the antagonist blocked endogenous opioids at the p
receptor). Importantly, in a preliminary study investigating the effects of naltrexone on
polysomnography-based sleep parameters in six healthy human volunteers, Sramek et al.
(2014) showed that while total sleep time and sleep latency remained unchanged following
naltrexone treatment compared to placebo, nighttime treatment with naltrexone altered sleep
architecture. The authors report a significant increase in REM sleep latency and decrease

in time spent in REM sleep (Sramek et al., 2014). These preliminary findings suggest the
possibility of subclinical sleep disturbance associated with naltrexone use, and indicate that
the increase in sleep efficiency and decrease in sleep latency observed in the present study
may happen at the expense of changes in sleep architecture, as seen for other sleep aids, such
as benzodiazepine-type drugs (Parrino and Terzano, 1996).

Few studies have investigated sleep in OUD patients maintained on naltrexone, with one
study showing that difficulty sleeping was common among individuals dropping out of oral
naltrexone treatment for OUD (Carroll et al., 2018). Studies also report that perioperative
sedation management in patients receiving long-acting naltrexone can be a challenge (Petri
and Richards, 2020). Yet another study showed that naltrexone induction may be associated
with sleep impairment early in treatment in newly abstinent opioid-dependent individuals
(Mysels et al., 2010). Importantly, many of these effects may be a result of opioid
abstinence, which has been associated with sleep impairment (Cutrufello et al., 2020).

More recently, Soin and colleagues (2021) reviewed evidence suggesting that treatment with
low-dose naltrexone in patients with chronic pain was positively associated with symptom
relief, including pain and sleep disturbances. However, sleep impairment also is common
among individuals with chronic pain (Frohnhofen et al., 2018), and sleep improvement may
have been an indirect effect of chronic pain management. Therefore, further studies are
needed to directly investigate the effects of naltrexone on sleep in OUD patients undergoing
treatment, particularly the effects of sustained-release naltrexone on sleep architecture.

A final important consideration is the relevance of the dose ranges for the 3 opioid drugs
that altered actigraphy-based sleep-like measures to doses typically used by human patients.
Although differences in species and routes of administration clearly should be taken into
account, in general it appears the dose ranges where we observed effects are relatively
higher than those used to treat pain, and perhaps closer to the doses used to treat OUD.
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For example, recommended doses of buprenorphine used to treat OUD are 2-16 mg/70

kg (~0.03-0.23 mg/kg), which are comparable to our range of 0.1-1.0 mg/kg. However, it
should be noted that the most commonly-used single dose formulations for buprenorphine
(e.g., Suboxone®) use the sublingual route, and given species differences in body mass as
well as our use of the i.m. route, comparisons of doses should be made with some caution.
Regarding methadone, the initial recommended dose range is 20 or 30 mg/70 kg (~0.3, 0.4
mg/kg) which is similar to the doses tested in the present study (note that recommended
analgesic doses for methadone are 10-fold lower). Again, species differences in exposure
levels and route of administration (oral vs. i.m.) must be taken into consideration. However,
this observation is supported indirectly by comparisons of our dose ranges to previous
research on antinociception in rhesus monkeys, in which doses for buprenorphine and
methadone, as well as naltrexone antagonism of mu opioid effects, are generally lower than
tested here (Walker et al., 1995; Banks et al., 2010; Cremeans et al., 2012; Cornelissen et al.,
2018).

In summary, our findings show that acute administration of methadone or buprenorphine
induced marked impairment in actigraphy-based sleep-like measures in rhesus monkeys,
even when the drugs were administered in the morning, while naltrexone significantly
improved sleep-like measures. These findings are in agreement with a study showing that
insomnia scores were significantly lower in OUD patients treated with naltrexone compared
to buprenorphine (Latif et al., 2018). It is important to note that a limitation of the present
study is the investigation of acute treatments only. Therefore, future studies building upon
our data are needed to investigate the acute and chronic effects of methadone, buprenorphine
and naltrexone on sleep in opioid-dependent animals. Another limitation of our study is

the use of actigraphy-based sleep-like measures (compared to other more direct measures,
such as EEG-based sleep). While no studies to date have validated the use of actigraphy

to investigate sleep in nonhuman primates using EEG-based sleep assessments, recent

data from our laboratory show a close correspondence between actigraphy-based measures
of sleep latency and efficiency and corresponding measures obtained from EEG-based
telemetry studies (Berro et al., 2021, 2022). Furthermore, studies have validated the use of
actigraphy for sleep studies in humans, showing a high agreement with polysomnography-
based sleep (de Souza et al., 2003; Chinoy et al., 2021).

Nevertheless, the present study indicates that currently available pharmacotherapies for
OUD significantly affect actigraphy-based sleep-like measures in non-opioid-dependent
monkeys, and that opioid mechanisms play a significant role in sleep-wake regulation.
Because sleep disruption may be a risk factor for relapse in OUD (Eacret et al., 2020;

Fathi et al., 2020), sleep evaluations potentially would be important to include during

OUD treatment, particularly for patients undergoing methadone and buprenorphine MAT.
Considering that chronic use of opioids has been associated with sleep impairment
(Cutrufello et al., 2020), further studies are needed to understand the interaction between
opioid agonist-induced sleep impairment and sleep disruption associated with chronic opioid
use in OUD patients.
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Morning Treatments - Following night

(Injections administered 32h before "lights off")
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Effects of acute morning treatment with methadone, buprenorphine or naltrexone on
actigraphy-based sleep parameters in naive monkeys. Sleep latency (A) and sleep efficiency
(B) in the nights after morning (10:00h) administration of vehicle (\Veh), methadone (0.1—
1.0 mg/kg, i.m.), buprenorphine (0.03-1.0 mg/kg, i.m.) or naltrexone (0.03-1.0 mg/kg,
i.m.) or during the following evening (right panel, C and D) in male rhesus monkeys

(N=5). Actigraphy-based sleep-like measures are presented as normalized data (percentage
of baseline) averaged for the 5 subjects, representing mean + SEM. Actigraphy-based sleep
parameters were evaluated over the 12-hour dark phase (1800 h to 0600 h). Dotted lines
represent baseline sleep parameters (100%). *p<0.05 compared to Veh (Bonferroni t-tests,

p<0.05).
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Evening Treatments - Following night
(Injections administered 25.5h before "lights off")
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Effects of acute evening treatment with methadone, buprenorphine or naltrexone on
actigraphy-based sleep parameters in naive monkeys. Sleep latency (A) and sleep efficiency
(B) in the nights after evening (16:30h) administration of vehicle (Veh), methadone (0.03-
0.3 mg/kg, i.m.), buprenorphine (0.01-0.3 mg/kg, i.m.) or naltrexone (0.03-1.0 mg/kg,
i.m.) or during the following evening (right panel, C and D) in male rhesus monkeys

(N=5). Actigraphy-based sleep-like measures are presented as normalized data (percentage
of baseline) averaged for the 5 subjects, representing mean + SEM. Actigraphy-based sleep
parameters were evaluated over the 12-hour dark phase (1800 h to 0600 h). Dotted lines
represent baseline sleep parameters (100%). *p<0.05 compared to Veh (Bonferroni t-tests,

p<0.05).
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Figure 3.

Time-course of the effects of buprenorphine on actigraphy-based sleep parameters in naive
monkeys. Sleep latency (A) and sleep efficiency (B) as a function of pretreatment time
(hours before “lights off”) for vehicle or buprenorphine (0.03-0.3 mg/kg, i.m.) treatments

in male rhesus monkeys (N=5). Actigraphy-based sleep-like measures are presented as
normalized data (percentage of baseline) averaged for the 5 subjects, representing mean +
SEM. Actigraphy-based sleep parameters were evaluated over the 12-hour dark phase (1800
h to 0600 h). Dotted lines represent baseline sleep parameters (100%). *p<0.05 compared to
Veh (Bonferroni t-tests, p<0.05).
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Individual-subject baseline actigraphy-based sleep parameters

Subject Sleep Latency (min) | Sleep Efficiency (%)
205-2002 135+13 845+29
98-003 30521 66.5+ 1.5
164-2002 24946 823+11
184-2007 71+16 685+ 1.1
RQ-6133 109+24 85.7+15
Mean + SEM 174+44 80.3+ 36

Table 1.

Page 16

Individual data are expressed as mean + SEM for an average of baseline periods (7 days each) across the experimental protocol (6 blocks of 7 days

total).
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