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Use of amphetamine-type stimulants is associated with numerous adverse health
outcomes, with disturbed sleep being one of the most prominent consequences of
methamphetamine use. However, the extent to which methamphetamine alters sleep
architecture, and whether methamphetamine-induced sleep impairment is associated
with next-day sleep rebound effects, has received relatively little investigation. In
the present study, we investigated the effects of acute morning methamphetamine
administration on sleep parameters in adult male rhesus monkeys (N = 4) using a
fully-implantable telemetry system. Monkeys were prepared with telemetry devices that
continuously monitored electroencephalography (EEG), electromyography (EMG) and
electrooculography (EOG) throughout the night. We investigated the effects of morning
(10h00) administration of methamphetamine (0.01–0.3 mg/kg, i.m.) on sleep during the
night of the injection. In addition, we investigated sleep during the subsequent night in
order to assess the possible emergence of sleep rebound effects. Methamphetamine
administration dose-dependently increased sleep latency and wake time after sleep
onset (WASO). Methamphetamine also decreased total sleep time, which was reflected
by a decrease in total time spent in N2, slow-wave (N3) and REM sleep stages, while
increasing the percentage of total sleep time spent in sleep stage N1. Importantly,
methamphetamine decreased time spent in N3 and REM sleep even at doses that did
not significantly decrease total sleep time. Sleep rebound effects were observed on the
second night after methamphetamine administration, with increased total sleep time
reflected by a selective increase in time spent in sleep stages N3 and REM, as well as a
decrease in REM sleep latency. Our findings show that methamphetamine administered
8 h prior to the inactive (dark) phase induces marked changes in sleep architecture
in rhesus monkeys, even at doses that do not change sleep duration, and that sleep
rebound effects are observed the following day for both N3 and REM sleep stages.
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INTRODUCTION

Amphetamine-type stimulants can be useful therapeutic tools
for the treatment of a variety of health conditions, from
sleep-related disorders such as narcolepsy and hypersomnia to
attention deficit/hyperactivity disorder and obesity (McElroy,
2017; Bassetti et al., 2019; Posner et al., 2020; Trotti and Arnulf,
2021). The most recent National Surveys on Drug Use and
Health (2015–2016) reported that nearly 6.6% (∼16 million) of
United States adults used prescription stimulants during those
years (Compton et al., 2018). However, the clinical utility of
stimulants is limited by the side effects associated with the use
of these drugs, including liability for abuse. Data from 2018
show that more than 5 million United States individuals 12 and
older reported past-year misuse of prescription stimulants, and
past-year methamphetamine use in particular increased from 1.4
million in 2016 to 1.9 million in 2018 (Substance Abuse and
Mental Health Services Administration [SAMSHA], 2019). Of
note, emergency department visits associated with amphetamine-
type stimulant-induced overdoses also have increased in recent
years (Vivolo-Kantor et al., 2020).

Use and abuse of amphetamine-type stimulants is associated
with numerous adverse health outcomes (Herbeck et al.,
2015; Rommel et al., 2015), with disturbed sleep being one
of the most prominent consequences of acute and chronic
stimulant use (Cruickshank and Dyer, 2009). Herrmann
et al. (2017) showed that morning administration of oral
methamphetamine disrupted polysomnography-based sleep
parameters in recreational stimulant users, increasing latency to
fall asleep and decreasing sleep efficiency. Corroborating these
findings, we have shown previously that morning administration
of methamphetamine disrupts actigraphy-based sleep parameters
in rhesus monkeys, increasing sleep latency and decreasing sleep
efficiency both in naïve monkeys (Berro et al., 2021a) and in
monkeys with a chronic history of methamphetamine intake
(Berro et al., 2016, 2017a,b). Importantly, Herrmann et al. (2017)
also showed that methamphetamine dose-dependently decreased
time in sleep stage N2 and in rapid eye movement (REM) sleep,
as well as the number of REM sleep episodes.

In a recent and thorough review of the literature by Vrajová
et al. (2021), it was noted that research on methamphetamine-
induced sleep disruption in non-human primates is at
preliminary stages and has relied mostly on actigraphy-
based sleep measures. Therefore, studies investigating more
direct measures, such as EEG-based sleep, are necessary in
order to more rigorously evaluate changes in sleep (i.e., sleep
architecture) following methamphetamine administration in
non-human primates. Sleep architecture refers to the structure
of sleep cycles throughout the night and the four sleep stages,
non-rapid eye movement (NREM) sleep stages N1, N2, and N3
(also known as slow-wave sleep), as well as REM sleep (Berry
et al., 2018). Measuring sleep architecture in the context of drug
administration is important for evaluating whether drugs affect
the distribution and density of sleep stages throughout the night,
as well as REM sleep rhythmicity, in addition to sleep duration.
Moreover, the extent to which methamphetamine-induced sleep
impairment is associated with next-day sleep rebound effects

has not been investigated. In the present study we evaluated
the effects of acute morning methamphetamine administration
on “polysomnography”-based sleep parameters in male rhesus
monkeys using a fully-implantable telemetry system that allows
for the continuous recording of electroencephalography (EEG),
electromyography (EMG) and electrooculography (EOG).
We also evaluated sleep parameters during the second night
following methamphetamine administration in order to assess
whether methamphetamine-induced REM sleep suppression
would be associated with the emergence of REM sleep rebound
and/or other compensatory changes on sleep architecture.

MATERIALS AND METHODS

Subjects
Four adult (ages 9–15) male rhesus monkeys (Macaca mulatta)
weighing 12–16 kg were housed individually, but had visual,
auditory and olfactory contact with other monkeys throughout
the study, as well as access to chew toys and a mirror in their cage.
Subjects were maintained on a 12 h light/12 h dark cycle (lights on
at 06.00, lights off at 18.00), at a temperature of 21 ± 2◦C. Water
was available ad libitum and monkey diet available once/day,
supplemented by fresh fruit and forage. Monkeys were weighed
monthly during physical examinations, and amount of chow for
each monkey was determined in consultation with veterinary staff
to be that which maintains healthy weights in rhesus monkeys.
All four subjects participated in a previous study investigating
the effects of acute benzodiazepine administrations (Berro et al.,
2021b). Animals had been previously exposed to five acute
benzodiazepine administrations at least 2 days apart, with the last
administration being conducted at least 3 months prior to the
beginning of the current study (Berro et al., 2021b). Therefore, the
animals’ previous experimental history likely did not contribute
to the present findings. All procedures and animal maintenance
were in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011), and were
reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Mississippi Medical Center.

Surgical Procedures
The monkeys were prepared with a telemetry implant according
to the surgical procedures described in detail by Berro et al.
(2021b) at least 1 month prior to the beginning of tests.
Briefly, the fully implantable telemetry devices [Model L04
PhysioTelTM Digital; Data Sciences International R© (DSI), St-
Paul, MN] consisted of an implant device (implant weight: 56 g;
implant volume: 29cc; implant dimensions: 59 × 38 × 15 mm)
attached to a small antenna and to 8 leads, 2 for each biopotential
channel (4 channels total). For the device implantation, a skin
incision was made lateral to the spine beginning just caudal to the
scapulae and extending caudally, and the device was placed under
the latissimus dorsi muscle. A trocar and cannula then guided
the antenna in a straight path distally from the device, and the
biopotential leads from the dorsal pocket to a cranial incision.
Four EEG leads (2 channels, 2 leads each) were placed in the skull,
one in a central derivation (C4-Cz) and the other in an occipital
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derivation (O2-Oz). Scalp electrode placement was based on the
human 10–20 System of Electrode Placement. Leads were secured
to the skull with a stainless steel self-tapping round-head screw
(Plastic One, VA, United States). The screws were attached to
holes drilled through the bone, however the hole did not perforate
the dura, allowing for supradural recording. All exposed wire and
screws were covered with dental acrylic (Maxcem EliteTM, Kerr
Corporation, CA, United States). For the placement of the EMG
leads (1 channel, 2 leads), the cranial skin incision was extended
as needed, ∼4 cm, to expose the longitudinal muscle of the neck
(trapezius). Exposed wire leads were attached in a parallel manner
to the neck muscle and secured in place using non-absorbable
suture. For the placement of the EOG leads (1 channel, 2 leads),
the leads were routed subcutaneously from the head incision to
the eye orbit, exiting the eye orbit from underneath the upper
eyelid. Exposed wire leads were then attached to and under the
periosteum of the orbit (one adjacent to the lateral canthus of the
eye and the other adjacent to the medial canthus of the eye) with
non-absorbable suture.

Experimental Design
The acute effects of daytime (10.00) administration of
methamphetamine (0.03, 0.1, and 0.3 mg/kg, i.m.) and vehicle
(saline) on EEG/EMG/EOG-based sleep were evaluated. Doses
for this study were chosen initially based on prior experiments
in which actigraphy-based sleep disruption was observed
following i.v. self-administration of 0.36 to 1.38 mg/kg of
methamphetamine (Berro et al., 2017a,b). These doses represent
“total dose”, i.e., mg/kg dose consumed over a 1-h session, and
were obtained with methamphetamine-experienced monkeys.
Therefore, the doses for the present study were adjusted to a
lower range out of safety concerns.

Telemetry implants were turned on at 17.00 (1 h before “lights
off”) and recorded for a total of at least 14 h (until at least 07.00,
1 h after “lights on”) during the night of morning injections
and also during the night following treatments. Implants were
turned on by touching the area on the animal’s back where the
telemetry device was implanted with a magnet while the receivers
located inside the room were actively communicating with a
computer located outside of the room. Before the beginning of
experiments, animals were trained with positive reinforcement
techniques to be touched on their back/dorso (telemetry device
implant site). Our previous studies using actigraphy showed
no significant differences in daytime activity on intervening
days (between methamphetamine self-administration sessions)
and baseline days (Berro et al., 2017a). Therefore, we did not
conduct daytime telemetry monitoring in the present study. All
recordings were conducted in the animals’ home cages. Two
telemetry receivers (TRX-1; DSI, St. Paul, MN, United States)
were mounted inside the room where animals were housed.
Continuous acquisition of the EEG/EMG/EOG signals occurred
using the Ponemah physiologic data acquisition software (version
6.41; DSI, St. Paul, MN, United States). Test sessions were
performed on Mondays and Thursdays, allowing for a 2-day
washout period to elapse between each treatment and for the
evaluation of next-day rebound effects. A baseline sleep recording
was conducted both before and after the end of the test sessions,

and baseline sleep data for each monkey consist of an average of
the two baseline recording sessions. The order of tests (including
drug doses and vehicle) was randomized but counterbalanced
across subjects.

Sleep-Wake State Analysis
Sleep-wake states were determined by visual inspection of EEG,
EMG and EOG signals using NeuroScore software (version 3.2.0;
DSI, St. Paul, MN, United States) according to the American
Academy of Sleep Medicine (AASM) guidelines for adult human
sleep scoring (Manual version 2.5; Berry et al., 2018), adapted for
rhesus monkeys (Berro et al., 2021b). Sleep-wake state scoring
was conducted based on recordings from the central derivation
(C4-Cz). Recordings from leads placed centrally reflect EEG
activity summed from both frontal and parietal regions and
are considered the most sensitive for recording sleep-related
activity, with a single central derivation not differing from
the AASM recommended EEG derivations in terms of scoring
reliability (Ruehland et al., 2011). Trained investigators classified
each 30 s epoch as one of five states: WAKE, non-rapid eye
movement (NREM) sleep stages N1, N2, or N3, or rapid eye
movement (REM) sleep. WAKE was scored when > 50% of the
epoch consisted of alpha (8–13 Hz) activity or low amplitude,
mixed frequency (2–7 Hz) activity and active EMG, possibly
accompanied by EOG reflecting rapid eye movements and/or
rapid eye blinks. N1 (Stage 1) was scored when 50% of the
epoch consisted of relatively low amplitude, mixed frequency
(2–7 Hz) activity and <50% of the epoch contained alpha (8–
13 Hz) activity accompanied with lower EMG activity, and
possible presence of slow eye movements. N2 (Stage 2) was
scored when K-complexes (1–2 Hz isolated waves) and/or sleep
spindles (regular 12–16 Hz EEG sequences) were observed and
< 20% of the epoch contained high amplitude (>75 µV), low
frequency (1–4 Hz) activity. N3 was scored when ≥ 20% of the
epoch consisted of high amplitude (>75 µV), low frequency
(1–4 Hz) EEG waves (i.e., slow wave activity). REM was scored
when the epoch contained relatively low voltage, mixed frequency
activity with predominant theta activity (4–8 Hz) accompanied
with low EMG activity (i.e., atonia) and EOG showing rapid eye
movements. Epochs with prominent artifacts were identified and
excluded from scoring.

In addition to the distribution of sleep stages throughout the
night, other measures of interest gathered from the sleep-wake
scoring were sleep latency (time to fall asleep, in minutes, from
“lights off”), REM sleep latency (time to first REM sleep episode,
in minutes, from “lights off”), total sleep time (time spent in any
sleep stage, in minutes, from “lights off” to “lights on”) and wake
time after sleep onset (WASO, time spent in the WAKE stage, in
minutes, after first sleep epoch until “lights on”).

Data Analysis
Sleep data were analyzed using separate one-way repeated-
measures (RM) analysis of variance (ANOVA) with treatment as
the factor. Sleep data on nights of methamphetamine treatment
were compared to sleep data on nights of vehicle treatment.
“Following night” sleep data (rebound effects) were compared to
baseline sleep data. Multiple comparisons were conducted using
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Bonferroni t-tests. All graphical data presentations were created
and all statistical tests were performed using GraphPad Prism 9
(GraphPad Software, vers. 9.1.2). Significance was accepted at an
alpha of p ≤ 0.05.

RESULTS

General Sleep Parameters
Figure 1 shows the effects of vehicle or methamphetamine
treatment on sleep latency, REM sleep latency, total sleep time
and WASO, as well as sleep parameters during the following
night (second night after methamphetamine treatments).
Significant differences were observed with treatments (vehicle
vs. methamphetamine doses) for sleep latency [F(3,9) = 4.485,
p < 0.05], total sleep time [F(3,9) = 13.55, p < 0.01] and WASO
[F(3,9) = 10.15, p < 0.01], but not for REM sleep latency
[F(3,9) = 0.5665, p = 0.65]. Bonferroni t-tests showed that the
highest dose of methamphetamine (0.3 mg/kg) significantly
increased sleep latency and WASO, while decreasing total sleep
time (p < 0.05 for all measures).

Significant differences also were observed between baseline
and the following night sleep parameters for REM sleep latency
[F(3,9) = 4.907, p < 0.05] and total sleep time [F(3,9) = 6.718,
p < 0.05], with previous day treatment with the highest dose
of methamphetamine significantly decreasing latency to first
REM sleep epoch and increasing total sleep time (p’s < 0.05,
Bonferroni t-tests). No significant differences were found
between baseline sleep and the following night sleep for sleep
latency [F(3,9) = 0.2316, p = 0.87] or WASO [F(3,9) = 0.9720,
p = 0.44].

Distribution of Sleep Stages Across the
Night
Figure 2 shows time spent in sleep stages N1, N2, N3,
and REM during the night of vehicle or methamphetamine
treatments, and during the following night (second night
after methamphetamine treatments). Significant differences were
observed with treatments (vehicle vs. methamphetamine doses)
for total time spent in sleep stage N2 [F(3,9) = 5.748, p < 0.05],
N3 [F(3,9) = 12.27, p < 0.01] and REM [F(3,9) = 11.52, p < 0.01],
but not sleep stage N1 [F(3,9) = 2.577, p = 0.11]. Bonferroni
t-tests showed that the highest dose of methamphetamine
(0.3 mg/kg) significantly decreased time spent in sleep stage N2
(p < 0.05). Methamphetamine administration at the dose of 0.1
and 0.3 mg/kg significantly decreased time spent in sleep stage
N3 (p’s < 0.05, Bonferroni t-tests). Significant decreases in REM
sleep duration also were observed after administration of all doses
of methamphetamine compared to vehicle (p’s < 0.05, Bonferroni
t-tests).

Significant differences were observed between baseline and the
following night sleep parameters for total time spent in sleep
stages N3 [F(3,9) = 9.373, p < 0.01] and REM [F(3,9) = 4.391,
p < 0.05], but not sleep stages N1 [F(3,9) = 0.4262, p = 0.73]
and N2 [F(3,9) = 0.1669, p = 0.91]. Bonferroni t-tests
showed that previous day treatment with the highest dose of
methamphetamine (0.3 mg/kg) led to significant increases in

time spent in N3 and REM compared to baseline (p < 0.05
for both measures).

Analysis of the percentage of the total sleep time
spent in each sleep stage (Figure 3) during the night of
methamphetamine treatments showed significant differences
for % N1 [F(3,9) = 6.391, p < 0.05], % N3 [F(3,9) = 5.150,
p < 0.05] and % REM [F(3,9) = 7.251, p < 0.01], but not % N2
[F(3,9) = 0.8404, p = 0.50]. Bonferroni t-tests showed that the
highest dose of methamphetamine (0.3 mg/kg) increased % N1
and decreased % N3 (p < 0.05 for both measures). Significant
decreases in % REM also were observed after administration of
all doses of methamphetamine compared to vehicle (p’s < 0.05,
Bonferroni t-tests).

Figure 3 illustrates the percentage of the total sleep time
spent in each sleep stage during the following night (second
night after methamphetamine treatments). Significant differences
were observed for % N3 [F(3,9) = 3.968, p < 0.05] and % REM
[F(3,9) = 5.902, p < 0.05], but not % N1 [F(3,9) = 0.8035,
p = 0.523] or % N2 [F(3,9) = 1.609, p = 0.25]. Methamphetamine
administration at the highest dose (0.3 mg/kg) during the
previous day led to a significant increase in % N3 compared
to baseline (p < 0.05, Bonferroni t-tests). Significant increases
in % REM also were observed during the following night after
administration of all doses of methamphetamine compared to
baseline (p < 0.05, Bonferroni t-tests).

DISCUSSION

In the present study, we used telemetric EEG/EMG/EOG
recordings to determine sleep patterns of adult rhesus monkeys
during the 12 h dark phase, and the effects of methamphetamine
administration on sleep parameters. Specifically, we obtained
full-night sleep parameters in rhesus monkeys under our
experimental conditions using fully-implantable, wireless
telemetry devices that allow for recording of EEG/EMG/EOG
in freely-moving animals in their home-cages. Previous studies
have characterized sleep-wake patterns in rhesus (Hsieh et al.,
2008) and cynomolgus macaques (Authier et al., 2014; Rachalski
et al., 2014; Goonawardena et al., 2018) using similar procedures.
While consistent findings were obtained in terms of sleep stage
distribution across the night between our study under baseline
conditions and that by Hsieh et al. (2008), the latter authors used
a 16:8 light-dark cycle, in contrast to a 12:12 light-dark cycle used
in the present study. Importantly, Hsieh et al. (2008) found that
rhesus monkeys under a light-dark cycle allowing only 8 h of
dark phase exhibited frequent daytime napping, especially in the
latter part of the day. While we did not evaluate daytime napping
in the present study, previous reports from our laboratory using
actigraphy show that rhesus monkeys generally do not exhibit
nap bouts during the daytime when under a 12:12 light-dark
cycle (Berro et al., 2017a), which is corroborated by studies using
telemetry-based EEG/EMG recordings in cynomolgus monkeys
(Goonawardena et al., 2018). Of note, the distribution of sleep
stages obtained in our 12 h baseline sleep recordings was very
similar to that previously reported in adult rhesus monkeys
during the dark phase using telemetry devices, although not a
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FIGURE 1 | Sleep latency, rapid eye movement (REM) sleep latency, total sleep time and wake time after sleep onset (WASO) on the night of methamphetamine
treatments and during the following night (second night after methamphetamine treatments) in male rhesus monkeys (N = 4). Sleep data on nights of
methamphetamine treatment were compared to sleep data on nights of vehicle (V) treatment. “Following night” sleep data (rebound effects) were compared to
baseline (B) sleep data. Data are expressed as mean ± SEM. ∗p < 0.05 compared to vehicle (V); #p < 0.05 compared to baseline (B).

fully-implantable system (Daley et al., 2006). In this regard, the
proportion of total sleep spent in the various stages of sleep in
the study by Daley et al. (2006) was 10.8% N1, 56.4% N2, 20%
N3, and 12.7% REM, compared to 18.3% N1, 52.4% N2, 11% N3,
and 17.6% REM in the present study under baseline conditions.
These proportions are very similar to those previously reported
in adult healthy human volunteers: 9.7% N1, 50.6% N2, 19.5%
N3, and 19.2% REM (Boulos et al., 2019). Overall, these studies
show that rhesus monkeys are an excellent model organism for
studying sleep due to the similarity in sleep architecture with
humans, and exhibit consistent sleep distribution even across
laboratories and using manual/visual sleep scoring techniques.

Of note, the studies described above investigating sleep
patterns in non-human primates were conducted in adult rhesus
monkeys, with ages ranging from 5 to 20 years (Daley et al.,
2006; Berro et al., 2017a; Goonawardena et al., 2018). While it
is well known from the human literature that aging can influence
sleep duration, particularly REM sleep duration (Roffwarg et al.,
1966), at least up until 15 years of age we do not see significant
changes in sleep architecture with rhesus monkeys (results from

the present study), and up to 20 years old, no age-related changes
in actigraphy-based sleep have been reported (Berro et al., 2021b).
We have previously reported that one 25 year old monkey in
our colony showed longer baseline sleep latency and shorter
baseline sleep duration compared to other monkeys (subject
98-003, Berro et al., 2021a). However, other monkeys in our
colony, as young as 9 years old, also show shorter sleep duration
(Berro et al., 2021a, 2022), demonstrating that, like humans, the
sleep patterns of non-human primates may vary greatly between
individual subjects.

This study shows full-night EEG/EMG/EOG-based sleep
parameters following acute methamphetamine administered
8 h before the dark phase in primates, presumably when
methamphetamine has been mostly or entirely metabolized. Our
results show that morning methamphetamine administration
dose-dependently increased sleep latency and WASO.
Methamphetamine also decreased total sleep time, which
was reflected by a decrease in total time spent in sleep stages
N2, slow-wave (N3) and REM, while increasing the percentage
of total sleep time spent in sleep stage N1. Importantly,
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FIGURE 2 | Total time spent in sleep stages N1, N2, N3, and REM on the night of methamphetamine treatments and during the following night (second night after
methamphetamine treatments) in male rhesus monkeys (N = 4). Sleep data on nights of methamphetamine treatment were compared to sleep data on nights of
vehicle (V) treatment. “Following night” sleep data (rebound effects) were compared to baseline (B) sleep data. Data are expressed as mean ± SEM. ∗p < 0.05
compared to vehicle (V); #p < 0.05 compared to baseline (B).

methamphetamine decreased time spent in N3 and REM sleep
even at doses that did not significantly decrease total sleep time.
Of note, the overall effects of methamphetamine reported in this
study are consistent with those previously reported under similar
conditions, but using actigraphy-based sleep, in our laboratory
(Berro et al., 2021a). In both studies, only the dose of 0.3 mg/kg
of methamphetamine significantly increased sleep latency
and decreased sleep efficiency (which can be inferred from
the present study by the equation: total sleep time/12 h∗100).
Our actigraphy-based sleep study showed a ∼700 ± 412%
increase in sleep latency and a ∼24 ± 4% decrease in sleep
efficiency following 0.3 mg/kg methamphetamine administration
compared to baseline (Berro et al., 2021a), and our current data
show a 150 ± 83% increase in sleep latency and a 30 ± 7%
decrease in sleep efficiency compared to baseline. Different
subjects were used in the two studies, which could explain some
of the variability between the two data sets. However, these data
are in agreement with previous studies in humans suggesting that
while actigraphy seems to have high accuracy for measuring sleep
duration compared to EEG-based sleep recording, it may show
bias when evaluating sleep latency (i.e., longer sleep latency),

particularly in nights with disrupted sleep (Chinoy et al., 2021).
Further studies validating the use of actigraphy in non-human
primates compared to EEG-based sleep recording are warranted.
It is important to note that, while actigraphy may provide an
accurate measure of sleep duration, it does not allow for the
investigation of sleep architecture. Studying sleep architecture
allows for the identification of pharmacological treatments
that either do not alter or promote physiological sleep in the
absence of modifying the distribution of sleep stages across the
night. This becomes particularly important when considering
the present findings, in which 0.1 mg/kg methamphetamine
did not alter gross sleep measures (sleep latency and duration)
or actigraphy-based sleep parameters (Berro et al., 2021a), but
did decrease time spent in N3 and REM sleep stages, which
would still be considered sleep impairment. However, while
EEG-based sleep studies provide the most direct assessment of
sleep, evaluating sleep using EEG is not always practical, both in
pre-clinical and in clinical studies, due to its high cost, specialized
training, and time burden required to conduct and interpret
these studies (Chinoy et al., 2021). Actigraphy, on the other
hand, overcomes many of these barriers, and is a much more
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FIGURE 3 | Percentage (%) of total sleep time spent in sleep stages N1, N2, N3, and REM on the night of methamphetamine treatments and during the following
night (second night after methamphetamine treatments) in male rhesus monkeys (N = 4). Sleep data on nights of methamphetamine treatment were compared to
sleep data on nights of vehicle (V) treatment. “Following night” sleep data (rebound effects) were compared to baseline (B) sleep data. Data are expressed as
mean ± SEM. ∗p < 0.05 compared to vehicle (V); #p < 0.05 compared to baseline (B).

accessible model. Understanding the advantages and limitations
of both models is important, and using them in a complementary
manner seems to be an ideal approach to study sleep in primates.

Our findings are generally consistent with a previous study
showing that oral methamphetamine administration dose-
dependently disrupted sleep in recreational stimulant users
(Herrmann et al., 2017). In that study, oral doses of 20 and
40 mg resulted in sleep disruption (Herrmann et al., 2017),
which are doses previously shown to result in plasma levels
of ∼50 to ∼100 ng/ml and to engender positive subjective
effects (Kirkpatrick et al., 2012). Of note, a prior report by
Banks et al. (2016) evaluated plasma methamphetamine levels
after i.m. administration in rhesus monkeys and obtained an
average Cmax value of 51 ng/ml at 0.32 mg/kg. Therefore, while
we do not have plasma/CNS exposure levels that would allow
definitive conclusions, if we assume that CNS exposure levels
are approximately the same between human and rhesus monkey,
then the highest dose used in the present study (0.3 mg/kg,
i.m.) is consistent with those used by Herrmann et al. (2017)
in recreational stimulant users. Importantly, these doses were

supra-therapeutic (methamphetamine doses recommended for
treatment of ADHD are 5 mg, once or twice daily), raising the
possibility that at least the 0.3 mg/kg dose used in the present
study reflects dose levels used by recreational methamphetamine
users. At these relatively higher doses, Herrmann et al. (2017)
demonstrated increased sleep latency and WASO and decreased
total sleep time, reflecting diminished time spent in N2 and
REM sleep stages. The main difference between our study and
that of Herrmann et al. (2017) was that in the present report,
methamphetamine also decreased time spent in sleep stage N3
(slow-wave sleep). While no significant changes were reported
in N3 sleep duration in human methamphetamine users, a non-
significant decrease in N3 sleep stage time was observed between
placebo (92 ± 46 min) and the highest dose of methamphetamine
(76 ± 40 min). Differences between the current study and the
study by Herrmann et al. (2017) may be due to species (rhesus
monkeys vs. humans), but other differences may have played a
role, such as route of methamphetamine administration (oral vs.
intramuscular) and stimulant use history (recreational users vs.
naïve subjects).
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In fact, we have previously demonstrated that a chronic history
of methamphetamine intake is associated with the development
of tolerance to its effects on actigraphy-based sleep in rhesus
monkeys (Berro et al., 2017a). Herrmann et al. (2017) had
an average of 1 week between sleep study sessions, with no
stimulant use 24 h before each sleep study. Nonetheless, the
relatively extensive history of stimulant use may have dampened
the effects of methamphetamine on sleep (Herrmann et al., 2017).
Regardless, the main effect reported in the human sleep study was
a decrease in REM sleep duration by morning methamphetamine
administration (Herrmann et al., 2017), an effect that was also
observed in our study, even at methamphetamine doses that did
not alter other sleep stages, such as N2 and N3. It is also important
to note that in our previous study, interruption of drug intake
by monkeys, which was designed to emulate binge patterns of
human methamphetamine abuse (Ding et al., 2014), extended the
deleterious effects of methamphetamine on sleep-like measures
(Berro et al., 2017a). Therefore, based on the current and previous
data, the pattern and frequency of typical methamphetamine use
by humans, i.e., binge patterns, likely would result in persistent
sleep impairments.

The most striking similarity between the present study,
our previous self-administration studies (Berro et al., 2016,
2017a,b, 2021a) and the study by Herrmann et al. (2017) is
that methamphetamine was administered early in the morning.
While the mean elimination half-life for oral methamphetamine
in humans is approximately 9 h (Shappell et al., 1996),
the half-life of intramuscular methamphetamine in rhesus
monkeys is approximately 3 h (Banks et al., 2016). Therefore,
the fact that sleep disruption is observed 8 and 14 h after
methamphetamine administration in rhesus monkeys and
humans, respectively, suggests an important downstream
neuroplasticity mechanism that occurs at relatively low exposure
levels. Studies from our laboratory suggest that orexin-mediated
mechanisms are involved in methamphetamine-induced
hyperarousal and sleep disruption, and block the downstream
effects of methamphetamine on actigraphy-based sleep when
given as a pretreatment before morning methamphetamine
administrations (Berro et al., 2021a). However, the specific
mechanism by which orexin mediates these effects remains
to be identified.

Previous studies have reported the effects of other stimulants,
including caffeine (Authier et al., 2014; Goonawardena et al.,
2018) and d-amphetamine (Authier et al., 2014), in cynomolgus
monkeys using fully-implantable telemetry. Acute oral and
intramuscular (i.m.) administration of caffeine immediately
before “lights off” significantly decreased total sleep time
by decreasing time spent in sleep stages N2 and REM
(oral caffeine; Authier et al., 2014) and N3 and REM (i.m.
caffeine; Goonawardena et al., 2018). Oral administration of
d-amphetamine immediately before “lights off” also decreased
total sleep time by decreasing N2 and REM sleep time (Authier
et al., 2014). Overall, these findings are similar to our results
with methamphetamine, and suggest that decreases in REM
sleep duration are the most prominent and consistent effects of
stimulant administration on sleep architecture, albeit via different
mechanisms of CNS stimulant action.

Even with the marked reduction in sleep duration during
the dark (inactive) phase, no sleep rebound was observed
during the 24 h light and dark phases following caffeine
(Goonawardena et al., 2018) or d-amphetamine (Authier et al.,
2014) administration in cynomolgus monkeys. In contrast, sleep
rebound effects were observed during the following day (second
night) after methamphetamine administration in the present
study. Impaired sleep during the night after methamphetamine
administration led to an apparent compensatory increase in
total sleep time reflected by a selective increase in time spent
in sleep stages N3 and REM, as well as a decrease in REM
sleep latency, during the following night. Importantly, those
effects were only observed for the dose of methamphetamine
that significantly decreased total sleep time (0.3 mg/kg), while a
lower dose (0.1 mg/kg) that also induced a significant decrease
in time spent in N3 and REM sleep, but not in total sleep
time, did not cause significant compensatory increases in sleep
duration the next day. Therefore, our findings suggest that
significant sleep suppression must occur for compensatory
rebound to happen, and that slow-wave (N3) and REM sleep
are the first stages to be recovered following a night of sleep
impairment caused by methamphetamine administration. These
findings are in agreement with previous studies showing selective
compensatory increases in N3 and REM sleep following sleep
suppression induced by acute treatment with another drug class,
the benzodiazepines (Okuma et al., 1975; Pagel and Parnes, 2001),
or periods of insufficient sleep (Ferrara et al., 2000; Brillante et al.,
2012; Feriante and Singh, 2021).

Some additional considerations regarding the present
study are worth noting. First, our study only included male
subjects, and the extent to which these findings generalize to
females is unknown. We also used acute methamphetamine
administrations in naïve monkeys, and as discussed above, effects
of methamphetamine on sleep vary according to frequency
and duration of exposure (Berro et al., 2017a). Finally, the
use of non-contingent methamphetamine administration,
instead of in the context of self-administration used previously
(e.g., Berro et al., 2016), may limit the translational relevance
of the study. However, by using experimenter-administered
methamphetamine, the present findings replicate a previous
study from our group showing that methamphetamine-induced
disruption of actigraphy-based sleep is not dependent on
the drug being available in a self-administration context
(Berro et al., 2021a). Of note, the experimental design
used in the present study has some unique advantages for
investigating stimulant-induced sleep impairment. For example,
by administering methamphetamine non-contingently, we were
able to standardize the methamphetamine dosing, which is a
challenge in self-administration studies, as the animals control
drug intake with contingent drug delivery. The present study also
replicates our previous finding showing that methamphetamine
disrupts sleep, even in the absence of drug-associated cues, which
also contribute to methamphetamine-induced sleep impairment
in the context of drug self-administration (Berro et al., 2016).

In summary, our findings show that morning
methamphetamine administration produces significant and
dose-dependent disruptions in sleep duration and architecture
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in rhesus monkeys, even when administered 8 h before the
inactive (dark) phase. These findings are in agreement with
actigraphy-based sleep studies in monkeys (Berro et al., 2016,
2017a,b) and a polysomnography study in humans (Herrmann
et al., 2017). Therefore, individuals who use methamphetamine
are at risk for the development of sleep impairment and are
also likely to experience negative health outcomes associated
with sleep deprivation (for review, see Li et al., 2021). Similar
effects have been reported in macaques with other stimulants
(Authier et al., 2014; Goonawardena et al., 2018), with REM
sleep suppression being the most marked and consistent
effect of stimulant administration. Thus, sleep evaluations are
critical in individuals who use and misuse stimulants, including
prescription stimulants. Importantly, individuals with a history
of sleep problems are at higher risk for the development of
substance use disorders and are more likely to relapse following
treatment (Brower and Perron, 2010; Wong et al., 2015; Roehrs
et al., 2021), further emphasizing the importance of sleep
management before stimulant prescription, as well as in the
treatment of stimulant use disorders.
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