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Abstract
Rationale—Sleep disorders and substance abuse are highly comorbid. Although
methamphetamine is a very commonly abused drug, to the best of our knowledge, no study has
evaluated its effects on sleep during drug use and abstinence under well-controlled conditions in
laboratory animals.

Objectives—The objective of this study was to examine the effects of methamphetamine self-
administration on sleep-like measures in nonhuman primates.

Methods—Adult male rhesus monkeys (Macaca mulatta; n=4) self-administered
methamphetamine (0.01 and 0.03 mg/kg/injection, i.v.) under a fixed-ratio 20 schedule of
reinforcement (60-min sessions once a day, 5 days per week) for 5 weeks. Sleep-like measures
were evaluated with Actiwatch monitors before, during, and after each period of drug self-
administration.

Results—Both doses of methamphetamine reliably maintained self-administration.
Methamphetamine (0.03 mg/kg) increased derived measures of latency to sleep onset and sleep
fragmentation, and decreased sleep efficiency compared to abstinence, and higher
methamphetamine intake predicted worse sleep quality. However, sleep normalized immediately
after the discontinuation of methamphetamine self-administration.

Conclusions—Methamphetamine markedly disrupted sleep-like measures; however,
methamphetamine self-administration did not disrupt sleep quality during subsequent periods of
drug abstinence.
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Introduction
Methamphetamine use is a serious public health concern (Marshall et al., 2012) as it is one
of the most widely abused illicit drugs globally (Cruickshank and Dyer, 2009). Its use is
associated with numerous adverse physical, behavioral, and mental health outcomes. As
reviewed by Cruickshank and Dyer (2009), disturbed sleep is one of the most prominent
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symptoms of amphetamines use (Gossop et al., 1982; McGregor et al., 2005; Perez et al.,
2008). Relatively little attention has been given to the consequences of methamphetamine
abuse on sleep, and mixed results have been reported. For example, Srisurapanont et al.
(1999) did not find insomnia to be a marked symptom, while another study reported sleep
reductions following a period of hypersomnolence (Gossop et al., 1982).

Studies in humans have revealed substantial comorbidity between sleep disorders and
substance abuse. This complex association can be better examined in animal models that
allow for the isolation of each process under highly controlled laboratory settings, which
may not be entirely feasible or ethical in humans. In this sense, non-human primates provide
a translational opportunity to investigate the neurophysiological and behavioral
consequences of drug abuse because they are a laboratory animal model with similar
responses to humans.

A number of studies have examined methamphetamine self-administration in nonhuman
primates; for example, Freeman et al. (2010) reported that methamphetamine functioned as a
positive reinforcer in a dose-dependent manner in rhesus monkeys. Methamphetamine self-
administration in rhesus monkeys has been examined in comparison to other drugs under a
progressive-ratio schedule, and in other contexts. Collectively, these studies demonstrate
that methamphetamine has reinforcing effects in monkeys that are sustained over
experimental sessions. However, no study has documented nighttime behavioral activity
during periods of active methamphetamine self-administration and abstinence in rhesus
monkeys. Therefore, the present study evaluated the effects of methamphetamine self-
administration and abstinence on sleep-like measures derived from Actiwatch monitors in
rhesus monkeys under well-controlled experimental conditions. Disrupted sleep may be
considered a risk factor for relapse to substance use (Hasler et al., 2012). Accordingly,
studies focusing on methamphetamine’s sleep-related effects will provide a broader
understanding of the neurobiology of sleep during stimulant use, help better identify the
detrimental effects of methamphetamine on human health, and have important implications
for interventions.

Methods
Subjects

Four male adult rhesus monkeys (Macaca mulatta), weighing 15–17kg, served as subjects.
Each subject was individually housed in stainless steel home cages and fed Purina monkey
chow (Ralston Purina, St. Louis, MO), supplemented with fruit and vegetables. Water was
continuously available in the colony. The colony was maintained at an ambient temperature
of 22±2°C at 45–50% humidity, and the lights were set to a 12-h light/dark cycle (lights on
at hour 07:00; lights off at hour 19:00). Environmental enrichment was provided on a
regular, rotating basis. All procedures and studies strictly followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (Publication No. 85-23, revised
1985), and were approved by the Institutional Animal Care and Use Committee of Emory
University. All animals were fitted with collars (Primate Products) prior to the initiation of
the studies. All of the animals had a previous history of cocaine self-administration, but had
no exposure to any experimental drugs for a minimum of 6 months prior to beginning these
studies

Drugs
Methamphetamine HCl was provided by the National Institute on Drug Abuse (Research
Technology Branch, Research Triangle Park, N.C., USA), and was dissolved in sterile
physiological saline. The drug dose was determined as the salt.
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Self-administration
All animals were surgically prepared with a chronic indwelling venous catheter under sterile
conditions. The apparatus and self-administration procedure were described in detail by
Howell and Wilcox (2001). Animals were previously trained to respond under a fixed ratio
(FR) schedule of drug delivery. Subjects had the opportunity to self-administer
methamphetamine during 60-min sessions once a day, 5 days per week in the morning
(starting between 7–9 am). The animals were placed in a primate chair (Primate Products)
and placed in a sound-attenuating experimental chamber for the duration of the session. The
rest of the day, the animals were maintained in their home-cages. During the test session, the
behavioral chamber was illuminated with a red light which served as a discriminative
stimulus. Completion of the FR 20 response requirement resulted in a change in the stimulus
light from red to white for 15 s and a methamphetamine infusion (0.01 or 0.03 mg/kg in 0.5
ml infused over 3 s). This infusion was followed by a 60-s timeout; during which the
stimulus lights were turned off and responding had no programmed consequences. At the
end of the timeout, the red light was presented again to signal the availability of drug and the
opportunity to complete another FR and earn another infusion. Three weeks of a no-drug
condition, in which the subjects remained undisturbed in their home-cages, followed the
methamphetamine self-administration.

Protocol design
Before the drug intake, the Actiwatch was attached to the collar of each monkey and
spontaneous baseline sleep-like behavior patterns were measured for 3 weeks (pre-drug
recording). Each subject underwent the self-administration protocol twice, such that each
subject received 2 different doses (0.01 and 0.03 mg/kg/inj, i.v.) of methamphetamine. The
first day of SA was considered the onset of the first week of recording under drug-intake
(dose of 0.01 mg/kg). SA and recording continued for a total of 5 weeks. The drug at this
dose was discontinued and sleep-like measures continued for an additional 3 weeks (post-
drug). The sequence was then repeated with a higher unit dose (0.03 mg/kg/inj) of
methamphetamine. All animals received the lower dose before proceeding to the higher
dose. Doses were separated by a minimum of a 6 week interval during which no self-
administration sessions occurred.

Sleep-wake pattern
Actigraphy is one of the most commonly used methods for assessing movements during
sleep-wake cycles (Terrill et al., 2010). The Actiwatch technology has been previously
shown to be a reliable, non-invasive method for activity monitoring (Mann et al., 2005;
Andersen et al., 2010a, 2012). The Actiwatch sensor (Mini Mitter, Bend, OR, USA) was
attached to the subject’s collar while the subject was under ketamine (3.0–10mg/kg, i.m.)
anesthesia. The following sleep-like behavior parameters were assessed: sleep efficiencies
(i.e., the percentage of the dark phase spent sleeping), sleep latencies (i.e., the time between
the lights-off time and the first sleep bout) and the fragmentation index (immobile bouts
during the dark phase that lasted less than 1 minute during the sleep recording period). The
fragmentation index is a measure of how much a rest period is disjointed by physical
movements and it is an indicator of restlessness that takes into account the amount of wake
episodes during the sleep period. Sleep bouts are the number of sleep episodes events that
take place during the entire period of recording. All parameters were calculated using the
Actiware software program.

Statistical analysis
The self-administration data, expressed as drug intake, were analyzed using two-way
repeated-measures ANOVA with the main factors of unit dose (0.01 vs. 0.03 mg/kg/inf) and
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time (weeks of self-administration). Post-hoc analyses were conducted with Bonferroni’s
post hoc tests to indicate significance. The sleep parameters were analyzed for the
cumulative dark phase. The data were analyzed using two-way repeated-measures ANOVA
with Bonferroni’s post hoc tests to indicate significance. The data were combined in blocks
across 3 (baseline or post-SA) or 5 (active self-administration) weeks of the experiment.
Significance was accepted at an alpha of 0.05. Correlational analyses were conducted using
linear-regression analysis.

Results
Self-administration

The initial dose of methamphetamine (0.01 mg/kg/infusion) reliably maintained responding
in all 4 subjects, with average drug intake ranging from 0.09 to 0.33 mg/kg/session. At 0.03
mg/kg/infusion, methamphetamine intake increased to a range of 0.22 to 0.996 mg/kg/
session, with a group (n=4) mean of 0.74±0.05 mg/kg/session (Figure 1). Two-way ANOVA
revealed a significant main effect for dose (F(1,39)=79.22; p<0.01). Post-hoc tests revealed
that there was significantly higher intake of methamphetamine at 0.03 mg/kg compared to
0.01 mg/kg (p<0.01), with no significant differences across the weeks.

Sleep-wake pattern
Sleep efficiency—The data were combined across the weeks of each experimental block
(the baseline, the period of active SA, and the post-SA period). Two-way ANOVA revealed
a significant interaction (F(2,23)=3.31; p<0.05) for sleep efficiency. Post-hoc tests revealed
that methamphetamine at 0.03 mg/kg caused a significant decrease in sleep efficiency during
SA compared with post-SA weeks (p<0.01 - Figure 2). The 0.01 mg/kg unit dose of
methamphetamine did not exhibit any statistical differences across the time-points (pre SA,
SA, or post SA). At neither unit dose were the baseline and post-SA values statistically
significantly different.

Sleep latency—Two-way ANOVA revealed a significant main effect for time
(F(2,23)=9.03; p<0.01), dose (F(1,23)=16.39; p<0.05) and a significant interaction
(F(2,23)=13.11; p<0.01) for sleep latency. Post-hoc tests indicated that the latency to sleep
onset was significantly higher during the period of self-administering the 0.03 mg/kg unit
dose compared with before and after this period (ps<0.01). The increase in the time to fall
asleep was the greatest during the weeks of SA (0.03 mg/kg) when the average time to sleep
for the methamphetamine group increased by a little more than 9-fold. During SA of
methamphetamine (0.03mg/kg dose), the group showed more variability in their sleep
latency (Figure 3). Moreover, the methamphetamine groups had much higher deviation in
sleep latency. No significant differences in sleep latency were found between baseline and
post-SA period.

Sleep fragmentation—Two-way ANOVA revealed a significant main effect for time
(F(2,23)=6.23; p<0.05) and interaction (F(2,23)=7.91; p<0.02) for sleep fragmentation. Post-
hoc tests revealed that the sleep fragmentation index was significantly increased during the
SA period for the highest dose compared to baseline and post-SA periods (ps<0.01; Figure
4). No significant differences were found between baseline and post-SA time-points.

Correlation—To further explore the relationships between self-administration of
methamphetamine and sleep disruption, we performed a statistical correlation between the
intake of methamphetamine (total amount average intake/session) and the sleep parameters
mentioned above. Significant correlations were found between all of the sleep measures
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(efficiency: R2=0.20, latency: R2=0.27, and fragmentation: R2=0.19) and intake of
methamphetamine (ps<0.01), as shown in Figure 5.

Discussion
Since methamphetamine is often used repeatedly followed by periods of abstinence, the
current study examined the effects of chronic self-administration of methamphetamine upon
sleep-like behavior derived from Actiwatch monitors. We also evaluated whether drug-self
administration would have an enduring effect on sleep-like behavior during the subsequent
periods of drug abstinence. The results showed that sleep-like pattern was disrupted during
self-administration of the higher dose, reflected mainly by longer latency to sleep onset,
reduced sleep time, and more fragmented sleep. However, the data indicated that sleep-like
behavior returned to baseline rapidly following the cessation of self-administration; sleep
measures during the 3-week period of no drug access did not reveal any residual effects of
the drug self-administration.

In well-controlled laboratory studies, methamphetamine has been self-administered by rats
(Roth and Carroll, 2004; Yokel and Pickens, 1973), cats (Balster et al., 1976), nonhuman
primates (Balster and Schuster, 1973; Woolverton et al., 1984), and humans (Hart et al.,
2001). Subsequent studies in rhesus monkeys showed that methamphetamine is a more
potent reinforcer that pseudoephedrine (Freeman et al., 2010) and more effective than
MDMA (Wang and Woolverton, 2007). In the current study, rhesus monkeys reliably self-
administered methamphetamine at both unit doses during the 5-week blocks of drug
availability. To the best of our knowledge, this is the first study to evaluate the consequences
of methamphetamine self-administration on nighttime behavioral activity in nonhuman
primates. In particular, it should be highlighted that the subjects had a history of stimulant
self-administration and were drug-abstinent for at least 6 months prior to the initiation of the
study. This unique experimental history may have important relevance for polydrug abusing
humans in abstinence, an important clinical population.

As hypothesized, methamphetamine produced marked impairments in sleep-like behavior.
Because the Actiwatches used in the current study can only measure activity, it is assumed
that during periods of low activity, the animals exhibited behavior that could be inferred as
“sleep”. However, only an objective measure (e.g. polysomnography) could indeed provide
this definitive information. These impairments began during the first week of self-
administration and continued throughout the 5-week period, without the development of any
apparent sensitization or tolerance to the reinforcing or sleep-disrupting effects of
methamphetamine. The lower dose of methamphetamine did not induce significant changes
in sleep-like behavior. However, at the higher maintenance dose of methamphetamine, there
were significant increases in sleep latencies and sleep fragmentation, and significant
decreases in sleep efficiencies compared to pre-drug baseline. Of note, higher amounts of
methamphetamine intake correlated with poorer sleep quality reflected by higher latencies to
sleep onset and lower sleep efficiency and continuity. In a recent study, experimenter-
administered amphetamine significantly increased sleep latencies and decreased sleep
duration, through an apparent dopamine-mediated mechanism (Murnane et al., submitted).
Although it is well documented that methamphetamine has dopaminergic effects (Karila et
al., 2010 for review), the neurochemical mechanisms underlying the effects of
methamphetamine on sleep remain to be determined.

The interrelationship between sleep and acute methamphetamine administration has been
investigated in humans. Among these studies, Comer et al. (2001) reported that 10 mg
methamphetamine given orally significantly decreased sleep efficiency compared to
placebo-baseline recordings in healthy humans. More recently, Perez et al. (2008), under a
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double-blind, in-patient, within-participant, study, evaluated the residual effects of different
doses of intranasal methamphetamine administration on several dependent variables,
including sleep. The findings showed that drug effects on objective sleep (i.e., total number
of hours slept and number of awakenings) were statistically significant only at the highest
dose of methamphetamine (50 mg), whereas subjective measures (e.g., ratings of “Slept
Well”) were markedly decreased by both the 25 mg and 50 mg doses. These data are in
concordance with the current results, where the higher dose promoted marked activity-
sustaining effects and a significant impact on sleep, whereas the lower lose was ineffective.

There is a growing awareness that long-term disruption of sleep can encompass a range of
comorbidities. Major outcomes include cardiovascular mortality (Drager et al., 2007),
delayed task learning (Zanini et al., 2012), propensity to diabetes (Van Cauter et al., 2008),
and erectile dysfunction (Andersen et al., 2010b; Szymanski et al., 2011). For instance,
methamphetamine abuse is associated with several negative health consequences, such as
cardiovascular disease (Naidoo and Smith, 2011). Chronic disruption of sleep due to long-
term methamphetamine abuse could exacerbate these negative effects. Indeed, sleep
deprivation can potentiate convulsions induced by cocaine in rats (Andersen et al., 2010c),
illustrating the potential risks of sleep disruption on the adverse effects of illicit drug use.
Moreover, there is also the potential concern that exposure to high doses of
methamphetamine or different patterns of methamphetamine intake may lead to even more
pronounced effects on sleep. This could cause ongoing methamphetamine abusers to take
even more drug or abstinent methamphetamine abusers to be more likely to relapse, further
disrupting sleep and creating a vicious cycle.

Rhesus monkeys have been used with marked validity and reliability to investigate drug
abuse disorders. These animals have been used to study many aspects of drug abuse,
including binge intake, chronic self-administration, and relapse, among others. While the
present findings clearly document that methamphetamine self-administration can lead to
non-consolidated sleep (represented by a decrease in sleep efficiency and more awakenings,
i.e., a process that reduces sleep quality after its onset), the disruption of sleep did not extend
into the no-drug period under the conditions employed. Thus, future studies should examine
the long-term effects of methamphetamine self-administration on sleep using different
regimens and durations of exposure. As the failure to manage methamphetamine withdrawal
symptoms during treatment may contribute to the high rates of relapse in the first days or
weeks post-cessation (Brecht et al., 2000; McGregor et al., 2005), the success of these future
studies would allow for a better understanding of the role of sleep disruptions in relapse, and
for the development of treatment options.

In summary, we provide evidence that methamphetamine has a marked impact on sleep-
related behavior, especially sleep consolidation. Rhesus monkeys exhibited poorer sleep
efficiency, spent more time awake, and had higher fragmented sleep indexes. These data
indicate that during the normal sleep period, methamphetamine has a profound impact on
sleep quality in nonhuman primates. Additional preclinical and clinical studies are needed to
evaluate the impact of disrupted sleep on measures of drug relapse. These results will have
important implications given that methamphetamine is a very accessible drug and its use has
increased in several countries including the United States. Its impact on sleep should be
considered as a risk factor in relapse prevention strategies.
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Figure 1.
Methamphetamine intake (mg/kg/session) averaged across the 5-week self-administration
period at 2 unit doses (0.01 and 0.03 mg/kg/inj) in a group of 4 rhesus monkeys. Data are
expressed as Mean ± SEM. *Significantly different compared to 0.01 mg/kg/inj.
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Figure 2.
Sleep efficiency (the percentage of time spent sleeping during the dark period) at baseline
(weeks 1–3), during self-administration (weeks 4–8), and during post self-administration
periods (weeks 9–11). All of the sleep data were combined across the weeks of each
experimental block (baseline, active self-administration, and post-self-administration). The
data are expressed as mean ± SEM. *Significantly different from post self-administration
(post-SA).
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Figure 3.
Sleep latency measured in minutes at baseline (weeks 1–3), self-administration (weeks 4–8)
and during post self-administration (weeks 9–11). The data are expressed as mean ± SEM.
*Significantly different from baseline (pre-self-administration) and post self-administration.
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Figure 4.
Sleep fragmentation (unitless index) at baseline (weeks 1–3), self-administration (weeks 4–
8) and during post self-administration (weeks 9–11). The data are expressed as mean ±
SEM. Significantly different from baseline (pre-self-administration) and post self-
administration.
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Figure 5.
Correlations between the intake of methamphetamine and sleep efficiency (A), sleep latency
(B), and sleep fragmentation (C). Each data point represents the mean value over one of the
5 weeks of self-administration testing in each animal at a given unit dose. Circles represent
mean values over 1 week of access to methamphetamine at a unit dose of 0.01 mg/kg/inj.
Squares represent mean values over 1 week of access to methamphetamine at a unit dose of
0.03 mg/kg/inj.
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