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Abstract

The majority of the literature describing the relation of sleep/alertness disturbance and substance
use disorders (SUD) has focused on the disruptive effects of substances with abuse liability on
sleep and alertness. Rarely have studies or literature reviews assessed or discussed how sleep/
alertness disturbance affects substance use. This paper focuses on the sleep/alertness disturbance
side of the relation. We argue that the relation is bi-directional and review evidence showing that
sleep/alertness disturbance affects all phases of the addiction cycle, including the initiation,
maintenance and relapse of SUD. We review a variety of substances across all phases of the
addiction cycle and conclude sleep/alertness disturbance is a critical factor in both understanding
and treating SUD.
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Introduction

It is now becoming clearer that disturbances to sleep-wake functioning heighten risks to the
development, maintenance, and relapse of substance use disorders (SUD). Research has
shown that repeated exposure to addictive substances disrupts sleep-wake timing and the
duration and continuity of sleep, while abstinence causes disturbed sleep and reports of
insomnia and negative affect which tends to drive craving and impulsivity leading to relapse
(1). Furthermore, these substances typically alter and disrupt the neurophysiology
responsible for regulating the sleep-wake system (2). On the other hand, sleep/alertness
disturbance often increases factors that drive substance use such as increased stress, mood
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disturbance, and greater sensitivity for pain. This suggests that sleep/alertness disturbance
and SUD are bi-directionally related.

Much of the literature that has described the relation of sleep/alertness disturbance to SUD
has focused on the disruptive effects of substances on sleep per se, rarely have studies or
reviews looked at how sleep/alertness disturbance affects substance use. In this paper we
will focus on the sleep-wake disturbance side of the relation. We will argue that sleep/
alertness disturbance contributes to all phases of the addiction cycle (i.e. initiation,
maintenance, and relapse) and that this bi-directional relation exists across a variety of drugs
of abuse. We review examples from the major classes of drugs with known abuse liability
and sleep/alertness effects; we do not intend to provide an exhaustive review of all drugs for
which there are reports of abuse. Furthermore, in reviewing examples across all phases of
the addiction cycle and with a variety of classes of drugs we argue that sleep/alertness
disturbance is a critical factor to be considered in both understanding and treating SUD.

Basics of normal sleep/alertness relevant to SUD

To appreciate the hypothesized bi-directional relation of sleep/alertness and SUD, it is
helpful to review some basics of sleep-wake phenomenology. The 24-hr sleep wake cycle is
under complex and interacting homeostatic and circadian processes (3). Further, within the
24-hr sleep-wake cycle is a 90-120 min ultradian cycle (referred to as the basic rest-activity
cycle), most clearly seen during sleep, but also hypothesized to exist during wakefulness. In
sleep the ultradian cycle is expressed as the NREM-REM cycle and many drugs with abuse
liability alter this cycle. NREM and REM sleep are two unique brain states each with a
distinct physiology and neurobiology, which is discussed in the next section and is important
in understanding addiction risks.

Homeostatic regulation of sleep is driven by the prior amount of wakefulness relative to the
amount of sleep accumulated over days, termed Process S (4). The intensity of sleep drive
can be inferred from the measurement of EEG slow wave activity during sleep, arousal
threshold during sleep, the total duration and continuity of sleep and the speed of falling
asleep at night and during the day. During nocturnal sleep the amount of slow wave activity
diminishes during each successive NREM-REM cycle across the night and following
development of enhanced sleep drive slow wave activity increases and extends to later
NREM episodes. Speed of falling asleep during the day on repeated opportunities at two-
hour intervals is used to measure the presence of an accumulated sleep drive; the method is
termed the Multiple Sleep Latency Test (MSLT). Each of these various measures have
shown parametric sensitivity to the accumulated prior daily amount of wakefulness, both
acute and chronic.

Independent of homeostatic processes is a circadian process that organizes sleep and wake
and other biological processes in synchrony with the light-dark cycle, termed Process C (4).
Light-dark input from the retino-hypothalamic tract feeds to the supra-chiasmatic nucleus
(SCN) which is considered the master biological clock. Efferents from the SCN convey
circadian timing signals that synchronize a variety of physiological systems and organs. In
some SUDs (i.e., opioids or stimulants) the substance self-administration pattern controls the
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timing of sleep and wake irrespective of the environmental light-dark cycle and additionally
within sleep can alter the ultradian NREM-REM cycle.

Neurobiological mechanisms common in both sleep/alertness and
substance use.

There are neurobiological processes that are common to control of sleep-wake, motivation
and reward. Table 1 presents the primary brain origin and cell firing rates of important
neurotransmitters involved in control of sleep and wake and the two distinct sleep states,
NREM and REM (5). Without completely describing the complex interactions among these
various transmitter systems it is clear that wake and arousal are controlled by multiple
systems, while sleep is primarily controlled by GABA neurons in the hypothalamic preoptic
area (POA, specifically ventral lateral, VLPO), which project to and inhibit the multiple
wake promoting systems. NE, ACH, and 5-HT reciprocally inhibit GABA VLPO cells to
promote wake. Uniquely opposed to GABA'’s sleep promoting effects is orexin and
histamine, which project to and stimulate all the various wake promoting systems and
additionally inhibit GABA, thereby stabilizing the maintenance of wakefulness. Thus, POA
neurons active during sleep inhibit arousal systems and arousal systems inhibit sleep-active
POA neurons.

From a SUD perspective, stimulation of the dopaminergic ventral tegmental-nucleus
accumbens track (VTA-NAC), either directly or indirectly dependent on the specific drug, is
recognized to be responsible for the reinforcing and rewarding effects of drugs of abuse.
Given dopamine’s moderate activity during wake and NREM, it is notable that dopamine
activity increases during REM sleep (see Table 1). In addition, cholinergic activity is high
both during wake and REM sleep. Basic animal studies document interaction of the
peduculopontine tegmental nucleus (PPT), which is critical to maintaining arousal and REM
sleep, with the ventral tegmental area (VTA) and in modulating stimulant self-administration
(6,7). Many drugs of abuse (i.e. alcohol, stimulants, and opioids) suppress REM sleep and
tolerance rapidly develops to their REM-suppressing effects. During drug discontinuation a
REM rebound occurs, evident by reduced REM latency and enhanced REM percent, Eye
Movements during REM, and wake intrusions into REM sleep. The nature of the specific
REM-related alterations that have occurred during the addiction cycle is currently not
completely clear. As discussed below these alterations may be especially important to the
maintenance and relapse phases of the addiction cycle.

The relatively recent discovery of orexin (1998) is important regarding the bi-directional
relation of sleep-wake and SUD. In 1998 two research groups simultaneously discovered a
cluster of 50,000-80,000 neurons in the lateral hypothalamus that project throughout the
brain and regulate sleep-wake, feeding, stress-reactivity, and drug-motivated behavior
(8,9,10). These cells express two peptides, named hypocretin (HCT) by the sleep group and
orexin (OX) by the feeding group. OX has now become the conventional designation for
these peptides and their receptors. These neurons project from the lateral hypothalamus to
cholinergic and monoaminergic systems thereby stimulating arousal and motivation. Orexin
comes in 2 isoforms (Orexin A and B) derived from the same precursor protein, prepro-
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orexin; these isoforms bind to two subtypes of G protein-coupled receptors, orexin-1 (OX-1)
and orexin-2 (OX-2). Orexin A has slightly higher affinity for OX-1 than OX-2 receptors,
whereas orexin B has much higher affinity for OX-2 than OX-1 receptors.

The functional/behavioral specificity of the two OX receptors is not completely defined (10).
Pre-clinical models suggest OX-2 activation is primarily involved in maintaining
wakefulness and arousal, while OX-1 activation promotes motivation and specifically drug
reinforcement. An intriguing serendipitous discovery implicates an OX role in SUD (at least
OUD). The sleep disorder narcolepsy, in which a primary symptom is excessive daytime
sleepiness, is known to be associated with reduced CSF levels of orexin relative to normals
and other CNS disorders of excessive daytime sleepiness. In search for evidence regarding
deficiency in OX receptors in human narcolepsy, postmortem brains of people with
narcolepsy were examined (11). Among the control brains examined for comparison was an
individual that had a 54% greater number of OX receptors and that individual was found to
have been a heroin addict. Elevation of the number of OX receptors was then confirmed in a
larger sample of the decedent brains of heroin-addicts. Any number of compelling questions
arise including: 1) is this evidence of a premorbid risk for development of OUD, or 2) a
consequence of months of opioid use and 3) will post detoxification treatment via orexin
antagonism improve sleep and relapse outcomes.

It is generally accepted that the sleep homeostat is extracellular adenosine, a naturally
occurring purine nucleoside, which is found throughout the brain. It acts as a modulator of
neurotransmission and behavior by generally exerting a depressant effect on neuronal firing.
Adenosine acts primarily through Al and A2, receptors that are widely distributed
throughout the brain and relevant to sleep-wake control in the basal forebrain and the VPLO.
Early research showed Al receptors inhibit basal forebrain ACH wake promoting neurons
(12). Later it was shown sleep-active GABA neurons of the VLPO, which are inhibited by
the TMN HA neurons promoting wake, become disinhibited by A2, activation and thus
promote sleep (13). With respect to SUD, A2 receptors are found in the striatum, clustered
on dopaminergic and glutaminergic tracts projecting from the ventral tegmental area (VTA)
to the nucleus accumbens (NA) (14). Whether the interaction of A2, modulation is
synergistic or antagonistic, how that interaction may change with acute vs chronic drug use,
and how it differs for various drugs of abuse has, as yet, not been clearly outlined (15,16,17).
But, the intermingling of adenosinergic and dopaminergic/glutaminergic systems in the
striatum may be important regarding the bi-directional relation of sleep-wake and SUD.
Below we will describe EEG slow wave activity assessments done in people with various
SUDs that suggest adenosinergic modulation of the dopaminergic/glutaminergic reward
system is impaired in SUD.

Sleep/alertness disturbance and initiation of SUD

Alcohol

The strongest data showing that sleep/alertness disturbance is predictive of the development
of a SUD comes from the alcohol literature. Cross-sectional studies of teens and young
adults have shown insomnia symptoms and erratic sleep schedules are associated with early
use of alcohol, cannabis, and nicotine (18,19). Prospective, longitudinal studies have also
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shown an association between insomnia and substance use. Individuals with insomnia at
time 1 were 7.2 times more likely to report alcohol and drug dependence 3.5 yrs later than
those without time 1 insomnia (20). However, the relation, either cross-sectional or
longitudinal, between sleep problems and substance use is not clearly independent of
coexisting psychiatric problems (21).

Laboratory, alcohol self-administration studies in people with insomnia without co-existing
psychiatric disorders and reported light to moderate social drinking self-administer alcohol
vs placebo before sleep, while age-matched controls prefer placebo (22,23). Initially, a low
dose (0.045% BrEC) alcohol normalizes percentage of slow-wave sleep to that of the
controls without disrupting sleep the last four hours of the sleep period. However, by night 6
of nightly alcohol tolerance developed.to the slow wave sleep enhancement and alcohol
reduced sleep efficiency (23). On subjective effects assessment alcohol was initially rated for
its sedative effects, which was lost by night 6 and replaced by enhanced beverage “liked”
ratings. In a follow-up study people with insomnia were randomized to 6 nights of alcohol or
placebo before sleep and then given an opportunity to self-administer multiple alcohol doses
before sleep (23). Those with 6 nights of prior alcohol exposure selected higher alcohol
doses before sleep compared to those with prior placebo exposure.

The specific sleep disturbance that may increase the risk of development of AUD is
apparently a dysfunction of the sleep homeostat, as measured by slow wave activity. Spectral
EEG analyses of sleep in alcohol dependent and abstinent persons with AUD have shown
reduced spectral power in the delta band relative to healthy controls (24,25). A classic
approach to assessing the function of the sleep homeostat is to deprive sleep or delay sleep
onset which in healthy control subjects produces a robust enhancement of slow wave activity
during recovery sleep. A study of the effects of a phase delay showed people with AUD
relative to controls had a blunted slow wave sleep response to the delay (26). Yet, these
studies do not exclude the possibility that the sleep homeostat disturbance is the result of the
excessive alcohol intake inherent in AUD.

The participants with insomnia in the self-administration studies cited above, who were
without AUD and had a history of moderate social alcohol use, had reduced amounts of slow
wave sleep at baseline relative to the age-matched controls and alcohol normalized their
slow wave sleep (22,23). Genetic and familial aggregation studies support the hypothesis
that sleep homeostat dysfunction is linked to AUD onset. The PER3%/4 polymorphism,
which is a genotype associated with lower homeostatic sleep drive, had the strongest
association with the severity of insomnia in AUD patients (25). Finally, 9-10 yr old children
with a family history of AUD had lower delta and theta power on NPSGs compared to
family history negative children (26). Taken together, these data suggest sleep homeostat
dysfunction represents a risk of the development of AUD.

Cannabinoids

The cannabinoids remain illegal at the federal level, but now are legal in a majority of states
for therapeutic use and in some states for social use. As such, cannabis is readily available to
many adolescents. The cross-sectional studies cited above, regarding sleep disturbance in

teens and young adults being associated with early onset alcohol use, also included early use
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of cannabinoids (18,19). We are aware of one prospective longitudinal study showing sleep
disturbance is predictive of higher risk of developing cannabis use, but the relation was only
present in males (18). Further, the self-report of insomnia and cannabis use at both time
points was dichotomized (yes/no), which can-not be interpreted as the presence of either
insomnia or cannabinoid use disorder (CanUD).

Several studies discussed below report insomnia and cannabis use are associated and
cannabis users report using cannabis as a sleep aid (29). There is a neurobiology supporting
the association of sleep disturbance and CanUD. Two cannabinoid receptors CB1 and CB2
have been identified and CB1 agonists promote sleep, while CB1 antagonists increase wake
(30). Basic research has suggested that the cannabis sedative effect occurs through release of
adenosine in the basal forebrain (31). There also is evidence that cannabis is involved in the
control of the circadian sleep wake rhythm. A study in healthy volunteers showed plasma
concentrations of anandamide exhibited a circadian rhythm with concentrations three times
higher at awakening from sleep than before sleep and that sleep deprivation disrupted that
rhythm (32). A recent twin study suggests insomnia and regular cannabis use are shared
genetic traits (33). In a study of 472 monozygotic and 304 dizygotic twins there were higher
cross-twin correlations for regular cannabis use, insomnia, and short weekday sleep (< 6 hrs
nightly) than for the dizygotic pairs. However, while all this evidence suggests an
association of sleep/circadian disturbance and cannabis use, it does not indicate that sleep
disturbance leads to the initiation of CanUD.

Sedative-Hypnotics

While it is generally considered that sedative-hypnotics have a relatively high abuse liability,
the scientific evidence from epidemiological and laboratory studies indicate the abuse
liability of modern sedative-hypnotics is relatively low. The distinction “modern” is critical
in that, the early sedative-hypnotics, barbiturates and ethanol-based drugs (i.e.,
ethchlorvynol, choral hydrate); clearly produce tolerance, as well as both physical and
behavioral dependence. But, the modern benzodiazepine receptor agonists (BzRA) are not as
likely to do such.

In the 1980s, daytime self-administration studies were done in normals, persons with
substance abuse histories and patients with anxiety disorders and the results showed a
generally low behavioral dependence liability. BzZRAs were self-administered by people with
a substance abuse history at low and declining rates over time (34) and were not
differentially self-administered relative to placebo by normals or patients with anxiety
disorders (35,36). These studies were conducted during the daytime and used long-acting
anxiolytic BzRAs.

Short term pre-sleep self-administration studies of BzZRA hypnaotics in volunteers with
insomnia found that triazolam and placebo were self-administered at similar rates (67-88%)
in a single-choice paradigm (i.e., choice of taking the available capsule or not), which is the
clinical situation) (37-39). When forced to choose between triazolam and placebo on a given
night, triazolam was preferred eighty percent of the time (39). Most importantly, when given
an opportunity, in a single-choice paradigm, to self-administer multiple capsules on the same
night, a 0.27 mg average nightly triazolam dose was self-administered (i.e., close to the 0.25
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mg clinical dose), while the placebo dose was escalated to the three capsule maximum.
Finally, when given an opportunity to self-administer triazolam or placebo during the
daytime a minority of the insomnia volunteers choose triazolam relative to placebo. Those
preferring daytime triazolam were hyper-aroused as reflected in unusually high MSLT
scores (40).

Recent long-term studies of nightly use of zolpidem or placebo for 1 yr showed that 1)
zolpidem was preferred to placebo by people with insomnia, but its overall rate of self-
administration did not increase over 12 months of nightly use (i.e., a stable average nightly
dose of 9.5 mg was self-administered, similar to the clinical dose, 10 mg), while placebo
self-administration did increase over the 12 months, again to the maximum three capsules,
implying an ineffective hypnotic (i.e. placebo) is dose-escalated (41); 2) 12 months of
nightly zolpidem use did not produce rebound insomnia or withdrawal signs and symptoms
after chronic use (42); and 3) relative to placebo zolpidem increased total sleep time and this
hypnotic efficacy did not diminish over 8 months of nightly use (43).

Finally, to characterize those people with insomnia who self-administer at high rates in
short-term studies and who dose-escalated in long-term studies, it was found that they were
hyperaroused with lower percentages of stage 3/4 sleep (44) and elevated MSLT scores
during the daytime (45). Interestingly, among the signs identified in case reports of hypnotic
abuse are rapid shifts from nighttime use to daytime use and escalation of dose (46). Thus,
overall, sleep/alertness disturbance leads to abuse in a small subset of individuals who use
hypnotics.

One route through which sleep disturbance may lead to OUD is pain. It is well established
that acute and chronic pain is associated with shortened and disrupted sleep and daytime
sleepiness/fatigue (47). In healthy volunteers reducing bedtime enhances pain sensitivity and
in sleepy, otherwise healthy, volunteers increasing bedtime reduces pain sensitivity (48,49).
But, most importantly as regards a pain path to OUD, improving sleep leads to reduced pain
and reduced opioid use. A study in joint replacement patients, randomized the patients to
one week of a nightly increase in bedtime vs continuation of habitual bedtime. This sleep
time manipulation was done over the week immediately prior to hip or knee joint
replacement (50). During the pre-surgery week the sleep extension group slept one hour
longer nightly vs the habitual sleep group and then reported less daily pain over the three,
post-surgery, in-patient days and used 48% less daily morphine mg equivalents. Although
the mechanisms are not well understood, it has been shown that the suboptimal management
of postoperative pain increases the risk of transition to chronic pain and opiate abuse (51,
52). The joint-patient study suggests optimal management of postoperative pain should
include attention to a patient’s sleep.

Among opioid pain medication dependent patients, pain severity scores were related to
Insomnia Severity Index scores (53). In other OUD studies a large proportion of patients
report initiating opioid use for pain management and then subsequently using the medication
for other reasons including to “get high” or “for sleep” (54-56). In summary, sleep
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insufficiency enhances pain and thus increases the risk for opioid dependence, while
improving sleep decreases opioid use.

Psychomotor Stimulants

The sleep/alertness disturbance mediator of stimulant dependence is likely excessive
daytime sleepiness. We noted above that excessive daytime sleepiness is the consequence of
inadequate sleep due to reductions in the opportunity to sleep, or the presence of sleep
disorders disturbing the continuity of sleep, or sleep that is scheduled in opposition to the
light-dark cycle (i.e., shift workers). We are unaware of prospective studies showing daytime
sleepiness precedes development of a stimulant use disorder.

There are laboratory studies that suggest use of stimulants to reverse sleepiness may increase
the risk of development of a stimulant use disorder. In healthy people methylphenidate is
self-administered relative to placebo after four hours in bed the previous night, but not after
eight hours in bed (57). Methamphetamine is self-administered relative to placebo during
work periods after an abrupt shift in sleep schedule, but not after a normal sleep schedule
(58). In both studies subjective effect ratings of amphetamine-like effects or “desire to take
the drug” were not different in the rested versus sleepy state. As tolerance development to
the psychomotor stimulants is well documented, the critical question is whether and how the
positive rewarding effects of these stimulants, experienced in both the alert and sleepy state,
change as tolerance to the sleepiness reversing effects develops.

Sleep/alertness disturbance and maintenance of SUD

Caffeine

Once a SUD has developed sleep/alertness disturbance can contribute to the maintenance of
the disorder. In discussing sleep/alertness disturbance and maintenance of SUD we make a
distinction between relapse after prolonged abstinence (treated in the next section) vs
continued daily use or brief discontinuations followed by resumption of substance use. We
suggest that in patients with SUD, in addition to the positive rewarding effects of the
substance important to initiation of the SUD, negative reinforcing effects are added as the
addiction cycle progresses. In other words, the substance now is used to reverse a sleep/
alertness disturbance that developed in association with the excessive use of the substance.

It is important to note that beyond showing sleep/alertness disturbance is present during
acute or chronic use and acute discontinuation, it is necessary to show that the sleep/
alertness disturbance itself is maintaining the continued use. There are numerous review
articles reporting sleep/alertness disturbance is present in SUD, but in few cases has it been
shown that the disturbance leads to continued use. The argument for this association can be
strengthened by showing neurobiological changes in sleep-wake control as a result of
sustained substance use. Such neurobiological changes have been shown in a few SUDs.

Caffeine is the best example of negative reinforcement maintaining substance use. Caffeing,
the most widely used stimulant in society, is generally not considered a drug of abuse, and
even within the medical community, its potential for abuse is not fully appreciated. As with
the psychomotor stimulants, there are no prospective studies showing use of caffeine to

Pharmacol Biochem Behav. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roehrs et al.

Nicotine

Alcohol

Page 9

reverse sleepiness can lead to abuse. But, laboratory data indicate there are conditions under
which caffeine is persistently self-administered and that caffeine does have abuse liability,
albeit a relatively low liability compared with other recognized drugs of abuse (59). A
withdrawal syndrome was observed after a double-blind, placebo-controlled cessation of
chronic but moderate (235 mg daily on average) caffeine consumption (60). Putting this dose
in context, an 8-ounce cup of coffee contains 100 mg of caffeine. On the second day of
caffeine cessation (20 hours after the last caffeine use), in addition to the ubiquitous
headache, reduced vigor and increases in sleepiness, fatigue, and drowsiness were
experienced. For moderate to heavy caffeine users, the morning cup of coffee immediately
after arising probably restores caffeine levels and alertness, as the 8-hour sleep period is
essentially a caffeine discontinuation given caffeine’s pharmacokinetics. These data would
suggest that caffeine is operating as a negative reinforcer, as opposed to a positive reinforcer;
that is the caffeine use reverses the withdrawal syndrome which includes excessive
sleepiness. However, as yet it has not been directly shown in laboratory studies that caffeine
vs placebo is self-administrated to reverse excessive sleepiness.

Nicotine is a well-known addictive drug, but the role of sleep/alertness disturbance in the
initiation of nicotine addiction has not been assessed. On the other hand, sleep/alertness
disturbance may be involved in the maintenance of nicotine addiction. As with caffeine, the
8-hour sleep period is essentially a nicotine discontinuation. Given nicotine’s even shorter
half-life than that of caffeine, the frequently reported middle-of-night awakening or early
morning awakening to smoke is necessary to restore nicotine plasma levels. It has been
reported that the often-reported nighttime awakening is due to nicotine craving in 20% of
heavy smokers (61). In a longitudinal study compared to non-smokers, smokers had an
increased risk of difficulty falling asleep and daytime sleepiness (62). PSG and MSLT
studies have documented the sleep disturbance and the excessive daytime sleep (63).
However, in their extensive and critical review, Jachne and associates point out that other
factors such as anxiety or depression could be important mediators to the role of sleep/
alertness disturbance in maintaining nicotine addiction (63). In a large sample of smokers it
was shown that emotional dysregulation mediated the relation between sleep/alertness
disturbance and nicotine addiction (64). Despite being a stimulant, heavy smokers typically
report smoking relaxes them.

In AUD research it has been demonstrated that individuals who use alcohol for long periods
of time tend to develop difficulty sleeping. One study examined the prevalence of insomnia
and self-medication with alcohol in a sample of AUD patients (65). Results demonstrated
that compared to patients without insomnia, patients with insomnia reported more frequent
use of alcohol to aid in falling asleep. These patients also reported greater severity scores for
alcohol dependence and depression. An inpatient study of 56 males diagnosed with alcohol
use disorder (AUD) assessed alcohol’s effect on subjective sleep during one week in which
they were abstinent from alcohol as well as the 4 following weeks during which they had the
opportunity to drink (66). Results showed that participants who chose to drink had worse
sleep quality at the abstinent baseline than participants who did not drink during the four-
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week optional period. Alcohol temporarily improved sleep quality in those patients who
used alcohol after the abstinent week. However, improvement in sleep quality was only
observed during the first week of optional alcohol use (i.e., tolerance developed).

Some studies have suggested there are important mediator/moderators of the sleep/alertness
disturbance and continued alcohol use relation. There is an indication that age may moderate
the association found between alcohol and sleep (67). One study investigated the main and
interactive effects of diagnostic group and age group on sleep. Results showed that both
older (greater than 55 years of age) AUD participants and non-AUD participants had
significantly decreased total sleep time as well as an increase in stage 1 sleep percent,
respiratory distress, and periodic limb movements relative to the young non-AUD
participants. When compared, older AUD participants had the highest mean values for
latency and the lowest mean values for sleep efficiency, as well as delta sleep percentage
when compared with the other three groups (younger control, younger AUD, and older
control). A recent study in 123 patients with AUD assessed severity of alcohol use and
insomnia and as well assessed indices of depression and anxiety (68). Structural equation
modeling showed severity of insomnia and alcohol use was linked via the psychiatric
symptoms.

Finally, there is animal research suggesting mechanisms that may mediate the disruptive
effects of protracted alcohol use on control of sleep and wakefulness in AUD (69). Acute
alcohol administration inhibits the basal forebrain ACH wake-promoting neurons through
activation of adenosine A1R receptors (10). Using an animal model of alcohol addiction that
mimics the high and sustained blood alcohol levels followed by the signs of a withdrawal
syndrome seen in human AUD, it was shown that BF ACH activation was increased, while
adenosinergic inhibition was downregulated (69). These studies suggest the sleep
disturbance in AUD that maintains the AUD disorder is disruption of sleep homeostatic
mechanisms.

Research has demonstrated that heavy marijuana users tend to show reduced total sleep
times as well as less slow wave sleep than non-users upon discontinuation of the drug (70).
Cannabis users also showed worse sleep efficiency, longer sleep onset, as well as shorter
NREM-REM cycles compared to non-marijuana users. PTSD is known to be associated with
sleep disturbance and among medical cannabis users with PTSD those with higher PTSD
scores used cannabis at a higher frequency than those with lower PTSD scores and were
more likely to report using cannabis as a sleep aid (71). These findings suggest that use or
discontinuation of cannabis is associated with sleep disturbance which may in turn lead the
individual to continue using cannabis to induce sleep.

During withdrawal, cannabis users often report an increased level of anger, irritability, as
well as sleep difficulty (72). Difficulty sleeping can occur within 24-72 hours of
discontinuation of marijuana use and can persist for 67 weeks. Withdrawal symptoms are
felt in a relatively short period of time while their persistence for more than a month can
make it difficult to remain abstinent. However, studies have shown that the desired hypnotic
effect of cannabis tends to deteriorate slowly over several years of use due to tolerance
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development (73). As yet it has not been directly shown that this sleep disturbance leads to
further self-administration or use of cannabis.

In early rat studies of opioid dependence and discontinuation, in which morphine
methadone, and I-alpha-acetyl-methadol were self-administered 1V while EEG sleep and
wake were continuously recorded across the 24-hr day; these opioids disrupted timing and
normal staging of sleep (74). Sleep and wake were systematically distributed within each
inter-injection interval (~3-hr with morphine and 8 injections per day) irrespective of the
12/12 light-dark cycle. Within each interval initial wake was followed solely by NREM
sleep, and then REM sleep intermixed with NREM and wake, and the next injection
followed a brief awakening. During opioid discontinuation a protracted rebound of REM
sleep lasting 12 days was seen (75).

Clinical studies similarly indicate chronic opioid use/exposure disrupts sleep. In 3 separate
double-blind placebo-controlled studies, morphine (76), heroin (77) or methadone (78)
administered to abstinent opioid-dependent participants dose-dependently decreased total
sleep time, stage 3—4 sleep, and REM sleep. All these opioids also increased arousals and
frequent sleep stage changes (i.e. sleep fragmentation).

Tolerance to opioid-induced sleep disruption often develops within weeks (78,79);
fragmentation is lessened, and REM sleep suppressive effects tend to diminish. However,
some studies in methadone- or buprenorphine-treated patients suggest REM sleep remains
suppressed (80,81).

Opioid agonist-related sleep disruptions may also occur by disturbing respiratory
mechanisms (82). Opioids cause hypoventilation and reduce hypoxic and hypercapnic drive
during wake. Sleep itself normally reduces respiratory drive and, combined with opioids, the
risk of sleep-disordered breathing (i.e. central sleep apnea) and the consequent disruption
and fragmentation of sleep is heightened. In contrast to obstructive sleep apnea, which
predominates in obese men and is related to excessive daytime sleepiness, central apnea
most typically is associated with insomnia. Central apnea is characterized by cessation of
both respiratory effort and airflow and is associated with awakening and not the brief EEG
arousal of obstructed breathing.

Furthermore, discontinuation of chronic opioid use is associated with disturbance of sleep
efficiency and staging that lasts several weeks. Heroin-dependent people maintained on
buprenorphine in an outpatient program were discontinued from their treatment; sleep
latency and latency to REM sleep were prolonged and percent stage 3—4 sleep was reduced
compared to healthy controls (83). Thus, continuation of opioid use is likely associated with
extensive sleep disturbance and sleep-related breathing disturbance associated with its use.
However, again this has not been directly demonstrated.
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Sleep/alertness disturbance and relapse in SUD

Alcohol

Nicotine

Cocaine

Relapse after a period of extended abstinence is the defining characteristic of SUD and
research suggests sleep/alertness disturbance is a predictor of relapse. A recent retrospective
chart review was conducted of patients in an outpatient treatment program which included a
pre-treatment assessment of insomnia and daytime sleepiness using validated self-report
scales (84). Patients represented a diverse range of SUDs, including alcohol, cannabis,
opioids, stimulants, and sedative/hypnotic/anxiolytics. The study did not analyze by specific
type of SUD, as the study hypothesis tested was that sleep disturbance is a “universal risk
factor” for relapse. Among the 110 patients clinically significant insomnia was predictive of
inability to complete the 20-day treatment, while excessive sleepiness was not predictive.
Longer-term abstinence studies of specific SUDs present a similar picture.

Both objective and subjective measures of sleep after acute detoxification predict the
likelihood of relapse during long-term abstinence. Based on sleep laboratory NPSG studies,
disturbed sleep can persist for up to 3 years in alcoholism. Sleep time remains shortened and
REM sleep pressure elevated as reflected in elevated REM percentages, shortened latencies
to REM sleep and higher REM densities (85). Other studies have identified deficiencies in
slow wave sleep as predictive of relapse (86, 87). While it is tempting to attribute these sleep
abnormalities to the excessive alcohol drinking of the patients and alcohol’s REM
suppressive effects and the consequent buildup of REM pressure, the sleep problems could
have preceded the development of the alcoholism (see the initiation section above) or they
could be secondary to the development of other medical and psychiatric disorders that have
developed during the excessive alcohol drinking. However, in one study sleep-related relapse
risk was greater than that associated with other variables such as age, marital status,
employment, duration and severity of alcoholism, hepatic enzymes, and depression ratings
(88).

Any number of studies have shown that sleep is disturbed during nicotine abstinence and
there is daytime sleepiness (64). It has been shown that nicotine plasma levels are associated
with time awake at night and other withdrawal symptoms. A study of treatment-seeking
smokers found that self-reported sleep disturbance was associated with lower quit self-
efficacy, a measure of confidence of successful abstinence (89). Furthermore, insomnia
symptoms were predictive of quitting failure in another study, specifically pre-quit insomnia
as opposed to postquit insomnia (90).

There are studies linking sleep/alertness disturbance to cocaine use disorder (CocUD)
relapse. Discontinuation of cocaine use is followed by both sleep and alertness disturbance
(91). After 5 evenings of in-laboratory insufflation of cocaine (69 pm) by non-treatment
seeking volunteers with CocUD, NPSG sleep efficiency was in the low normal range, which
after two weeks of discontinuation dropped to levels seen in people with severe insomnia.
Excessive daytime sleepiness, measured by MSLT, was evident on the first two days with
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multiple sleep onset REM periods each day, which returned to normal levels after two
weeks. A larger NPSG study (n=28) in cocaine-dependent participants initially showed
increased sleep time and REM time and reduced slow wave sleep (SWS), which was
reversed by week 3 of abstinence (92). Sleep time and SWS were negatively correlated with
prior years of cocaine use.

Two studies have assessed the role of these clear sleep/alertness disturbances on cocaine
relapse. The life-time history of insomnia and hypersomnia was assessed by self-report in
7168 adults at SUD treatment entry and at 12 months post treatment entry. Sleep/alertness
disturbance was associated with cocaine use at the 12-month post treatment assessment with
odds ratios of 1.3 to 1.6, meaning that with the disturbance there was a 30-60% chance of
relapsing (93). A NPSG study of CocUD patients undergoing treatment was done during
nights 3—4 and 10-11 of a 2 week in-patient phase and over the 6 week out-patient phase
percentage of cocaine-negative urine and maximum consecutive days of abstinence were
assessed (94). Overall increase in SWS from the early to late in-patient abstinence was
positively correlated with the percentage of out-patient negative urines and those with no
SWS change had significantly fewer negative urines and consecutive days of abstinence
compared to those with increased SWS. As with AUD, normalization of REM sleep
measures was also predictive of the ability to maintain abstinence.

Cannabinoids

There are equivocal data suggesting that insomnia is predictive of relapse in cannabinoid use
disorder (CanUD). Among veterans self-reported sleep difficulty on the Pittsburgh Sleep
Quality Index (PSQI), a validated self-report measure, predicted relapse over the first two
days of a quit attempt and predicted a heightened amount of cannabis use over 6 months
after the quit attempt (95). In a laboratory self-administration model of a two-day
abstinence, a number of medications that improved sleep did not led to reductions in the risk
of relapse to cannabinoid use (96-99). The one NPSG study we are aware of recorded
adolescents with alcohol and cannabis use histories on nts 1-2 and 27-28 of abstinence (64).
Night 2 REM % related positively to past month alcohol use and night 2 SWS % to past
month cannabis use. But, these sleep stage findings did not differentiate those who were able
to abstain the full 28 days of abstinence from those that did not. It should be noted these
adolescents were mild to moderate substance users. Furthermore, in most of these studies the
studied period of abstinence was two days, which can’t be considered an adequate
assessment of the role of sleep disturbance in CanUD relapse.

Treatment of Sleep/alertness disturbance to prevent relapse in SUD.

Given sleep/alertness disturbance is predictive of relapse (at least for some substances), it
follows that treatment of the disturbance should improve SUD relapse outcomes. Due to
space limitation we will not conduct a comprehensive review of the treatment literature. To
briefly summarize, treatments for insomnia, including a variety of pharmacological
treatments and several cognitive-behavioral treatments have been studied in SUD, primarily
AUD. The treatments, all focused on sleep disturbance, generally do improve sleep, but have
no impact on rates of alcohol abstinence (92-94). We are aware of one treatment study in
CocUD in which daytime modafinil improved abstinence outcomes and increased nighttime
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SWS (95). The improved nighttime sleep associated with daytime short-acting stimulant use
needs explanation. It is hypothesized that by reducing sleepiness and napping during the
daytime homeostatic sleep drive is enhanced and thus nighttime sleep is improved,
specifically SWS. Treatments that focus on orexin antagonism, as discussed in the
neurobiology section above, may be important given orexin’s role in both sleep wake and in
motivation and reward.

We have argued that sleep/alertness disturbance affects all phases of the addition cycle and is
found with a variety of drug classes that have known abuse liability. We have shown data
suggesting that sleep/alertness disturbance plays a role in the initiation, the maintenance, and
relapse in SUD. It is critically important to further investigate how sleep/alertness
disturbance enhances the likelihood of developing a SUD and how sleep/alertness
disturbance treatment may improve abstinence and relapse outcomes.
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Highlights

. This article argues that sleep/alertness disturbance and substance use disorder

are bi-directionally related
. The article reviews evidence showing that sleep/alertness disturbance affects

all phases of the addiction cycle
. The article shows that the bi-directional relation exists for a variety of

substances with abuse liability
. Considering this bi-directional relation will lead to a better understanding of

substance use disorder and its treatment
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Table 1
Neurotransmitters of Sleep and Wake

Neurotransmitter Origin Firing Rate

Awake NREM REM
Serotonin (5-HT) Raphe Hi Lo Off
Norepinephrine (NE) Locus Coeruleus Hi Lo Off
Histamine (HA) TMN Hi Lo Off
Dopamine (DA) VTA/NC SNr Mod Mod Increased
Acetylcholine (Ach) LDT&PPT BF Hi Lo Hi
Orexin (OX) LHA Hi Off Off
gamma aminobutyric acid (GABA) VLPO Off Hi Hi
Adenosine VLPO, Striatum | Not Relevant | Not Relevant | Not Relevant

TMN - tuberommillary nucleus; VTA/NC - ventral tegmental area-nucleus accubens: SNr — substantia nigra; LDT — lateral dorsal tegmentum; PPT

— pedunculopontine tegmental nuclei; BF — basal forebrain; VLPO - ventral lateral preoptic nucleus
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