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Abstract

Alcohol acts as a sedative that interacts with several neurotransmitter systems important in the 

regulation of sleep. Acute administration of large amounts of alcohol prior to sleep leads to 

decreased sleep onset latency and changes in sleep architecture early in the night, when blood 

alcohol levels are high, with subsequent disrupted, poor quality sleep later in the night. Alcohol 

abuse and dependence are associated with chronic sleep disturbance, lower slow wave sleep, and 

more rapid eye movement sleep than normal, that last long into periods of abstinence and may 

play a role in relapse. The chapter outlines the evidence for acute and chronic alcohol effects on 

sleep architecture and sleep EEG, evidence for tolerance with repeated administration, and 

possible underlying neurochemical mechanisms for alcohol’s effects on sleep. Also discussed are 

sex differences as well as effects of alcohol on sleep homeostasis and circadian regulation. 

Evidence for the role of sleep disruption as a risk factor for developing alcohol dependence is 

discussed in the context of research conducted in adolescents. The utility of sleep evoked 

potentials in the assessment of the effects of alcoholism on sleep and the brain and in abstinence-

mediated recovery is also outlined. The chapter concludes with a series of questions that need to 

be answered to determine the role of sleep and sleep disturbance in the development and 

maintenance of problem drinking and the potential beneficial effects of the treatment of sleep 

disorders for maintenance of abstinence in alcoholism.
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1.0 Introduction

Sleep is a fundamental, necessary and complex behavior in humans. The mammalian 

nervous system demonstrates two distinct states of sleep, rapid eye movement (REM) and 

non-rapid eye movement (NREM) sleep, that involve different patterns of neurological 

activation and neurotransmitter release, and presumably different functions. Many of the 
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neurotransmitters known to be involved in wake-sleep regulation are also affected by 

alcohol, and thus not surprisingly, alcohol affects sleep in a number of ways. As with other 

drugs, alcohol demonstrates tolerance with repeated administration and dependence, and this 

tolerance is accompanied by adaptation of neurotransmitter systems, either by modulation of 

their release or by modifying the sensitivity of their response mechanisms. Withdrawal of 

alcohol in dependent individuals can be associated with neurological manifestations of the 

consequent neurochemical imbalance. Over time, recovery can take place to restore a normal 

balance of inhibitory and excitatory systems; however, it is possible that some changes 

induced by alcohol may be resistant to restoration. In addition to the direct pharmacological 

effect of alcohol on sleep-regulatory systems, the long-term consequences of alcohol abuse 

and dependence on brain macrostructure and microstructure, may also themselves lead to 

changes in sleep regulation or changes in electroencephalographic (EEG) manifestations of 

sleep. The influence of alcohol on sleep thus needs to be evaluated in multiple contexts. This 

chapter reports the evidence for the acute effects of alcohol on sleep in humans and in 

animal models, the effects of short-term repeated administration of alcohol on sleep, and the 

observations of the long-term consequences of alcohol dependence on sleep.

Human sleep is defined on the basis of changes in EEG activity, augmented by measurement 

of eye movements and postural muscle tone to aid in the differentiation of REM sleep from 

wakefulness. The movement from wakefulness to deep sleep largely maps onto an EEG 

frequency continuum with very high frequency gamma oscillations (~40 Hz and higher) and 

desynchronized beta activity (~20–30 Hz) associated with active wakefulness, giving way to 

synchronized alpha (~10Hz) in relaxed wakefulness, theta activity (4–7 Hz) in light Stage 1 

NREM sleep (now called N1 sleep, Iber et al., 2007).

Stage 2 NREM sleep (N2) is characterized by phasic sleep spindles (synchronized sigma 

activity: 12 – 16Hz) and K-complexes, high amplitude delta waves, and constitutes between 

45–55 % of the night. Stages 3 and 4 NREM sleep (N3 or slow wave sleep, SWS) are 

characterized by slow delta activity (0.3 to 2 Hz), constituting about 18 % of the night. REM 

sleep, constituting 20–25 % of the night, demonstrates desynchronized activity in theta and 

beta ranges reflective of the partial reactivation of brain stem mechanisms that are fully 

active in wakefulness and deactivated in NREM sleep. NREM and REM sleep alternate 

across the night in approximately 90-minute cycles. As the sleep episode progresses, Stage 2 

sleep accounts for most of NREM sleep, and the amount of REM sleep increases. According 

to the two-process model of sleep (Borbely 1982), the timing, depth, and duration of sleep 

are controlled by the interaction between circadian (Process C) and homeostatic (Process S) 

processes. Process S reflects the buildup of sleep pressure during wake, which dissipates 

during sleep. EEG delta wave activity in NREM sleep is considered a marker of Process S 

and is highest in the first part of the sleep period when sleep pressure is highest. Process C 

reflects circadian regulation of sleep timing. While the overarching purpose of sleep remains 

unknown, evidence suggests that it serves several functions, including conservation of brain 

energy, facilitation of certain forms of learning and memory, and support of cognitive 

capacity including pruning and maintenance of synaptic connectivity (Tononi and Cirelli 

2006). Insufficient sleep or insomnia (difficulty initiating or maintaining sleep or non-

restorative sleep) are associated with negative consequences to immune function, impaired 

cardiovascular and cerebrovascular health, cognitive impairment, and a change in emotional 
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reactivity. Insomnia is a risk factor for the development of psychiatric disorders, including 

depression, anxiety, and alcohol abuse (Breslau et al. 1996). Insomnia complaints may also 

interfere with the recovery process and contribute to relapse among patients in recovery 

from alcohol dependence (Brower 2001; Arnedt, Conroy, and Brower 2007). Therefore, it 

has, been suggested that treating insomnia may aid recovery in alcoholics and prevent or 

reduce the likelihood of relapse (Brower 2001; Arnedt, Conroy, and Brower 2007)

2.0 Acute effects of alcohol on sleep

Sleep occurs over a sustained period, typically lasting approximately 8 hours in humans. In 

the absence of continued dosing, alcohol consumed prior to the onset of sleep, therefore, will 

not be at a constant level throughout the sleep period. Depending on the timing of sleep 

onset relative to consumption, blood alcohol levels may continue to rise for some time 

during sleep, but inevitably they will start to fall as a function of metabolism, the time 

course of which is unaltered by sleep itself (Rundell et al. 1972). Sleep, therefore, could be 

expected to be affected differently during the initial period of high alcohol levels from the 

subsequent elimination phase. The presence of alcohol metabolites such as aldehyde need to 

be considered in terms of their own possible influence on sleep mechanisms as do secondary 

effects of alcohol, such as diuresis.

Effects of an acute pre-bedtime dose of alcohol on sleep have been extensively studied 

although methodology has varied greatly between studies in terms of dose and timing of 

alcohol administration, age and gender of subjects, and sample size. Alcohol initially acts as 

a sedative. Commonly reported phenomena include shortened sleep onset latency (MacLean 

and Cairns 1982; Roehrs et al. 1999; Williams, MacLean, and Cairns 1983; Stone 1980; 

Scrima et al. 1982) and increased SWS in the first half of the night (Williams, MacLean, and 

Cairns 1983; Van Reen, Jenni, and Carskadon 2006; Sagawa et al. 2011; Rundell et al. 1972; 

Chan et al. 2013; MacLean and Cairns 1982; Prinz et al. 1980; Feige et al. 2006; Arnedt, 

Rohsenow, et al. 2011). REM sleep is suppressed, with a longer latency to REM sleep and 

decreased REM sleep in the first half of the night (Williams, MacLean, and Cairns 1983; 

Van Reen, Jenni, and Carskadon 2006; Sagawa et al. 2011; Rundell et al. 1972; Chan et al. 

2013) or across the whole night (Van Reen, Jenni, and Carskadon 2006; Williams, MacLean, 

and Cairns 1983; Roehrs et al. 1999; Rundell et al. 1972; Roehrs, Yoon, and Roth 1991; 

Arnedt, Rohsenow, et al. 2011). In the second half of the night, sleep is disrupted, with 

increased wakefulness and/or stage 1 sleep. This pattern of initial sleep augmentation 

followed by a period of poor quality sleep can lead to a downward spiral, with insomnia 

being self-treated with alcohol to produce a rapid sleep onset, subsequent poor sleep then 

leading to daytime sleepiness that is self-treated with caffeine, which exacerbates insomnia, 

requiring more alcohol to fall asleep, etc. It is estimated that alcohol is used by more than 

one in ten individuals as a hypnotic agent to self-medicate sleep problems (Arnedt, 2007).

2.1 Acute effects of alcohol on sleep: repeated administration

While there is reasonable consensus on the effects of acute alcohol administration on a 

single night’s sleep in non-alcohol-dependent individuals, less is known regarding the effects 

of repeated administration over multiple nights, a situation that better represents the normal 
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experience for non-dependent drinkers in the community. Studies of the effects of repeated 

alcohol administration over multiple nights are rare and suffer from small sample sizes. To 

our knowledge, only five such studies have been published with a total of 19 men and 5 

women evaluated in experiments that vary in the dose of alcohol administered, the timing of 

the alcohol relative to sleep, and the number of nights of consecutive usage.

Yules, Freedman, and Chandler (1966) studied three young non-alcohol dependent, men 

over 5 nights of drinking, with 1g/Kg ethanol administered 15 minutes before bedtime. 

Yules, Lippman and Freedman (1967) studied four young men over three or five nights of 

drinking with 1 g/Kg ethanol administered 4 hours before bedtime. Unfortunately, these 

studies predate the acceptance of a standardized sleep scoring system, and the data are 

difficult to interpret (e.g. stage 1 NREM and REM sleep are combined), however their data 

are consistent with REM suppression and enhancement of slow wave sleep in the first part of 

the night.

Rundell et al. (1972) studied seven young men over three nights of drinking with alcohol 

administered over an hour, ending 30 minutes before bed, with blood alcohol concentrations 

at bedtime between 0.05 and 0.095 mg percent. Data are presented from a baseline night, 

three drinking nights and the mean of two recovery nights. Prinz et al. (1980) studied five 

young men over nine nights of drinking (seven of them at home) with a 0.8g/Kg dose (0.08 

Breath Alcohol Concentration (BAC) on the laboratory nights) consumed over the hour 

before bedtime. Data are reported from a baseline night; the first and ninth alcohol nights 

and a recovery night. Feige et al. (2006) studied five young men and five young women over 

three nights of drinking. Alcohol was consumed before bed to obtain BAC of 0.03 or 1.0% 

in two different conditions. Data are presented from a baseline night, three drinking nights 

and two recovery nights. The results for the first half of the night from these studies are 

summarized in Figure 1.

SWS was significantly increased over baseline on the first drinking night in the Prinz et al. 

(1980) and Feige et al. (2006) (0.10% BAC dose) studies but not in the Feige et al. (2006) 

(0.03% BAC dose) or Rundell et al. (1972) studies. Prinz et al. (1980) show SWS as 

recovered to baseline on night nine; however, Feige et al. (2006) showed significant 

increases in SWS for the first half of the night on all three drinking nights, so if tolerance to 

the SWS induction effect occurs with repeated nightly use, it would appear to take some 

time to develop.

The percentage of REM sleep in the first half of the night was not decreased on the first 

drinking night at either the 0.03 or 0.10% BAC doses in the Feige et al. (2006) study. 

However, REM density (a measure of the number of eye movements per unit time) was 

significantly reduced on all three drinking nights for the 0.10% BAC relative to baseline, and 

recovered to baseline with no evidence of rebound on the first recovery night (Feige et al., 

2006). Prinz et al. (1980) reported that REM sleep in the first half of the first drinking night 

(7.0 ± 3.1%) and of the ninth drinking night (9.5± 3.18%) was lower than baseline (17.26 

± 2.20%), although the difference was not statistically reliable in this small sample. Rundell 

et al. (1972) reported a decrease in REM sleep on the first drinking night in their study, but 

values on the second and third drinking nights were not different to baseline. While these 
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studies support others showing a suppressing effect of REM sleep by a single dose of 

alcohol, more studies are needed to determine whether the effect persists after multiple 

drinking nights.

Given the clear importance of tolerance to sleep effects as a mechanism for the development 

of abusive drinking (Conroy and Brower 2011), the lack of consistent results from the small 

number of studies and of subjects evaluated provides a clear argument for more work to be 

done to investigate the effects of repeated administration of alcohol on sleep.

2.2 Acute alcohol: sleep EEG data

Computerized analysis of the sleep EEG may reveal subtle effects of alcohol that may vary 

according to brain region and that are not evident from manual scoring of the 

polysomnogram (PSG). Few investigations have examined the acute effect of alcohol on 

EEG power spectra (Dijk et al. 1992; Rundell et al. 1972; Landolt et al. 1996; Van Reen, 

Jenni, and Carskadon 2006). Rundell et al. (1972) conducted an automated period analysis 

of EEG in the first half of the night in young men following administration of 0.9g/Kg 

alcohol and reported decreases in beta along with increases in alphoid (1st derivative of the 

zero crossing count). Dijk et al. (1992) observed increases in delta power in a single central 

derivation in young men following administration of 0.6g/Kg alcohol, consistent with 

increased SWS and decreases in sigma power only in the first two hours of the sleep period 

(Dijk et al. 1992). Landolt et al. (Landolt et al. 1996) reported elevated delta and theta power 

during SWS in frontal, central, parietal, and occipital derivations in older men, with the 

increase in delta appearing to be most prominent in the frontal and central derivations 

following moderate alcohol consumption (0.55 g/kg). Effects were only seen in the first 

sleep cycle, with significantly reduced delta power with alcohol in subsequent cycles. This 

cycle effect is complicated, however, by the fact that alcohol was administered 6 hours 

before sleep. Van Reen and colleagues (2006) reported that0.49 g/kg of alcohol was 

associated with increased alpha activity in anterior derivations (Fz/Cz) with no difference in 

posterior derivations (Pz/Oz) during NREM sleep compared to baseline in young women, 

suggesting that the effect of alcohol on the sleep EEG differs according to region. Given that 

these studies differed in alcohol dose (0.49 – 0.90 g/Kg body weight), timing (35 minutes to 

6 hours prior to sleep), analysis methods, and results, it is difficult to determine if there is a 

consistent effect of alcohol on power spectra on the basis of these studies.

3.0 Sleep in alcoholism

Studies consistently show a high comorbidity of insomnia and alcoholism (reviewed in 

(Arnedt, Conroy, and Brower 2007)). Based on studies of clinical populations, between 36 – 

91% of patients report insomnia either while drinking or within several weeks of stopping 

(Brower and Perron 2010). Many alcoholics develop poor sleep habits and irregular sleep-

wake schedules when drinking, which may persist after quitting. Napping and maintaining 

an irregular sleep-wake schedule are associated with greater wakefulness and poorer sleep 

quality at night (Currie et al., 2003).

Laboratory based polysomnographic studies of abstinent alcoholics typically show a pattern 

of sleep disturbance with increased wakefulness consistent with self-reports of persistent 
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sleep disturbance common in this population. Sleep efficiency is a simple index of the 

proportion of the time in bed spent asleep and thus a polysomnographic marker of general 

sleep quality. It is generally decreased in recently detoxified alcoholics (periods of sobriety, 

ranging from 16–46 days) (Drummond et al. 1998; Gillin et al. 1990; Irwin et al. 2000; Gann 

et al. 2001; Snyder and Karacan 1985), but seems to show recovery, with most studies 

examining alcoholics after longer periods of abstinence not showing differences between 

alcoholics and controls (Adamson and Burdick 1973; Williams and Rundell 1981; 

Drummond et al. 1998; Colrain, Turlington, and Baker 2009b).

Laboratory studies also reveal decreased SWS (Gillin et al. 1990; Drummond et al. 1998; 

Thompson et al. 1995; Feige et al. 2007; Gann et al. 2001; Allen and Wagman 1975; Allen, 

Wagman, and Funderburk 1977; Wagman and Allen 1975; Othmer et al. 1982; Rundell, 

Williams, and Lester 1975; Le Bon et al. 1997; Irwin et al. 2002; Irwin et al. 2000; Colrain, 

Turlington, and Baker 2009b) as a highly consistent finding (Ehlers 2000; Benca et al. 1992) 

in alcoholics relative to controls. There is also evidence of increased REM sleep pressure 

(Gillin et al. 1990; Drummond et al. 1998; Thompson et al. 1995; Gann et al. 2001; Feige et 

al. 2007; Colrain, Turlington, and Baker 2009b). It is reasonable to expect increased REM 

pressure in actively drinking or recently detoxified alcoholics, given that REM sleep is 

suppressed with high doses of alcohol (Aldrich 1998). This form of REM rebound cannot 

explain the increased REM in those who have been abstinent for a long time, relative to 

controls. It is possible that increased REM sleep may represent a predisposition to altered 

sleep rather than a consequence of alcohol abuse; although REM is not elevated in 

adolescents with a positive family history of alcoholism (Tarokh et al. 2012). Another 

possibility is that alcohol abuse leads to long-lasting neurochemical changes in the brain 

stem. Possible mechanisms will be discussed below in section 6. Figure 2 (adapted from 

(Colrain, Turlington, and Baker 2009b) gives an example of the proportions of wakefulness 

(pre-sleep and throughout the night), and different sleep stages in alcoholic and control men 

and women.

3.1 Alcoholism: Sleep EEG Data

Spectral analysis of sleep EEG data has been conducted in a smaller number of studies. 

Consistent with the reports of reduced SWS, Irwin et al. (2000) reported significantly lower 

NREM delta power (0.75–4 Hz) across the entire night in alcoholics relative to controls, 

particularly in the first NREM period. Total power in the measured spectrum was also lower, 

with a trend for lower theta power in the first NREM period in alcoholics. The delta power 

result was confirmed in the baseline data in (Irwin et al. 2002), although it appeared to be 

stronger in African American than in European American alcoholics. On the other hand, 

analysis of placebo condition sleep EEG data from a study investigating REM sleep 

induction tests using galanthamine hydrobromide did not show differences between 

alcoholics and controls in delta or theta frequencies during NREM or REM sleep (Feige et 

al. 2007). Our own data from multiple EEG sites (Colrain, Turlington, and Baker 2009b) 

revealed that relative to controls alcoholics had significantly lower slow wave activity 

(SWA) in NREM sleep across the whole night and in the first NREM period in the slow (<1 

Hz) band as well as in each of the 1 to <2, 2 to <3, and 3 to <4 Hz delta EEG bands. The 

slower end of theta activity (up to 6 Hz) displayed a similar pattern to delta frequencies. The 
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effects were more prominent in frontal than posterior scalp derivations in alcoholic men and 

women. Interestingly, the delta effects were not seen in REM sleep but have been reported 

by others during wakefulness (Bauer 2001; Saletu-Zyhlarz et al. 2004). These lower levels 

of delta power during NREM sleep could reflect underlying gray and white matter volume 

deficits and compromised connectivity in the brain that characterize chronic alcoholics, as 

described later.

Differences in activity in the fast frequency bands (beta and gamma) during sleep between 

alcoholics and controls are less consistent. Feige et al. (2007) reported elevated beta activity 

in REM and gamma activity in stage 2 NREM sleep, but only in data from the adaptation 

nights, with no differences for subsequent placebo nights from their drug study. Irwin et al. 

(2002) reported a trend for elevated beta activity in alcoholics across the entire night at 

baseline that became a significant difference during a recovery night following a night of 

partial sleep deprivation. Colrain et al. (2009b) did not see any differences between 

alcoholics and controls in high frequency EEG activity during sleep. Because these analyses 

are performed on stable sleep epochs, results suggest that once sleep is attained, it is not 

necessarily characterized by elevated fast frequency activity. By contrast, primary 

insomniacs have greater beta power during NREM sleep than normal sleepers, thought to 

reflect higher levels of cortical arousal (Riemann et al. 2010). Topographic differences in 

EEG spectral power during sleep evaluated in alcoholics compared with controls revealed 

that slow frequency activity was maximal over frontal scalp regions in both alcoholics and 

control subjects (Colrain, Turlington, and Baker 2009b). This is consistent with previous 

studies of normal subjects (Finelli, Borbely, and Achermann 2001), positron emission 

tomography data (Dang-Vu et al. 2005), and high density EEG array (Massimini et al. 2004) 

studies, which indicate that the frontal cortex is preferentially involved in the generation of 

SWA during sleep. Differences in slow frequency between alcoholics and controls were also 

more marked over the frontal scalp with alcoholics showing lower delta EEG power (Figure 

3). This topographic pattern is consistent with the known frontal susceptibility to 

alcoholism-related alterations in brain structure and function (Zahr et al. 2013; Oscar-

Berman et al. 2013).

3.2 Sex effects in the impact of alcohol and alcoholism on sleep

Few studies have investigated the potential of sex differences in acute alcohol intake or 

chronic alcoholism on sleep. There are sex differences in drinking patterns and 

pharmacokinetics of alcohol. Women tend to have less body water and more body fat than 

men and therefore tend to have higher blood alcohol levels than men after consuming the 

same amount of alcohol due to alcohol’s hydrophilic properties (Ely et al. 1999). Alcohol 

consumption and the response to alcohol in women may also be impacted by the hormonal 

and/or mood fluctuations associated with the menstrual cycle. There are reports of greater 

alcohol consumption in women with severe premenstrual syndrome, although not 

necessarily limited to the premenstrual phase when symptoms are prominent, and there are 

also reports of increased alcohol consumption premenstrually in a portion of alcoholic 

women (Kouri and Halbreich 1998). The interaction between menstrual cycle phase, alcohol 

consumption and premenstrual symptoms is further complicated by a family history of 

alcoholism (Evans and Levin 2011). Historically, Alcoholism has been more prevalent 
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among men than women; however, the gender gap is decreasing with regard to both alcohol 

consumption and alcohol use disorders, at least in the United States (Keyes, Grant, Hasin et 

al., 2008). Women are more vulnerable to the development of alcohol-related disease such as 

liver cirrhosis (Walter et al. 2003) and alcohol-dependent women have worse quality of life 

scores than alcohol-dependent men (Peters, Millward, and Foster 2003). With regard to 

sleep, there is limited evidence for sex differences in the impact of alcohol. Interestingly, 

despite the commonly reported sex difference in prevalence rates of insomnia in community 

samples, with the risk for developing insomnia being 1.41 times greater in women (Manber, 

Baker, and Gress 2006), no sex differences were identified in the frequency of insomnia in 

men and women undergoing treatment for alcohol dependence (Brower, Aldrich, Robinson 

et al, 2001).

In a study of 93 healthy adults (59 women), Arnedt et al. (2011) found that drinking to reach 

peak breath alcohol concentrations of 0.1 g% before bedtime resulted in more disrupted 

sleep (decreased sleep efficiency and increased wakefulness) but similar impact on sleep 

architecture (% SWS and % REM sleep) in healthy women compared with men. Women 

also reported higher ratings of sleepiness after consuming alcohol than did men. No sex 

differences in the effects of alcohol on sleep were seen in the group of older adolescents 

studied by Chan et al. (Chan et al. 2013). In a study of 42 recovering alcoholics (15 women) 

and 42 controls (23 women), we found that women had a better sleep efficiency and more 

delta activity during NREM sleep than men, regardless of diagnosis (Colrain, Turlington, 

and Baker 2009a). Both male and female alcoholics had less delta activity during NREM 

sleep than sex-matched controls and although the sex by diagnosis interaction term was not 

significant, alcoholic men appeared to show a more prominent reduction in delta activity 

during NREM sleep compared with male controls than female alcoholics did compared with 

female controls. Further, estimated lifetime alcohol consumption predicted percentage of 

SWS in alcoholic men but not alcoholic women (Colrain, Turlington, and Baker 2009a). 

Estimated lifetime alcohol consumption was higher in alcoholic men than women, and the 

women had longer periods of sobriety prior to testing on average. Studies that include larger 

groups of male and female alcoholics are needed to further evaluate sex differences in the 

impact of alcohol dependence on sleep.

4.0 Alcohol dependence and sleep in adolescence

As described above, insomnia is a risk factor for the development of alcohol dependence in 

adults. Recent studies suggest that sleep problems may developmentally precede onset of 

alcohol use and alcohol problems in adolescents (reviewed in (Shibley, Malcolm, and Veatch 

2008)). There are substantial changes in sleep behavior across adolescence, with a shift to 

later bedtimes, a shift in chronotype towards eveningness, with a preference for evening 

activities, and a shorter sleep duration (Reviewed in (Colrain and Baker 2011)). There are 

also changes in sleep architecture, the most notable of which is a dramatic decrease in the 

amount of SWS during the teenage years (Carskadon 1982). Changes in adolescent sleep 

and sleep behavior may be driven by social and environmental factors as well as by 

physiological changes in circadian and homeostatic sleep regulation. The loss of SWS and 

its associated sleep protective delta activity may relate to the high prevalence of sleep 

problems in adolescents; the lifetime prevalence of DSM-IV diagnosed insomnia in 
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adolescents (aged 13–16 years) is estimated as 10.7 % (Johnson et al. 2006). Adolescents 

reporting sleep problems also report more mood disturbances, inattention and memory 

problems, conduct disorders, and increased drug and alcohol use (Shibley, Malcolm, and 

Veatch 2008). Based on survey data, adolescents who use alcohol are more likely to report 

sleep problems than those who abstain even after adjusting for internalizing and 

externalizing problems (Johnson and Breslau 2001). Short (< 6 h) sleep (Roberts, Roberts, 

and Duong 2009) and poor sleep quality (Manni et al. 1997) have both significantly 

predicted the development of alcohol use disorders. Perceived tiredness and poor sleep 

habits accounted for up to 26% of the variance in psychoactive substance use in adolescents 

(Tynjala, Kannas, and Levalahti 1997). A greater tendency for either circadian phase delay 

(Pieters et al. 2010) or evening chronotype (Negriff et al. 2011) is also predictive of alcohol 

use in adolescents. One of the few prospective studies found that chronic insomnia predicted 

alcohol use in adolescents aged 11–17 years, 12 months after an initial assessment (Roberts, 

Roberts, and Duong 2008). Also, mothers’ ratings of early childhood sleep disturbances 

significantly predicted an early onset of alcohol, marijuana, and illicit drug use in 

adolescence (Wong et al. 2004). These findings have led to the recommendation that 

clinicians should treat sleep disturbances in adolescents to prevent or delay the adverse 

effects of addiction (Shibley, Malcolm, and Veatch 2008). Longitudinal studies that track the 

development of insomnia symptoms along with changes in alcohol use across adolescence 

are critical to establish definitively the impact of sleep behavior on subsequent alcohol 

abuse.

5.0 Sleep homeostasis and circadian problems with alcohol abuse

While several studies have evaluated sleep in alcoholics under baseline conditions, in the 

absence of a sleep challenge, few studies have evaluated sleep homeostasis in abstinent 

alcoholics. Irwin et al. (Irwin et al. 2002) studied 46 primary alcoholics in a partial sleep 

deprivation paradigm in which sleep was studied at baseline, on a night in which sleep was 

restricted to between 3:00 and 6:30 AM and on a recovery night. In both Caucasian and 

African American alcoholics there was no evidence of homeostatic recovery in either the 

amount of SWS or in delta EEG power. Two studies from the Michigan group, one in 10 

alcoholics (Brower et al. 2011) and the other in 48 alcoholics (Armitage et al. 2012), used a 

mild sleep challenge of delaying sleep by 3 hours to assess homeostatic recovery. Both 

papers reported a blunted response in the alcoholics relative to controls, with the smaller 

study showing alcoholics to have a slower decay of slow wave activity over the night than a 

group diagnosed with major depression (Brower et al. 2011).

Despite strong evidence for disruption of circadian rhythms in rodent chronic drinking 

models (Spanagel et al. 2005), few studies have evaluated circadian rhythms in chronic 

alcoholics. Most studies have been conducted in small groups and in the acute detoxification 

phase of withdrawal. Two studies have shown no melatonin rhythm in the first few days 

following drinking cessation (Schmitz et al. 1996; Fonzi et al. 1994) with restoration of 

normal rhythmicity after 2 weeks (Schmitz et al. 1996; Fonzi et al. 1994) and a third (Mukai 

et al. 1998) reported a delayed rhythm only in alcoholics who were suffering from delirium 

tremens. Kuhlwiein et al. (Kuhlwein, Hauger, and Irwin 2003) found a delay in the rise time 

of nocturnal melatonin as well as a delay in the peak, associated with a delay in sleep onset 
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in African American alcoholics studied two weeks post withdrawal. African American 

subjects were selected as they have previously shown more pronounced sleep disturbance 

(Irwin et al. 2002).

The apparently delayed melatonin rhythms are in contrast to the single study showing 

evidence of an advanced body temperature rhythm early in withdrawal (Kodama et al. 1988), 

although this was more pronounced in alcoholics with comorbid depression. The 

temperature rhythm had normalized by three weeks in most patients.

Cortisol rhythms show no evidence for disruption early in withdrawal or two to four weeks 

post drinking in two studies (Mukai et al. 1998; Fonzi et al. 1994). However, those with 

delirium tremens did have altered rhythms (Mukai et al. 1998; Fonzi et al. 1994). Kuhlwein, 

Hauger and Irwin (2003) reported lower cortisol early in the night and higher levels later in 

the night in their African American alcoholics after two weeks.

Two remaining studies focused on REM sleep showed advanced timing of REM sleep which 

did not normalize for several months (Imatoh et al. 1986) and abnormal 5HIAA (serotonin 

metabolite) rhythms in those with delirium tremens or clouded sensorium but not alcoholics 

with only autonomic dysregulation symptoms (Sano et al. 1993).

The studies outlined above provide limited support for evidence of blunted sleep 

homeostasis that may persist long-term into periods of abstinence and possible circadian 

rhythm problems in the acute withdrawal period, especially in those suffering severe 

withdrawal symptom such as delerium tremens. Abnormalities in the timing of REM sleep 

would appear to last longer into the abstinence period. The role of circadian misalignment in 

disturbed brain reward function, and its role in the development of alcohol use disorders is 

the subject of a recent review by Hasler and Clark (2013).

6.0 Evoked Potentials during sleep

Sleep event-related potentials (ERPs) provide an opportunity to evaluate the brain’s ability 

to generate slow frequency EEG activity during sleep as a function of acute changes in 

neurochemical state following consumption of alcohol or as a consequence of micro- and 

macrostructural changes in the brain caused by long-term alcohol dependence. The 

presentation of auditory or respiratory stimuli during sleep leads to a reliable series of 

modality independent (Colrain, Webster, and Hirst 1999) evoked potential responses: a P2 

component at around 200 ms, and N350, N550 and P900 components. The major contributor 

to the sleep ERP response is the evoked K-complex (Halasz 2005; Colrain 2005), with the 

N350, N550 and P900 responses all substantially larger when K-complexes are included in 

the average (Figure 4), although there is evidence that the N350 can be substantial in the 

absence of K-complexes if evoked vertex sharp waves are present in the average (Colrain et 

al. 2000).

The K-complex reflects a single instance of high amplitude delta wave during sleep and 

probably reflects a sleep protective process (Czisch et al. 2009; Colrain 2005; De Gennaro, 

Ferrara, and Bertini 2000). Data linking the K-complex to delta generation is supported by 

both animal (Amzica and Steriade 1997, 1998b, 2002) and human (De Gennaro, Ferrara, and 
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Bertini 2000; Nicholas et al. 2006) experiments. Further, the scalp distribution of the 

prominent negative (N550) component of the averaged evoked K-complex (Colrain 2005) 

shows the same bilaterally symmetrical, frontal predominant distribution seen in 

spontaneous delta activity in SWS (Finelli, Borbely, and Achermann 2001). Converging 

evidence suggests that the K-complex is a cortically generated EEG phenomenon because it 

is associated with a voltage polarity inversion between superficial (negative voltage) and 

deeper cortical layers (positive voltage) observed in animal studies (Amzica and Steriade 

1998a) and intracranial recordings in human epileptic patients (Wennberg and Lozano 

2003). This polarity inversion would appear not to support hypotheses of a subcortical 

generator (Sassin and Johnson 1968; Dang-Vu et al. 2008; Czisch et al. 2009). The large 

amplitude of the K-complex (and the N550) is typically an order of magnitude greater than 

even relatively large event related potential components such as the P300 seen during 

wakefulness. This implies a need for large numbers of healthy neurons to be involved in its 

generation. These neurons need to be simultaneously active and the synchronization of their 

firing is contingent on healthy white matter tracts. It is therefore not surprising that the 

amplitude of the prominent negative component of the averaged evoked K-complex (N550) 

declines with normal aging in healthy men and women (Crowley, Trinder, and Colrain 2002; 

Crowley, Trinder, and Colrain 2004; Colrain et al. 2010). This decrease parallels age-related 

decreases in gray matter volume (Pfefferbaum et al. 1994). We have thus hypothesized that 

the K-complex may also be a sensitive marker of the brain degradation seen in chronic 

alcoholism (Colrain et al. 2010).

6.1 Sleep evoked responses in alcoholism

Two studies have evaluated sleep evoked responses in abstinent long-term alcoholics. 

Nicholas et al. (2002) studied 7 abstinent long-term alcoholic men meeting DSM – IV 

criteria for alcohol dependence and 8 normal control men. Alcoholics were less likely to 

generate a K-complex in response to a tone than matched controls. The alcoholic group also 

showed a significantly smaller amplitude N550 component at a frontal site compared with 

controls; however, the latency of the component did not differ between the groups. The P2, 

N350 and P900 components measured at Cz showed no group differences for amplitude or 

latency.

In a larger study, Colrain et al. (2009) studied 42 abstinent long-term alcoholics (27 men) 

and 42 controls (19 men). As in the previous study (Nicholas et al. 2002), alcoholics were 

significantly less likely to produce K-complexes than controls. P2 amplitude was, however, 

smaller in alcoholics than controls with the difference being largest at Cz, where the 

component was maximal, but smaller at other sites (see Figure 5). P2 latency was longer in 

alcoholics. There were no sex differences or interactions between diagnosis and sex for K-

complex incidence, P2 amplitude or P2 latency. Frontal (but not posterior) N550 and P900 

amplitudes were smaller in alcoholics than controls and smaller in men than women, but the 

sex difference was not related to diagnosis. Latencies of N550 and P900 did not differ as a 

function of diagnosis or sex.
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Chronic alcoholism is thus associated with both an impaired ability to produce evoked delta 

frequency responses (lower K-complex incidence) and smaller magnitudes of the responses 

when evoked (smaller N550 and P900 amplitudes).

6.2 Links between sleep EEG effects and altered brain structure in alcoholism

In vivo MRI data show that alterations in both cortical gray matter and white matter volumes 

are associated with chronic, excessive alcohol consumption with the prefrontal cortex being 

the supratentorial area most affected (Pfefferbaum and Sullivan 2013). These data are 

supported by evidence for reduced postmortem neuronal count in frontal cortex in alcoholics 

(Harper and Kril 1989; Harper, Kril, and Daly 1987; Sutherland, Sheedy, and Kril 2013) (see 

Chapter xx in this volume for review). A reduced number of neurons in alcoholics could 

result in reduced delta EEG amplitude, as fewer neural columns are available for 

synchronized burst firing. Chronic heavy alcohol use also disrupts white matter 

microstructure as manifest by abnormally low fractional anisotropy (FA), both in localized 

regions of white matter, such as the corpus callosum and centrum semiovale, and more 

broadly throughout the cortex(Pfefferbaum and Sullivan 2013; Pfefferbaum, Adalsteinsson, 

and Sullivan 2006; Pfefferbaum et al. 2009; Pfefferbaum et al. 2010). Compromised white 

matter integrity could conceivably reduce the ability of the brain to coordinate synchronized 

burst firing across large cortical areas.

An indirect test of the neuronal loss hypothesis of K-complex amplitude deficit in chronic 

alcoholism was conducted using gray matter volumes from structural MRI data acquired 

from the subjects in Colrain et al. (2009). Statistical models were constructed to determine 

the extent to which cortical and subcortical volumes could predict evoked potential 

component amplitudes in sleeping alcoholics and controls. Stepwise multiple regression 

entering age, intracranial volume, diagnosis, lobar gray matter volumes and subcortical 

tissue volumes to predict N550 amplitude at Fz produced different models in men and 

women (Colrain et al. 2011). For men, sensorimotor gray matter volume made a significant 

independent contribution to N550 amplitude with the amount of variance explained 

significantly improving with the addition of diagnostic group. These data support the 

hypothesis that diminished gray matter volume in chronic alcoholism contributes to an 

impaired ability to generate large amplitude slow waves, although not all the variance could 

be explained by loss of volume. Poor connectivity (i.e., deficits in white matter integrity) 

likely also contributes, although relations between evoked potential amplitude and diffusion 

tensor imaging (DTI) measures of white matter integrity are yet to be tested. Interestingly, in 

women, while age and temporal gray matter volume provided the best model, the addition of 

diagnosis did not improve the model.

7.0 Possible neurochemical mechanisms of the acute and chronic alcohol 

effects on sleep EEG

Sleep is associated with a complex set of interactions between different neurotransmitter 

systems (see (Espana and Scammell 2011; Fuller, Gooley, and Saper 2006) for reviews). 

NREM sleep is a period in which cholinergic and noradrenergic brainstem arousal 

mechanisms are dramatically reduced. The acute effects of alcohol on sleep EEG can 
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arguably be explained by alcohol’s GABA agonist properties. The subsequent withdrawal of 

tonic input to the reticular nucleus of thalamus allows the release of GABA and inhibition of 

thalmo-cortical circuits (Steriade 1999). The hyperpolarizing effect of GABA causes the 

opening of low threshold calcium ion channels and a pattern of synchronized burst firing 

that manifests as sleep spindles in the sleep EEG. Further release of GABA causes greater 

levels of hyperpolarization and the production of delta EEG waveforms (Steriade, 

McCormick, and Sejnowski 1993).

The movement between NREM and REM sleep involves a complex interaction between 

REM-on and REM-off neuronal groups in the brainstem. The REM-on groups largely 

consist of cholinergic cells in the lateral dorsal tegmentum (LDT) and the pedunculo pontine 

tegemental (PPT) nuclei. REM-off cells involve the serotonergic dorsal raphe nucleus and 

noradrenergic locus ceruleus. The model originally developed by McCarley and Hobson 

(1975) proposed a set of reciprocal interactions between the two groups of neurons whereby 

REM-on neurons are influenced by a self-excitatory loop but also have an excitatory link to 

REM-off neurons. Once a threshold level of activation is reached in the REM-off cells, they 

become dominant. These have an inhibitory action on REM-on cells but also a self-

inhibitory feedback loop that progressively decreases their activity. Eventually, activity 

drops below a threshold point and REM-on cells regain dominance. Recent work has 

identified an important role for GABAergic interneurons that act to facilitate the REM-off 

process (McCarley 2011). It is, therefore, plausible, that alcohol could influence this REM-

off process through its effects on GABA, leading to the suppression of REM sleep in the 

short-term.

7.1 Neurochemistry of acute alcohol effects

Animal data indicate that administration of GABAergic antagonists lead to increased REM 

(Sanford et al. 2003; Xi, Morales, and Chase 2001, 1999). Alcohol leads to presynaptic 

release of GABA in the brainstem and spinal cord (Kelm, Criswell, and Breese 2011) and 

thus, it is reasonable to hypothesize that this sequence plays a role in alcohol’s suppression 

of REM sleep in the context of high doses of alcohol.

The increase in delta activity is also consistent with alcohol’s GABA agonist properties. 

GABA mediated hyperpolarization of cortical and thalamo-cortical neurons is thought to 

underlie the calcium channel mediated burst firing that results in EEG delta activity 

(Steriade 1999). While alcohol does not lead to presynaptic GABA release in the thalamus 

or cortex the way it does in some other brain regions (Kelm, Criswell, and Breese 2011), it 

does enhance the function of GABAA receptors. Further, there is evidence for acute ethanol 

modulation of metobatropic glutamate receptor (mGluR) mediated slow currents (Su, Sun, 

and Shen 2010) that are thought to underlie the slow oscillation in thalamo-cortical cells 

underlying delta generation (Hughes et al. 2002).

Sleep spindles (associated with sigma frequency power) are produced when thalamo-cortical 

cells become hyperpolarized resulting in low threshold spikes and the generation of spindle 

frequency activity in thalamic reticular cells (Steriade 1993). Further hyperpolarization leads 

to cessation of spindle activity and the development of delta activity (Steriade 1993). 

Alcohol preferentially facilitates tonic GABAergic neurotransmission (Wei, Faria, and Mody 
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2004), which is more likely to likely to lead to delta than sigma production. The observed 

decrease in sigma power, following alcohol consumption in Dijk (1992), is in contrast to the 

spindle and sigma facilitation seen following administration of benozdiazepines (Johnson, 

Hanson, and Bickford 1976). In addition, no studies have found altered sigma power in 

alcoholics. These findings are consistent with recent data showing that alcohol facilitates 

benzodiazepine insensitive GABAA receptor subtypes (Krystal 2006) and older data 

showing inverse effects of benzodiazepines on sigma and delta activity (Johnson et al. 1979).

7.2 Neurochemistry of alcoholism effects

The sleep EEG effects in those with long-term alcohol dependence are the opposite to those 

following acute alcohol administration. One possible mechanism is long-term alteration in 

responsiveness of GABA mechanisms. There is evidence of allosteric modification of 

GABA receptors (Kang, Spigelman, and Olsen 1998; Follesa et al. 2006) and reduced 

GABAA receptor function (Valenzuela and Harris 1997; Mihic and Harris 1995) in rodent 

models of alcohol dependence. Thus down regulation of brainstem GABAergic systems 

following development of alcohol dependence would lead to diminished activity in REM-off 

systems (see Figure 6) leading to an increased propensity for REM. This hypothesis has not 

been directly tested, and it should be noted that other factors may play a role in the increased 

REM seen in long-term abstinent alcoholics. For example, administration of the tumor 

necrosis factor α (TNF-α) antagonist etanercept led to normalization of REM sleep in 18 

abstinent alcoholics (Irwin et al. 2009).

In addition to loss of gray matter volume and reduced connectivity, down regulation of 

GABA systems could also partially explain the decrease in both delta power and the 

amplitude of evoked delta responses in abstinent alcoholics. However, again, there are other 

possible mechanisms that may also contribute to these effects. For example, there is 

evidence of altered amplitude of T-type Calcium current following chronic alcohol 

consumption in non-human primates (Welsh et al. 2011; Carden et al. 2006), evidence of 

blocked T-type Calcium currents in reticular thalamocortical neurons in vitro (Joksovic et al. 

2005) and evidence for chronic ethanol modulation of mRNA of mGluR1 (Simonyi et al. 

1996), all of which could lead to attenuated delta generation.

8.0 Familial predisposition for alcoholism effects on sleep?

As has been discovered in awake EEG and evoked potentials, it is also possible that sleep 

EEG effects in alcoholism may partially reflect a genetic predisposition to alcoholism. The 

studies addressing this possibility in sleep have used a comparison of those with positive and 

negative alcoholism family histories rather than genetic analysis. Arendt et al. (Arnedt, 

Rohsenow, et al. 2011) did not find any differences in the acute alcohol effects on sleep in 

family history positive or negative men and women. Tarokh et al. (2012) study of sleep EEG 

in family history positive and negative youth provides evidence that a familial predisposition 

is not associated with greater REM sleep, suggesting that increased REM sleep is more 

likely to be a consequence of alcohol abuse per se. Comparison of the child and adolescent 

cohorts in Tarokh et al. (2012) reveals a tendency for family history positive children to have 

lower levels of NREM delta, with more consistent differences emerging in the adolescent 
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cohort. However, Tarokh et al. (2012) did not show family history differences in sleep 

homeostasis using NREM delta power as the dependent measure; nor did Colrain et al. 

(2011) find a family history effect for NREM evoked delta amplitude.

While there have been no studies evaluating genotype influences on sleep EEG, the data 

from wake EEG studies are clearly relevant, especially the known association between the 

GABA gene GABRA2 and beta oscillations (Porjesz et al. 2002) and between the 

cholinergic gene CHRM2 and delta oscillations (Porjesz and Rangaswamy 2007; 

Rangaswamy and Porjesz 2013). It should be noted however that EEG during wakefulness 

that is measured in association with cognitive or behavioral tasks, reflects the activity in task 

specific pathways and networks, whereas sleep EEG is measuring a baseline state. Family 

history linkages with wake but not sleep EEG phenomena may thus reflect specificity in the 

predisposition to altered circuitry associated with the awake behaviors, rather than with EEG 

generation per se. There are data showing relations between genes associated with circadian 

rhythm regulation and alcoholism-related insomnia. Brower et al. (2012) reported that a 

specific PER3 genotype (PER3 (4/4)) conferred a small but significantly increased risk of 

insomnia over and above drinking frequency, mental and physical health status and 

childhood abuse in a large sample of alcohol dependent patients. PER3 (4/4) is associated 

with evening circadian preference and lower homeostatic sleep drive (Brower et al. 2012).

9.0 A role for sleep in treatment, recovery, and relapse

Given that sleep problems persist during alcohol recovery, it raises the possibility that 

treatment of sleep problems in alcoholic patients could aid recovery and decrease relapse 

rates (Brower 2001). Self-reported sleep problems as well as sleep continuity and REM 

sleep measures derived from the PSG are significant predictors of relapse (Reviewed in 

(Arnedt, Conroy, and Brower 2007)). Periodic leg movements, seen in recently detoxified 

alcoholics are also more common in those who go on to relapse (Gann et al. 2002). A recent 

pilot study showed that cognitive behavioral treatment for insomnia (CBTI) in alcohol 

dependent patients was more effective than placebo in improving subjective sleep and in 

reducing daytime fatigue (Arnedt, Conroy, et al. 2011). However, there were no differences 

in relapse rates between those treated with placebo and those treated with CBTI in this small 

sample (n= 17). In a larger controlled trial of CBTi in recovering alcoholic men and women, 

Currie and colleagues (2004) reported that patients treated with CBTi had improved 

subjective sleep quality, reduced sleep onset latency, and fewer awakenings compared to pre-

treatment whereas wait-listed controls showed no significant changes in sleep. 

Improvements in the CBTi group were maintained 3 and 6 months after treatment. There 

was no difference in relapse rates between those treated with CBTi and waitlist controls.

We have found intriguing evidence that the amplitude of the N550 component of the K-

complex may act as a marker of brain recovery with abstinence. After correction for age and 

estimated lifetime alcohol consumption, time sober demonstrated significant correlations 

with increased N550 and P900 amplitudes in recovering alcoholics (Colrain et al. 2009). 

Additional data were collected from 15 alcohol dependent subjects (12 men) who had been 

studied previously (Colrain et al. 2009). N550 and P900 amplitude were significantly larger 

at frontal sites with the additional 12 months of abstinence (Colrain, Padilla, and Baker 
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2012) (see Figure 7). These data are suggestive of the N550 and P900 reflecting functional 

improvement associated with recovery in gray matter volume and white matter integrity 

(Cardenas et al. 2007). However, this apparent marker of brain recovery should not be 

interpreted as a recovery of sleep. Sleep problems persist even after several months of 

abstinence (Arnedt, Conroy, and Brower 2007).

10.0 Conclusion

Alcohol has a profound impact on sleep, with effects dependent on acute versus chronic use 

and dependence. While alcohol is initially sedating, this effect disappears after a few hours, 

resulting in a fragmented and disturbed sleep in the second half of the night. Sustained use 

of alcohol in chronic alcoholism is associated with major sleep problems. Ongoing sleep and 

circadian disruption are features of alcohol drinking binges. For those who are homeless, 

there are almost insurmountable obstacles to obtaining appropriately restorative sleep. When 

abstinent, sleep issues persist, with insomnia and vivid dreams being common complaints, 

which can be a factor leading to relapse.

Animal (typically rodent) models of acute or chronic alcohol administration on sleep have 

provided valuable insights into the neurochemical effects of alcohol on brain structures and 

systems that play a role in sleep regulation, however, many questions remain unanswered. 

Further studies are needed in humans and animal models to establish whether there are 

genetic predispositions to sleep differences or susceptibilities to alcohol, whether the REM 

increase seen in alcoholics is a reflection of an irreversible change in the brainstem, and 

whether there are periods of vulnerability to the onslaught of alcohol on sleep regulatory 

systems, such as during adolescence. It will also be valuable for future studies of adolescents 

and family history positive individuals to explore further what aspects of altered brain 

structure and sleep EEG pre-date the onset of alcohol abuse compared to changes that occur 

as a result of the impact of alcohol on the brain. It is critically important from a clinical 

perspective to determine whether preventing sleep disorders may help prevent the 

development of alcohol use disorders in high-risk individuals and which treatments are most 

effective in alcoholics, both in terms of improving sleep quality and supporting continued 

abstinence. At this time when poly-substance dependence is common, it also is becoming 

increasingly relevant to investigate the interactive effects of substances of abuse on sleep 

behavior and regulation.

Abbreviations

EEG Electroencephalogram

REM Rapid Eye Movement

NREM Non-Rapid Eye Movement

Hz Hertz

SWS Slow Wave Sleep

BAC Breath Alcohol Concentration
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PSG Polysomnogram

SWA Slow Wave Activity

ERPs Event-Related Potentials

FA Fractional Anisotropy

DTI Diffusion Tensor Imaging

GABA gamma-Aminobutyric acid

LDT Lateral Dorsal Tegmentum

PPT Pedunculo Pontine Tegmentum

CBTI Cognitive Behavioral Treatment for Insomnia

RF Reticular Formation

NE Norepinephrine
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Figure 1. 
The percentage of (A) slow wave sleep (SWS) and (B) rapid eye movement (REM) sleep in 

the first half of the night across multiple nights of drinking. Data are drawn from (Feige et 

al. 2006; Prinz et al. 1980; Rundell et al. 1972).
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Figure 2. 
The percentage of the night spent in different sleep stages (Rechtschaffen and Kales 1968) in 

men and women with alcohol dependence and sex-matched control. Data are dawn from 

(Colrain, Turlington, and Baker 2009b).
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Figure 3. 
Figure 1: All-night NREM sleep slow wave activity (; 0.3 – <4 Hz) at Fz (upper panel) and 

O2 (lower panel) for 34 alcoholics (21 men) and 41 controls (18 men). Values are averaged 

within the 0.3–1 Hz bin, and within each 1-Hz frequency bin thereafter. Bins are identified 

by their lower boundary. Data are dawn from (Colrain, Turlington, and Baker 2009b).
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Figure 4. 
Examples of averaged evoked responses from stage 2 NREM sleep. The left panel (KC+) 

shows the result of averaging responses that included K-complexes. The right panel (KC-) 

show the result of averaging responses not including K-complexes. Waveforms are presented 

from Fz, FCz, Cz, CPz and Pz.

Colrain et al. Page 28

Handb Clin Neurol. Author manuscript; available in PMC 2018 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Grand mean evoked potential waveforms for alcoholics (red lines) and control subjects 

(black lines) for the FP1, Fz, FCz and Cz electrode sites. Data are presented with negative 

voltages up the Y axis. Data are drawn from (Colrain et al. 2009).
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Figure 6. 
A structural model of rapid eye movement (REM) sleep control highlighting the role of 

GABAergic interneurons (McCarley 2011). LDT, laterodorsal tegmental nucleus; PPT, 

pedunculopontine tegmental nucleus; RF, reticular formation; GABA, gamma-aminobutyric 

acid; NE, norepinephrine.
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Figure 7. 
Grand mean evoked potential waveforms for alcoholics at initial assessment(redlines) and at 

12 month follow-up (blue lines) Fz, FCz, Cz, CPz and Pz. Data are presented with negative 

voltages up the Y axis. Data are drawn from (Colrain, Padilla, and Baker 2012).
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