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Abstract

Alcohol is a potent somnogen and one of the most commonly used “over the counter” sleep aids. 

In healthy non-alcoholics, acute alcohol decreases sleep latency, consolidates and increases the 

quality (delta power) and quantity of NREM sleep during the first half of the night. However, 

sleep is disrupted during the second half. Alcoholics, both during drinking periods and during 

abstinences, suffer from a multitude of sleep disruptions manifested by profound insomnia, 

excessive daytime sleepiness, and altered sleep architecture. Furthermore, subjective and objective 

indicators of sleep disturbances are predictors of relapse. Finally, within the USA, it is estimated 

that societal costs of alcohol-related sleep disorders exceeds $18 billion. Thus, although alcohol-

associated sleep problems have significant economic and clinical consequences, very little is 

known about how and where alcohol acts to affect sleep.

In this review, we have described our attempts to understand how and where alcohol acts to affect 

sleep. We have conducted a series of experiments using two different species, rats and mice, as 

animal models, and a combination of multi-disciplinary experimental methodologies to examine 

and understand anatomical and cellular substrates mediating the effects of acute and chronic 

alcohol exposure on sleep-wakefulness.

The results of our studies suggest that the sleep-promoting effects of alcohol may be mediated via 

alcohol’s action on the mediators of sleep homeostasis: adenosine (AD) and the wake-promoting 

cholinergic neurons of the basal forebrain (BF). Alcohol, via its action on AD uptake, increases 

extracellular AD resulting in the inhibition of BF wake-promoting neurons. Lesions of the BF 

cholinergic neurons or blockade of AD A1 receptors results in attenuation of alcohol-induced 

sleep promotion, suggesting that AD and BF cholinergic neurons are critical for sleep-promoting 

effects of alcohol.

Since binge alcohol consumption is a highly prevalent pattern of alcohol consumption and disrupts 

sleep, we examined the effects of binge drinking on sleep-wakefulness. Our results suggest that 

disrupted sleep homeostasis may be the primary cause of sleep disruption observed following 

binge drinking. Finally, we have also shown that insomnia and associated sleep disruptions, 

observed during acute withdrawal, are caused due to impaired sleep homeostasis.
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Based on our findings, we suggest that alcohol may disrupt sleep homeostasis to cause sleep 

disruptions.
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alcohol dependence; adenosine; basal forebrain; binge drinking; cholinergic; sleep deprivation; 
theta; delta; electroencephalogram

Introduction

Since the dawn of civilization, humankind has used alcohol for various reasons, including as 

a relaxant and for euphoric effects. Although the word “alcohol” in organic chemistry refers 

to any organic compound where the carbon atom of an alkyl group or a substituted alkyl 

group is bound to a hydroxyl group (−OH). However, innormal usage, the word alcohol is 

commonly used to describe ethanol or any beverage that contains alcohol. Alcohol is among 

the most highly abused drugs worldwide and a leading preventable cause of premature 

disability and death, accounting for an estimated 6 to 9% of all deaths (Rehm et al., 2009; 

Shield et al., 2013).

Alcohol is a potent somnogen and has a profound impact on sleep (Fig. 1). Acute alcohol 

intake, in non-alcoholic social drinkers, reduces the time to fall asleep (sleep onset latency), 

and consolidates and enhances the quality (delta power) and the quantity of NREM sleep. It 

is this sleep-promoting characteristic of alcohol that makes it one of the most commonly 

used “over the counter” sleep aids (Johnson, Roehrs, Roth, & Breslau, 1998; Roehrs & Roth, 

2001, 2012). However, alcohol-induced sleep promotion is short-lived and sleep is severely 

disrupted during the second half of the night.

Alcoholics also suffer from severe and protracted sleep disruptions manifested by profound 

insomnia, excessive daytime sleepiness, and altered sleep architecture (Brower & Perron, 

2010; Colrain, Turlington, & Baker, 2009). Furthermore, subjective and objective indicators 

of sleep disturbances are predictors of relapse (Brower & Perron, 2010). Finally, within the 

United States, it is estimated that the cost of alcohol-related problems exceeds $180 billion, 

out of which more than $18 billion is associated with alcohol-related sleep disorders. Thus, 

although alcohol-associated sleep problems have a significant socio-economic impact on the 

individual, the individual’s family and society, very little is known about how and where 

alcohol acts to affect sleep.

About 5 years ago, we started our research program to understand the mechanisms 

mediating the effects of alcohol on sleep-wakefulness. In this review, we have described 

what we have uncovered about how and where alcohol acts to affect sleep.

To understand the neuronal substrates responsible for mediating the effects of alcohol on 

sleep, it is essential to understand how sleep is regulated. Therefore, we will begin this 

review by describing the fundamentals of sleep regulation, followed by a description about 

the effect of alcohol on human and animal sleep. Finally, we will provide a summary of our 

published as well as unpublished/preliminary findings.
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Fundamentals of sleep

Sleep is an immense topic. It is difficult to describe sleep in a few paragraphs. In this 

section, we have attempted to provide some fundamentals. An interested reader is 

recommended to some excellent reviews (Brown, Basheer, McKenna, Strecker, & 

McCarley, 2012; Datta & Maclean, 2007; McCarley, 2007; Rosenwasser, 2009).

Sleep has always fascinated humankind. There is a myriad of treatises and reviews, 

scientific and non-scientific, trying to explain the phenomenon of sleep, yet none have been 

comprehensive enough to gain general acceptance. It is now well established that sleep is 

neither a unitary nor a passive process. Rather, intricate neuronal systems via complex 

mechanisms are responsible for the initiation and maintenance of sleep.

Sleep is defined as a rapidly reversible state of immobility and greatly reduced sensory 

responsiveness (Campbell & Tobler, 1984). An additional important criterion that is 

included in the definition of sleep is that sleep is homeostatically regulated, i.e., lost sleep is 

made up with an increased ‘drive’ for sleep and a consequent ‘sleep rebound’ (Campbell & 

Tobler, 1984).

Sleep is not a homogenous state. Rather, it is a continuum of states. The different 

components of the sleep continuum in mammalian species could broadly be divided into two 

major states: non-rapid eye movement (NREM) sleep and rapid eye movement (REM) 

sleep. A combination of electrophysiological measurements including 1) 

electroencephalogram (EEG), which traces the electrical activity of the brain, 2) the electro-

oculogram (EOG), which measures eye movements, and 3) the electromyogram (EMG), 

which measures the electrical activity of muscles, is used objectively to identify different 

stages of the sleep-W cycle (Datta & Maclean, 2007).

Physiology of sleep

The state of active wakefulness is characterized by the presence of low-voltage, high-

frequency (> 15 Hz) waves in the EEG, REMs in the EOG, and high-amplitude activity in 

the EMG. In humans, NREM sleep is divided into three stages.

Stage I is characterized by relatively low-voltage, mixed-frequency activity (3– 7 Hz) and 

vertex sharp waves in the EEG.

Stage II is characterized by slow (< 1 Hz) oscillation with distinctive sleep spindles (waxing 

and waning of 12–14-Hz waves lasting between 0.5–1.0 sec) and K-complex waveforms (a 

negative sharp wave followed immediately by a slower positive component).

Stage III (also termed as slow-wave sleep) is characterized by the dominance of high-

amplitude, low-frequency (< 4 Hz) waves in the EEG. This state is the deepest stage of 

NREM sleep.

In laboratory animals (cats, rats, and mice), NREM sleep is generally not subdivided into 

stages. It is identified by the presence of high-amplitude, low-frequency waves in the EEG.
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REM sleep is characterized by an ensemble of concomitant events including: 1) low-

amplitude and high-frequency waves in the EEG; 2) very low or complete absence of 

activity in the EMG (muscle atonia), and 3) singlets and clusters of rapid eye movements 

(REMs) in the EOG. Supplemental to these polysomnographic signs, other REM sleep-

specific physiological signs in mammals are 1) phasic ponto-geniculo-occipital (PGO) 

activity, 2) tonic hippocampal theta activity, 3) myoclonic twitches, most apparent in the 

distal limb musculature; 4) pronounced fluctuations in cardio-respiratory rhythms and core 

body temperature, and 5) penile erection and clitoral tumescence.

In adult humans and non-human primates, circadian distribution of the sleep period is 

mainly monophasic. While NREM sleep occupies the majority of time during the first half 

of sleep time, REM sleep is predominant in the second half.

In laboratory animals (mouse, rat, and cat), circadian distribution of the sleep period is 

polyphasic and the NREM-REM sleep cycles are shorter and continue throughout sleep 

periods during day and night.

Cellular substrates of sleep-wakefulness

Multiple neuronal systems contribute to the promotion and maintenance of the awake state, 

which is characterized by cortical activation and behavioral arousal. Using predominantly 

glutamate as the neurotransmitter, neurons within the brainstem reticular activating system 

(RAS), via two major ascending relays, control cortical activation that occurs during 

wakefulness and REM sleep [Fig. 2; Brown et al., 2012; Jones, 2005].

The ventral relay from the RAS is the major pathway controlling cortical activation. This 

relay system consists of the ascending fibers from several brainstem nuclei, including 

noradrenergic locus coeruleus (LC), serotonergic raphe system (DRN) and via the medial 

forebrain bundle, pass through and/or synapsing with several wake-promoting centers 

including the histaminergic in the tuberomammillary (TMN) and the orexinergic in the 

perifornical hypothalamus, and project to the basal forebrain (BF). The BF, in turn, projects 

to and controls the activation of the cortex (Brown et al., 2012; Datta & Maclean, 2007; 

Jones, 2003; Thakkar, 2011).

The dorsal relay of the RAS includes the mesopontine cholinergic neurons localized in the 

pedunculopontine and laterodorsal tegmental nuclei (LDT/PPT), which send rich projections 

to several thalamic nuclei. The thalamus, in turn, sends widespread and overlapping 

projections to the cortex. Although the dorsal pathway has an important role in the 

generation of sleep spindles and delta activity, ablation of the thalamus has minimal effect 

on cortical activation or sleep cycle, suggesting that the dorsal relay may have a limited role 

in cortical activation and behavioral arousal (Brown et al., 2012; Buzsaki et al., 1988; Fuller, 

Sherman, Pedersen, Saper, & Lu, 2011; Kim et al., 2012; Villablanca & Salinas-Zeballos, 

1972).

In addition, other neuromodulatory systems, such as the LC neurons, also give rise to highly 

diffuse projections throughout the brain and spinal cord, and simultaneously stimulate 

cortical activation and behavioral arousal. Although such neuromodulatory systems were 
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thought to be redundant, the hypothalamic orexins/hypocretin system was found to be 

essential for the maintenance of muscle tone during wakefulness, since ablation of orexin 

neurons or knockdown of orexin receptors results in narcolepsy with cataplexy (McCarley, 

2007; Thakkar et al., 1999).

Transitions from waking to NREM sleep involve coordinated inhibition of multiple arousal 

systems. A major source of inhibition involves homeostasis-mediated regulation of sleep 

and is discussed in a separate section below.

Another important source of sleep-related inhibition of arousal systems arises from the 

neurons located in the preoptic area and includes the ventrolateral preoptic nucleus and 

median preoptic nucleus (Brown et al., 2012). These neurons are activated during NREM 

sleep and exhibit state-dependent discharge patterns that are reciprocal to that observed in 

arousal systems (Sleep-on/Wake-Off discharge pattern). A majority of preoptic, sleep 

regulatory neurons synthesize GABA. Anatomical and functional evidence supports the 

hypothesis that the preoptic GABAergic neurons may exert inhibitory control over the 

monoaminergic, histaminergic, and hypocretin systems during sleep (Brown et al., 2012; 

Datta & Maclean, 2007).

Recently, neurons containing melanin concentrating-hormone (MCH) in the zonaincerto-

hypothalamic region have also been implicated in sleep regulation (Konadhode et al., 2013; 

Monti, Torterolo, & Lagos, 2013). Optogenetic activation of MCH neurons suppresses 

wakefulness and promotes sleep (NREM and REM), suggesting that the MCH system may 

also have a prominent role in sleep control (Konadhode et al., 2013).

REM sleep is unique. Since its electrophysiological identification in the 1950s, multiple 

lines of evidence have shown that REM sleep is generated by oral pontine tegmentum 

neurons (McCarley, 2007). The perpetration of this paradoxical state that combines 

wakebrain activity with the most profound behavioral sleep occurs through interplay 

between REM-promoting (On) and REM-permitting (Off) neuronal systems within the pons. 

Mesopontine LDT/PPT cholinergic cells promote REM sleep by initiating processes of both 

forebrain activation and peripheral muscle inhibition (atonia) (Datta & Maclean, 2007; 

McCarley, 2007).

The dorsal relay, along with a major population of the LDT/PPT cholinergic neurons 

projecting to the cortex via the thalamus, is active during both wakefulness and REM sleep, 

and is responsible for promoting cortical activation. In addition, excitatory inputs from the 

brainstem glutamatergic, noradrenergic and serotonergic to the somatic and spinal cord 

motor neurons are responsible for the maintenance of muscle tone during wakefulness 

(Burgess & Peever, 2013). However, during wakefulness, a minor population of cholinergic 

LDT/PPT REM-On neurons that project to the brainstem is inhibited by the REM-Off LC 

and DRN neurons (Thakkar, Strecker, & McCarley, 1998).

During REM sleep, the LC and DRN neurons cease their activity, thereby lifting their 

inhibition on cholinergic REM-On neurons, allowing the expression of REM sleep (Datta & 

Maclean, 2007; McCarley, 2007). A combination of mechanisms, including disfacilitation 

(reduced glutamatergic, LC, and DRN tone) and active inhibition (increased brainstem 
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cholinergic, glycinergic, and GABAergic tone), may be responsible for producing the 

muscle atonia observed during REM sleep (Thakkar, Sharma, Engemann, & Sahota, 2012).

Episodes of dreaming or nightmares are believed to occur only during REM sleep. It has 

been suggested that synchronized electrical field potentials in the pons, lateral geniculate 

nucleus, and occipital cortex (PGO waves) are the source of visual imagery observed during 

REM sleep (Brooks, 1968; Brown et al., 2012). The PGO waves are prominent observed in 

visual thalamocortical circuits and occur simultaneously with rapid eye movements 

associated with gaze direction in visual imagery (Brown et al., 2012).

Regulation of sleep

Current theory suggests that the physiological regulation of mammalian sleep is controlled 

by two components: 1) a homeostatic sleep process (Process S) which increases during 

wakefulness and declines during sleep and which interacts with 2) a circadian alerting 

process (Process C), that is independent of sleep and wakefulness (Borbély, 1982).

During normal, spontaneous wakefulness, rising homeostatic sleep pressure is compensated 

for by increasing circadian alerting signal, which helps in the maintenance of wakefulness. 

Conversely, during the night, diminution of the circadian alerting signal coupled with 

residual homeostatic sleep drive ensures the maintenance of sleep [Fig. 3; see Edgar, 

Dement, & Fuller, 1993]. The changes in sleep-wakefulness across 24 h, observed in 

humans and animals, are the result of combined influences of Process S and Process C. The 

assessment of the relative contributions of sleep homeostasis and circadian rhythmicity is 

complex.

Process C is regulated by the intrinsic body clock, the suprachiasmatic nucleus (SCN). 

Although neural mechanisms by which the circadian clock influences the sleep-wake system 

remain to be fully specified, the SCN is known to communicate with several sleep-

wakefulness centers, including the preoptic area and the BF. Although complete ablation of 

the SCN eliminates sleep-wake rhythms, sleep loss results in a compensatory increase in the 

duration and intensity of sleep, suggesting that Process S is independent of Process C 

(Tobler, Borbély, & Groos, 1983).

Laboratory rodents are predominantly active during the dark period and sleep predominantly 

during the light period (Process C). They display a shorter sleep cycle interspersed with 

awake episodes, mainly due to a limited capacity for accumulation of sleep pressures. 

Despite this “polyphasic” pattern of sleeping, the homeostatic drive decreases during 

relatively consolidated periods of sleep, and accumulates during periods of wakefulness, 

suggesting that the same Process C and Process S are responsible for sleep regulation in 

nocturnal, polyphasic laboratory rodents (Franken, Tobler, & Borbély, 1991; Phillips, 

Robinson, Kedziora, & Abeysuriya, 2010; Tobler, Franken, Trachsel, & Borbély, 1992).

Sleep homeostasis

The core of sleep homeostasis is sleep propensity or sleep pressure. Sleep pressure starts to 

accumulate as soon as one is awake, and continues to accumulate until sleep is initiated. 
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Once sleep is initiated, sleep pressure starts to dissipate. Sleep pressure is the manifestation 

of an accumulation of sleep homeostatic factor(s).

Although the search to identify the mediator of sleep pressure began more than 100 years 

ago, it was only in recent years that strict criteria were required to be fulfilled if a factor was 

to be considered as a homeostatic sleep factor. These required criteria are: 1) an increase in 

sleep propensity should result in the accumulation of homeostatic sleep factor, 2) the 

homeostatic sleep factor should act on brain regions and neurons regulating sleep-

wakefulness, and 3) administration of the homeostatic sleep factor should promote sleep 

(Brown et al., 2012; Porkka-Heiskanen et al., 1997).

Although several sleep factors have been identified and implicated to mediate the 

accumulation of sleep pressure during wakefulness, only adenosine (AD), nitric oxide (NO), 

prostaglandin D2 (PGD2), and cytokines appear to fulfill the established criteria to be 

considered as the homeostatic regulator(s) of sleep. Out of these four neuromodulators, only 

AD has gained the utmost attention because the remaining three (NO, PGD2, and the 

cytokine interleukin-1) mediate their sleep-promoting effects via AD. For example, NO and 

interleukin-1 increase AD release and inhibit neuronal activity in the -wake-promoting 

systems (Brown et al., 2012; Luk et al., 1999; Rosenberg, Li, Le, & Zhang, 2000). The 

somnogenic effects of PGD2 are mediated via prostaglandin receptor 1, localized 

predominantly in the meninges. Activation of prostaglandin receptor 1 results in an increase 

in AD (Hayaishi, Urade, Eguchi, & Huang, 2004; Mizoguchi et al., 2001).

AD links sleep with energy metabolism and neuronal activity. During wakefulness, energy 

(ATP) usage is high in wake-promoting systems, due to increased neuronal firing, synaptic 

activity, and synaptic potentiation. This increased energy usage during wakefulness is 

reflected in increased accumulation of extracellular AD, a breakdown product of ATP 

metabolism, which corresponds to increased accumulation of sleep pressure. The longer the 

period of wakefulness, the greater the accumulation of sleep pressure and/or AD and the 

longer it takes for sleep pressure to dissipate during sleep (Porkka-Heiskanen, 2013).

Experimentally, sleep homeostasis is examined by sleep deprivation followed by recovery 

sleep. During sleep deprivation, sleep pressure is measured by theta power in wake EEG and 

extracellular AD, most markedly in the wake-promoting BF region. Increased AD acts via 

A1 receptors (A1R) to inhibit wake-promoting neurons in the BF to promote sleep and 

enhance delta activity (Thakkar, Delgiacco, Strecker, & McCarley, 2003; Thakkar, Winston, 

& McCarley, 2003). Homeostatic response or dissipation of sleep pressure is measured by 

sleep latency along with the duration and intensity of recovery sleep that follows sleep loss 

(Borbély, 1982; Porkka-Heiskanen, 2013).

Now that we have described the fundamentals of sleep, let us describe what happens to 

sleep-wakefulness after acute and chronic alcohol consumption.

Alcohol and sleep: human studies

Since a detailed description of alcohol and sleep in human subjects in accompanying 

article(s), we have provided a brief overview here. Several laboratories have examined the 
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effects of a single pre-bedtime dose (ranging from 0.25 to 1 g/kg) of alcohol in healthy non-

alcoholic adult males and females [for reviews, see Ebrahim, Shapiro, Williams, & Fenwick, 

2013; Roehrs & Roth, 2001]. The most consistent findings are that alcohol, irrespective of 

the dose, administered just before bedtime, reduces sleep onset latency, consolidates sleep, 

increases NREM (stage 3) sleep, and increases EEG power densities in the delta frequencies 

during NREM sleep, especially during the first half of the night.

Abstinence from alcohol (withdrawal) in alcoholics results in severe and protracted sleep 

disruptions. While acute withdrawal accompanies severe insomnia (difficulty in falling and 

staying asleep), insomnia, sleep fragmentation, and alteration in sleep architecture are 

observed for several years during sustained withdrawal from alcohol. Furthermore, 

subjective and objective indicators of insomnia including difficulty in falling asleep, 

decreased total sleep time, and decreased sleep efficiency are predictors of relapse [reviewed 

in Brower, 2001].

Alcohol and sleep: animal studies

Animal studies support human studies. Irrespective of the time of administration, acute 

alcohol treatment in rodents reduces sleep onset latency and increases NREM sleep (Hattan 

& Eacho, 1978; Hill & Reyes, 1978a; Kubota, De, Brown, Simasko, & Krueger, 2002; 

Mendelson & Hill, 1978). Local bilateral infusion of alcohol (0.047, 0.24, and 0.47 μmol) 

into the preoptic region dose-dependently increases NREM sleep (Ticho, Stojanovic, 

Lekovic, & Radulovacki, 1992). In contrast, intracerebroventricular (icv) application of 

alcohol (10 μL/5 nM) produces selective REM sleep changes (Prospero-García, Criado, & 

Henriksen, 1994).

Chronic alcohol exposure causes sleep disruptions in animals. While two studies have 

reported decreased REM during withdrawal after chronic alcohol exposure (Gitlow, 

Bentkover, Dziedzic, & Khazan, 1973; Rouhani et al., 1998), two other studies reported 

increased REM sleep (Kubota et al., 2002; Mendelson et al., 1978). Veatch (2006) found 

increased REM with a concomitant reduction in NREM sleep during the initial withdrawal 

period. While REM remained increased, non-REM sleep normalized within 4 days. Finally, 

6 weeks of chronic exposure to 6% alcohol in a liquid diet increases wakefulness and 

reduces sleep (NREM and REM) during the light (sleep) period, but decreases wakefulness 

and increases sleep during the dark (active) period (Mukherjee, Kazerooni, & Simasko, 

2008; Mukherjee & Simasko, 2009).

In summary, strong evidence from human and animal studies suggests that a single dose of 

alcohol reduces sleep onset latency and promotes NREM sleep. In humans, acute alcohol 

(especially a moderate to high dose) suppresses REM sleep during the first half of the sleep 

period.However, during the second half, there is an increase in REM sleep (REM rebound) 

along with an increase in wakefulness.. In contrast, both in humans and in animals, chronic 

alcohol exposure causes sleep disruptions, manifested by an increase in sleep onset latency 

and wakefulness along with a reduction in sleep during the normal sleep (light) period 

(insomnia), along with reduced wakefulness and increased sleep during the normal active 

(dark) period.
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Alcohol and sleep: anatomical and cellular mediators

Initial studies implicated catecholamines, such as serotonin and norepinephrine, in 

mediating the sedative effects of alcohol (Hill & Reyes, 1978b). However, as described 

above, catecholamines have a limited modulatory role in mediating sleep promotion. For 

example, mice lacking norepinephrine do not display any sleep-wake abnormalities 

(Hunsley & Palmiter, 2003). A recent study confirmed that norepinephrine does not have a 

major role in the regulation of sleep-wakefulness. Rather; it is critical for maintenance of 

muscle tone during wakefulness and indirectly plays a role in muscle atonia that 

accompanies REM sleep (Burgess & Peever, 2013).

Alcohol-induced reduction in glutamate has been implicated in alcohol-induced suppression 

of REM sleep (Prospero-García et al., 1994). However, direct evidence supporting this 

hypothesis is lacking.

GABA was another potential candidate implicated in alcohol’s intoxicating effects (Breese 

et al., 2006; Wallner, Hanchar, & Olsen, 2006). In vivo and in vitro studies suggest that 

GABA and alcohol may act via GABAA receptors, similar to barbiturates or 

benzodiazepines, which are known hypnotics that induce sleep [reviewed in Wallner et al., 

2006]. Therefore, alcohol-induced activation of GABAA receptors may result in sleep 

promotion. However, the effects of alcohol on GABAA receptors are complex and not 

clearly understood [reviewed in Aguayo, Peoples, Yeh, & Yevenes, 2002; Siggins, Roberto, 

& Nie, 2005; Wallner et al., 2006]. In addition, recent reports suggest that the intoxicating 

effects of alcohol may be due to activation of extrasynaptic δ subunit-containing GABAA 

receptors (Breese et al., 2006; Wallner et al., 2006). Although activation of extrasynaptic 

GABA receptors in the orexin zone of the lateral hypothalamus promotes sleep, GABAA 

receptors may have a minimal role in sleep promotion (Winsky-Sommerer, Vyazovskiy, 

Homanics, & Tobler, 2007). In addition, the role of GABA in sleep is complex. For 

example, extracellular GABA levels in the pons are highest during wakefulness and lowest 

during sleep (Thakkar et al., 2004; Vanini, Wathen, Lydic, & Baghdoyan, 2011). While 

activation of GABAA receptors in the pons promotes wakefulness, blockade of GABAA 

receptors promotes REM sleep (Boissard et al., 2002; Pollock & Mistlberger, 2003; Xi, 

Morales, & Chase, 2001). In addition, cortical-projecting GABA neurons in the BF activate 

the cortex and promote EEG desynchronization (Jones, 2005).

In an attempt to understand the cellular substrates mediating the effects of alcohol on sleep-

wakefulness, we began by focusing on AD. AD appeared to be an ideal candidate mediating 

the effects of alcohol on sleep because AD is a sleep factor implicated in the homeostatic 

regulation of sleep (Radulovacki, Virus, Djuricic-Nedelson, & Green, 1984; Thakkar, 

Winston, et al., 2003). In addition, AD is a key mediator of neuronal responses to alcohol 

(Dunwiddie & Masino, 2001; Hack & Christie, 2003; Newton & Messing, 2006).

Strong and convincing evidence exists demonstrating the importance of AD and its A1R in 

mediating the effects of alcohol on ataxia (Dar, 1993, 1997, 2001; Phan, Gray, & Nyce, 

1997; Saeed Dar, 2006). In addition, AD is also implicated in mediating the behavioral 

aspects of alcohol withdrawal, such as anxiety, tremors, and seizures (Batista, Prediger, 
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Morato, & Takahashi, 2005; Concas et al., 1996; Kaplan, Bharmal, Leite-Morris, & Adams, 

1999; Prediger, da Silva, Batista, Bittencourt, & Takahashi, 2006). Furthermore, acute 

alcohol exposure inhibits AD reuptake via an NBTI-sensitive equilibrative nucleoside 

transporter-1 (ENT1), whereas chronic exposure to alcohol down-regulates ENT1 

expression (Krauss, Ghirnikar, Diamond, & Gordon, 1993; Nagy, Diamond, Casso, 

Franklin, & Gordon, 1990). The ENT1-null mice show reduced AD tone and reduced 

hypnotic (loss of righting reflex) and ataxic responses to alcohol, along with increased 

alcohol consumption. Treatment with an A1R agonist decreases alcohol consumption in 

ENT1-null mice; however, an A2AR agonist is ineffective (Choi et al., 2004).

Several clinical studies also support the role of AD in alcohol-induced behaviors. For 

example, AD via its action on A1R promotes NREM sleep, enhances EEG power in delta 

frequency, and suppresses REM sleep, which is remarkably similar to the effects of acute 

alcohol intake on sleep (Basheer, Strecker, Thakkar, & McCarley, 2004; Benington, Kodali, 

& Heller, 1995; Landolt & Gillin, 2001). Caffeine, a nonspecific AD receptor antagonist, 

offsets the intoxicating effects of alcohol and improves alertness (Franks, Hagedorn, 

Hensley, Hensley, & Starmer, 1975; Hasenfratz, Bunge, Dal Prá, & Bättig, 1993; Kerr, 

Sherwood, & Hindmarch, 1991; Liguori & Robinson, 2001). Combined administration of 

caffeine and alcohol can increase the development of alcohol tolerance in humans (Fillmore, 

2003). Alcoholics display an impaired response to sleep deprivation, suggesting an impaired 

AD system, especially since AD has a critical role in sleep homeostasis (Irwin et al., 2002).

Interestingly, the sedative effects are observed during the descending phase of the BAC 

curve (Erblich, Earleywine, Erblich, & Bovbjerg, 2003; Martin, Earleywine, Musty, Perrine, 

& Swift, 1993; Schweizer & Vogel-Sprott, 2008), suggesting the sleep-promoting effects of 

alcohol are relatively delayed. If it were the case that alcohol promotes sleep via its direct 

action on (sleep-promoting) GABA neurons, then the sedative effects would be more likely 

to be observed, much earlier, in the ascending phase of the BAC curve. This relatively 

delayed sleep-promoting response fits well with alcohol’s effect on AD uptake, 

accumulation of extracellular AD, and inhibition of wake-promoting systems, resulting in 

sleep promotion. Thus, based on the evidence described above, we began our quest to 

understand the role of AD in the sleep-promoting effects of alcohol.

Sleep homeostasis in acute alcohol-induced sleep promotion

In the first set of experiments, we examined the effect of alcohol on sleep promotion in 

freely behaving Sprague Dawley (SD) rats. The experimental design was simple. Rats were 

instrumented for electrographic recording of the EEG and EMG to examine and quantify 

sleep-wake states. In order to examine the potency of alcohol in sleep promotion, we 

administered alcohol (3g/kg; intragastric) at the onset of the circadian active period when 

rats are maximally active and all wake-promoting systems are very active. Our results 

suggest that alcohol administration at dark onset significantly reduced sleep onset latency 

(inset in Fig. 4C) and increased NREM sleep (Fig. 4C). While wakefulness was reduced, 

REM sleep remained unaffected. In addition, the maximal effect of alcohol was observed 

during the first 6 h after alcohol administration. These results suggest that alcohol is able to 
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counteract a strong wake-promoting drive initiated by combined activation of all wake-

promoting centers to promote NREM sleep.

Since the wake-promoting BF is the final node in the ventral arm of the RAS (see Fig. 2) 

and is involved in the regulation of sleep homeostasis, we hypothesized that the strong 

sleep-promoting effect of alcohol may be mediated via inhibition of the wake-promoting 

neurons of the BF. To test our hypothesis, we examined the effects of alcohol on the 

activation of BF cholinergic wake-promoting neurons in SD rats. We used c-Fos as a marker 

of neuronal activation and double-label (choline acetyltransferase and c-Fos) 

immunohistochemistry (IH) to examine the expression of c-Fos in the BF cholinergic 

neurons. We found that alcohol (3 g/kg; intragastric) administration at dark onset 

significantly reduced the activation of wake-promoting neurons in the BF (Fig. 4A & 4B). 

Thus, alcohol inhibits the BF wake-promoting neurons and suppresses cortical 

desynchronization to promote sleep.

The next logical question was: How does alcohol inhibit BF wake-promoting neurons? AD 

acts via A1R to inhibit BF wake-promoting neurons and promote sleep (Thakkar, Delgiacco, 

et al., 2003; Thakkar, Winston, et al., 2003). There are no A2A receptors in the BF (Basheer 

et al., 2004). Thus, we examined the effects of bilateral BF infusion of an A1R receptor 

antagonist, 8-cyclopentyl-1, 3-dipropylxanthine (DPCPX), on alcohol-induced sleep at dark 

onset. We chose DPCPX because it promotes wakefulness (Van Dort, Baghdoyan, & Lydic, 

2009). Since our experiment was performed at dark onset when animals are maximally 

awake and spent > 80% time in wakefulness, infusion of DPCPX will have minimal effects 

on spontaneous wake-promotion due to “ceiling” effects. However, since alcohol promotes 

sleep at dark onset, then DPCPX will suppress alcohol-induced sleep and promote 

wakefulness. Indeed, pretreatment with DPCPX resulted in an attenuation of alcohol-

induced sleep promotion (Fig. 4D), implicating AD and its A1R, critical components of 

sleep homeostasis, in alcohol-induced sleep promotion (Thakkar, Engemann, Sharma, & 

Sahota, 2010).

To further demonstrate the role of AD in the BF in alcohol-induced sleep, we examined the 

effect of alcohol on extracellular release of AD in the BF. We used microdialysis to measure 

AD release. To provide specificity of alcohol’s action on the BF, we used reverse 

microdialysis and locally delivered pharmacologically relevant doses of alcohol through the 

same microdialysis probe. We found that local microdialysis perfusion of alcohol produced 

a dose-dependent increase in extracellular AD in the BF with the maximal increase observed 

with a 300 mM dose of alcohol perfused (Fig. 4E). Reverse microdialysis perfusion of a 300 

mM dose of alcohol provides a concentration of 33 mM directly outside the probe. This 

concentration of alcohol is in the range of alcohol concentration observed in the brain after a 

systemic administration of a sedative dose (~3 g/kg) of alcohol (Sharma, Engemann, Sahota, 

& Thakkar, 2010b). This study provided the first evidence demonstrating that alcohol acts 

directly in the brain to increase AD.

Finally, if the wake-promoting cholinergic neurons of BF are responsible for acute alcohol-

induced sleep promotion, then lesions of the cholinergic neurons may attenuate the sleep-

promoting effects of alcohol. In this unpublished study, we used 192-IgG-saporin (SAP) to 
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selectively lesion BF cholinergic neurons. Our results suggest that as compared to controls 

(infused with ACSF), bilateral infusion of SAP in the BF resulted in a significant reduction 

(> 70%) in the number of cholinergic neurons in the BF. In addition, alcohol administration 

in lesioned animals resulted in an attenuated alcohol-induced sleep promotion. While control 

animals showed a significant increase in the NREM sleep following alcohol (3 g/kg) 

administration, as compared to systemic water administration, a day earlier, lesioned 

animals did not show such an increase in NREM sleep after alcohol (3 g/kg) administration 

(Fig. 4F). These results strongly implicate the wake-promoting BF cholinergic neurons as a 

critical anatomical substrate mediating the sleep-promoting effects of alcohol.

In summary, based on the results of our studies described above, we suggest that alcohol 

may act on the wake-promoting cholinergic neurons in the BF to increase extracellular AD. 

Increased AD promotes sleep by inhibiting BF wake-promoting neurons via A1R.

Sleep homeostasis in withdrawal-induced sleep disruptions

As described above, alcohol may promote sleep by its action on AD in the BF. The next 

question we asked was: Are sleep disruptions observed during alcohol withdrawal due to an 

impaired AD system in the BF?

Thus, in our next series of experiments, we examined the role of the AD system in the BF on 

sleep disruptions observed during alcohol withdrawal. We used the Majchrowicz’s chronic 

binge alcohol protocol to induce alcohol withdrawal in SD rats (Majchrowicz, 1975). The 

Majchrowicz’s protocol has been extensively used to induce alcohol dependence and 

understand the effects of alcohol dependency and alcohol withdrawal in experimental 

animals [> 300 papers have cited the original article in the last 20 years (Faingold, 2008)]. 

This relatively easy-to-use method offers other advantages including 1) mimicking high 

blood alcohol levels and heavy alcohol consumption in alcoholics, 2) rapid induction of 

alcohol dependency and relatively high and sustained blood alcohol concentration achieved 

within a short duration, and 3) high incidence of overt signs of withdrawal. A brief 

description of the Majchrowicz protocol used is as follows: 2 h before the light onset, 

experimental animals were primed with an intragastric administration of a 5 g/kg dose of 

alcohol mixture [100 mL of 35% alcohol (v/v in water) containing 8.5 g infant formula 

(PBM Nutritionals, Georgia, VT)]. Subsequent doses were adjusted depending on the level 

of intoxication, assessed by observing the behavior of the animal [see Table 1 in Sharma, 

Bradshaw, Sahota, & Thakkar, 2010a] and was administered every 8 h for 4 days (treatment 

days). The controls received the control mixture (8.5 g of infant formula in 100 mL of water; 

10 mL/kg) at the same time of day for 4 days.

As shown in Fig. 5A, during acute alcohol withdrawal, rats displayed significant increases in 

wakefulness, both during their sleep (light) and active (dark) period with a concomitant 

reduction in sleep (NREM and REM), suggesting insomnia-like symptoms which have been 

observed during acute alcohol withdrawal in humans. In addition, alcohol-dependent rats 

displayed a significant increase in the number of cholinergic neurons with c-Fos expression 

in the BF (Fig. 5B), suggesting an activation of the wake-promoting system. Furthermore, 

rats undergoing alcohol withdrawal did not display an increase in extracellular AD during 
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sleep deprivation, suggesting an impaired sleep homeostatic response (Fig. 5D). To further 

investigate the cause of impaired sleep homeostasis, we examined the expression of ENT1 

and A1R (critical for regulation of AD tone), in the BF of rats undergoing alcohol 

withdrawal and found a reduction in the expression of ENT1 and A1R genes (Fig. 5C). 

These results provided strong support for the role of AD in alcohol’s effects on sleep 

(Sharma, Engemann, Sahota, & Thakkar, 2010a) and were the first to demonstrate that sleep 

disruptions observed during alcohol withdrawal may be due to disrupted sleep homeostasis 

caused by alcohol-induced down-regulation of the AD system. Indeed, recent studies have 

confirmed that human alcoholics display a blunted sleep homeostatic response (Armitage, 

Hoffman, Conroy, Arnedt, & Brower, 2012; Brower, Hoffman, Conroy, Arnedt, & 

Armitage, 2011).

Sleep homeostasis in binge alcohol-induced sleep disruptions

Human alcohol dependency is associated with voluntary oral self-ingestion of alcohol. Thus, 

one limitation of our above-described studies may be that we used forced alcohol 

administration, and not voluntary alcohol self-administration. In addition, since binge 

drinking is highly prevalent in our society and sleep disruptions are common in binge 

drinkers (Popovici & French, 2013), the next set of experiments was designed to examine 

the effects of voluntary binge drinking on sleep-wakefulness. We used C57BL/6J mice and 

exposed them to voluntary binge drinking under a modified version of the “drinking in the 

dark” (DID) paradigm. The basic paradigm was to offer each experimental mouse a single 

tube containing 20% alcohol (v/v; in tap water), instead of its usual water bottle, for a period 

of 4 h, beginning 3 h from the onset of the circadian dark period, for one day, and monitor 

their sleep (Crabbe, Harris, & Koob, 2011; Mulligan et al., 2011; Rhodes, Best, Belknap, 

Finn, & Crabbe, 2005).

We chose to use C57BL/6J mice because they are known to self-administer high amounts of 

alcohol in a relatively short period and consume alcohol for post-ingestive intoxicating 

effects, and not simply for taste or caloric fulfillment (Belknap, Crabbe, & Young, 1993; 

Rhodes et al., 2007; Sprow & Thiele, 2012). We chose the DID method because it is simple, 

easy to use, reliable, and extensively used with high face validity in mimicking human binge 

drinking (Mulligan et al., 2011; Sharma, Sahota, & Thakkar, 2014a, 2014b; Sprow & Thiele, 

2012).

Our first experiment examined AD release in the BF during binge drinking. Unpublished 

preliminary results from our ongoing study suggest that each of the 4 alcohol-naïve mice 

exposed to a single episode of binge drinking displayed a profound increase in extracellular 

AD in the BF during the last hour of alcohol consumption as compared to during the first 

hour (Fig. 6A).

Does increased AD in the BF result in sleep promotion? Our next experiment examined 

sleep-wakefulness following a single episode of binge drinking. Adult male C57BL/6J mice 

implanted with sleep recording electrodes were exposed to a single 4-h session of alcohol 

self-administration (under DID protocol as described above). Sleep was continuously 

recorded for 21 h, beginning with the onset of alcohol drinking (3 h after dark onset) and 
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ending at the onset of the next dark period, 21 h later. Baseline recording was performed on 

the previous day by exposing the animals to water and mimicking alcohol-day conditions. 

The unpublished/preliminary results of our study suggest that alcohol consumption resulted 

in a robust sleep promotion during the dark period, immediately after alcohol consumption 

was complete, suggesting that alcohol-induced AD release in the BF may be the cause of 

sleep promotion (Fig. 6B). These results provide support to our hypothesis that alcohol 

increases AD and promotes sleep.

In contrast to the sleep promotion observed immediately after completion of binge alcohol 

consumption, there was a significant increase in wakefulness with a concomitant reduction 

in sleep during the subsequent light (sleep) period. Fine grain analysis revealed that the 

amount of time spent in sleep-wakefulness during the first 3 h of the light period was 

comparable to baseline, suggesting that Process C, which regulates sleep timing, remained 

unaffected. However, sleep was profoundly reduced during the subsequent 9 h of the light 

period (Fig. 6B). These results suggest that alcohol intake disrupts Process S or sleep 

homeostasis, but may have a minimal effect on Process C, or the circadian controller of 

sleep. The next group of experiments was designed to confirm the effects of alcohol intake 

on sleep homeostasis.

Sleep deprivation followed by recovery sleep is an essential paradigm to examine the sleep 

homeostasis process (Porkka-Heiskanen, 2013). Therefore, we examined the effects of 

alcohol consumption on the indicators of sleep homeostasis during sleep deprivation and 

recovery sleep. Alcohol-naïve mice (instrumented with sleep-recording electrodes and 

bilateral guide cannulas in the BF) were exposed to a single episode (4 h) of alcohol self-

administration. Controls were exposed to water. On completion, mice were left undisturbed 

until the onset of sleep deprivation, 11 h after the completion of alcohol/water consumption. 

Sleep deprivation was performed during the last 6 h of the light period and carried out by 

gentle handling. The gentle handling protocol of sleep deprivation minimizes stress and 

involves keeping the animals awake by (gentle) tactile and auditory stimuli (Sharma et al., 

2010a; Thakkar, Winston, et al., 2003). After 6 h of sleep deprivation, animals were allowed 

to recover sleep for 3 h. Electrographic recordings of sleep-wakefulness and spectral 

analysis of the EEG were performed to examine theta power during sleep deprivation, the 

amount of time spent in recovery sleep, and delta power during recovery sleep. In addition, 

microdialysis sampling was performed to measure the extracellular levels of AD. Our 

unpublished/preliminary results are described in Table 1. Mice exposed to voluntary alcohol 

consumption displayed a blunted homeostatic response, as shown by absence of sleep 

deprivation-induced increase in 1) theta power; 2) extracellular AD levels in the BF; 3) 

NREM delta power during recovery sleep, and 4) recovery sleep. These results support our 

previous results and our hypothesis that alcohol consumption disrupts sleep homeostasis and 

causes sleep disruptions. We believe that this is the first step toward understanding the 

mechanism of sleep disruptions induced by binge drinking. Still, many questions remained 

unanswered such as a) how long do the effects of acute binge drinking on sleep homeostasis 

last, b) if sleep homeostasis is affected, does it play any role in reducing sleep-promoting 

effects of subsequent alcohol consumption which we have observed in our recent study 

(Sharma et al., 2014b), and c) what is the molecular mechanism responsible for altered sleep 

homeostasis?
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Summary and conclusion

As described above, we have gathered strong and convincing evidence suggesting that 

alcohol has disruptive effects on sleep homeostasis. We have shown that AD and the wake-

promoting BF may be the major cellular substrates responsible for alcohol’s effect on sleep. 

Additionally, because both AD and the wake-promoting BF are the mediators of sleep 

homeostasis, it is not surprising that alcohol may mediate its sleep-promoting effects by 

shifting (“left shift”) the homeostatic drive (Fig. 7). Thus, alcohol consumed during the 

evening (Dawson, 1996) has a profound NREM sleep-promoting effect and is followed by 

sleep disruptions, especially during the latter half of the sleep time. We suggest that this may 

be due to disruption of sleep homeostasis.

Interestingly, human studies suggest that acute alcohol consumption, (especially moderate to 

high doses) in non-alcoholics results in strong REM sleep suppression, followed by REM 

rebound (Ebrahim et al., 2013; Roehrs & Roth, 2001). However, we did not observe a REM 

sleep-suppressing effect in our rodent studies, most likely because rodents spend less than 

4% of their total active (dark) period in REM sleep.

We have also demonstrated that impaired sleep homeostasis is the cause of increased 

wakefulness and reduced sleep observed in alcohol-dependent rats. Indeed, insomnia, as 

shown by the presence of increased sleep latency and decreased total sleep, is the most 

prominent sleep disturbance observed in alcoholics during early recovery (Brower, Aldrich, 

Robinson, Zucker, & Greden, 2001; Drummond, Gillin, Smith, & DeModena, 1998; Kolla, 

Mansukhani, & Schneekloth, 2011). There are no reports suggesting that alcoholics, 

especially during early withdrawal, suffer from sleep disorders of circadian rhythms, such as 

delayed or advanced sleep phase syndrome or irregular sleep-wake rhythms. In addition, as 

compared to healthy controls, alcoholics do not show any major differences in dim light 

melatonin onset, which is a reliable phase marker of circadian rhythm (Conroy et al., 2012).

We want to emphasize that we do not suggest that alcohol has no effect on circadian 

rhythms. In fact, there is strong and convincing evidence suggesting that alcohol has a 

profound interaction with circadian rhythms (Agapito, Barreira, Logan, & Sarkar, 2013; 

Brager, Ruby, Prosser, & Glass, 2011; Chen, Kuhn, Advis, & Sarkar, 2006; Frank et al., 

2013; Lindsay, Glass, Amicarelli, & Prosser, 2014; Logan, Williams, & McClung, 2014; 

Partonen, 2012; Perreau-Lenz & Spanagel, 2008; Prosser, Mangrum, & Glass, 2008; 

Rosenwasser, 2010; Ruby, Prosser, & Glass, 2006; Seggio, Logan, & Rosenwasser, 2007; 

Spanagel, Rosenwasser, Schumann, & Sarkar, 2005). We suggest that alcohol may have 

minimal impact on the circadian regulation of sleep and a more predominant effect on the 

homeostatic regulation of sleep.

Does alcohol mediate its sleep promoting effects only via AD and BF? Again, we do not 

want to claim that AD and the BF are the only mediators of alcohol-induced sleep 

promotion. However, since this area is immensely under-researched, there is very little 

information available about how and where alcohol acts to promote sleep.

According to the two-process model of sleep, sleep is controlled by two processes: Process 

C and Process S. Thus, for alcohol to promote sleep, it must act on either Process S or on 
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Process C, or on both Process S and Process C. Based on our findings, we suggest that 

alcohol disrupts Process S to promote sleep. Since BF and AD are key substrates involved in 

sleep homeostasis, we suggest that AD and BF may be critical in mediating alcohol-induced 

sleep. It is entirely possible that, along with AD and BF, alcohol may concurrently (directly 

or indirectly) inhibit multiple wake-promoting systems [for an example, see Sharma, Sahota, 

& Thakkar, 2014c] while activating sleep-promoting systems. More research is necessary to 

understand how and where alcohol acts to promote sleep and cause sleep disruptions.

In conclusion, based on our results, we suggest that alcohol disrupts sleep homeostasis to 

affect sleep and cause sleep disruptions.
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Figure 1. 
Alcohol has complex interactions with sleep.
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Figure 2. 
A schematic sagittal view of a mammalian brain depicting neuronal systems mediating the 

ventral (blue) and dorsal (red) relays of the reticular activating system controlling cortical 

activation and behavioral arousal. Abbreviations: RAS = glutamatergic reticular activating 

system; LC = noradrenergic locus coeruleus; LDT and PPT = cholinergic laterodorsal and 

pedunculopontine tegmental nuclei; DR = serotonergic dorsal raphe; LH = orexinergic 

perifornical lateral hypothalamus; TMN = histaminergic tuberomammillary nucleus; BF = 

cholinergic basal forebrain.
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Figure 3. 
The interaction of the circadian alerting signal and the homeostatic sleep drive in the 

regulation of sleep-wakefulness is described. During the day, an increasing circadian 

alerting signal counteracts accumulating sleep pressure to maintain wakefulness. At night, 

the accumulating sleep pressure reaches its peak (threshold) whereby it overrides the 

circadian alerting drive and promotes sleep. During the night, sleep is maintained by the 

residual homeostatic sleep drive coupled with diminution of the circadian alerting signal 

(Adapted from Edgar et al., 1993).
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Figure 4. 
Sleep homeostasis in sleep-promoting effects of alcohol. A single dose (3 g/kg; intragastric) 

of alcohol, administered at the onset of the circadian active period, inhibits wake-promoting 

cholinergic neurons of the BF (Panel A & B) to promote NREM sleep as shown by a 

significant reduction in sleep onset latency (inset in Panel C) coupled with a significant 

increase in the amount of time spent in NREM sleep (Panel C). However, blockade of AD 

A1R in the BF resulted in an attenuation of alcohol- induced sleep promotion (Panel D), 

whereas local, reverse microdialysis perfusion of pharmacological relevant doses of alcohol 

into the BF significantly increased extracellular AD in the BF (Panel E; inset describes AD 

chromatogram) implicating adenosinergic mechanisms in alcohol-induced sleep promotion 

[adapted from Sharma et al., 2010b and Thakkar et al., 2010]. Lastly, in contrast to sham 

controls, animals with a selective lesion of the BF cholinergic neurons displayed attenuated 

alcohol-induced sleep [Panel F; unpublished data]; *= p < 0.05.
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Figure 5. 
Impaired sleep homeostasis is the cause of sleep disruptions observed during alcohol 

withdrawal. A significant increase in wakefulness coupled with a concomitant reduction in 

sleep (NREM and REM) (Panel A), along with increased activation of wake- promoting BF 

cholinergic neurons (Panel B) was observed during acute alcohol withdrawal. In addition, 

there was a significant reduction in the expression of ENT1 and A1R in the BF (Panel C) 

during alcohol withdrawal, resulting in an absence of a sleep deprivation-induced increase in 

AD in the BF [Panel D; adapted from Sharma et al., 2010]; *= p < 0.05.
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Figure 6. 
Sleep homeostasis in binge alcohol-induced sleep disruptions. All 4 animals displayed an 

increase in AD in the BF during 4 h of binge alcohol consumption (Panel A) coupled with a 

significant increase in NREM sleep during the active period, immediately after the 

completion of 4 h of binge drinking. However, during the subsequent 12 h of the light 

(sleep) period, NREM sleep was significantly reduced, especially during the last 9 h of the 

light period. No change was observed during the first 3 h of the light period, suggesting that 

Process C, regulating the timing of sleep, remained unaffected (Panel B).
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Figure 7. 
A putative mechanism describing the disruption of sleep homeostasis after alcohol 

consumption. Since alcohol is a potent somnogen, consumption of alcohol during the 

evening hours (after 6:00 PM) will promote NREM sleep and disrupt sleep homeostasis 

(“left shift”), resulting in sleep disruptions manifested by a compensatory reduction in 

NREM sleep during the second half of the night (see Fig. 3 to compare).
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