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FIGURE 1. The brain regions that govern arousal and sleep are illustrated on a midline sagittal magnetic resonance image.
Structures and pathways are color-coded by neurotransmitter.
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FIGURE 2. The activity level of the brain, as indicated by regional cerebral blood flow(CBF) imaging, varies with the state of
consciousness and rest.”” 2 The areas most active in the ‘control’ resting waking state (lying still with the eyes closed) compared
to sleeping are in prefrontal and parietal cortex (A). During slow wave sleep (SWS) several areas consistently exhibit decreased
activity compared to wakefulness (B). When REM sleep is compared to SWS there are areas of increased activity (C, pink). There
are areas of decreased activity when REM sleep is compared to the awake state (C, blue). Sleep deprivation is associated with
decreases in several areas compared to the rested awake state (D).
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hronic sleep restriction is pervasive in society, with

40% of people in the U.S. reporting less than 7
hours of sleep most nights.? Sleep is undervalued, per-
haps because the functions of sleep are not yet well un-
derstood.* The biological importance of sleep, on the
other hand, is quite clear:

Sleep has survived ubiquitously throughout all of
mammalian evolution; some experiments have shown
that animals cannot survive without sleep; and animals
have made numerous behavioral and physiological ac-
commodations to permit the survival of sleep in differ-
ent habitats and life styles. Sleep persists in predators
and prey; in carnivores and vegetarians; on the land
and in the water (marine mammals); in most mammals
as they lie down relaxed, in ruminants while they
stand, in birds while they perch, and in dolphins which
constantly swim; in hot and cold climates; in elephants
and shrews; in sloths that hardly move and mice that
hardly sit still; in the smartest and the dumbest of all
mammalian species. These facts suggsest a primary, es-
sential, functional core to sleep ... .”

If sufficiently prolonged, sleep deprivation is deadly,
indicating the critical role it plays in maintaining
health.” Sleep appears to affect many processes in the
body including energy metabolism, immune system
function, learning/memory, appetite regulation, and
gene expression.®'® Recent work suggests that sleep
may enhance creativity by facilitating the mental re-
structuring that is critical to insight.'” Sleep abnormali-
ties are frequently associated with both primary psy-
chiatric disorders and traumatic brain injuries.

Regulation of the sleep-waking cycle is complex.
Onset of sleep is governed by the interacting forces of
the sleep drive, which steadily increases with duration
of wakefulness, and circadian fluctuations in arousal
level. The ascending arousal system is comprised of
multiple ascending projections from brainstem, hypo-
thalamus, thalamus and basal forebrain (Figure 1A).
There is interplay among many neurotransmitter sys-
tems to maintain the waking state, as recently re-
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viewed.'®?' Wakefulness-promoting actions of acetyl-
choline (midbrain, pons and basal forebrain areas,
Figure 1 light orange), dopamine (substantia nigra and
ventral tegmental area, Figure 1 green), and norepi-
nephrine (locus coeruleus nucleus, Figure 1 purple) are
well known. Recent work indicates that serotonin (dor-
sal raphe nucleus, Figure 1 yellow), histamine (tubero-
mammillary nucleus, Figure 1 red), and orexin (also
called hypocretin, lateral hypothalamic area, Figure 1
blue) also promote wakefulness. Sleep-promoting re-
gions in the anterior hypothalamus (principally the
ventrolateral preoptic area, Figure 1B pink) utilize the
neurotransmitters GABA and galanin to inhibit wake-
promoting regions in the hypothalamus and brainstem
during slow wave sleep (SWS, also called non REM
(NREM) sleep) (Figure 1B). Brainstem regions inhibited
during wakefulness and NREM sleep become active
during REM sleep (Figure 1C). Ascending projections
from cholinergic neurons in the brainstem (laterodorsal
tegmental and pendunculopontine areas, Figure 1C
light orange) activate the thalamus which in turn acti-
vates the cortex. Descending projections from this area,
utilizing other neurotransmitters in addition to acetyl-
choline, inhibit motor neurons, producing atonia (Figure
1C light orange). Further complexity has been intro-
duced by the recognition that sleep-promoting sub-
stances (somnogens) accumulate during wakefulness.
Synthesis of adenosine (which appears to directly inhibit
wake-promoting neurons), for example, increases dur-
ing periods of high metabolic demand (e.g., prolonged
wakefulness, seizures, ischemia). The wake-promoting
effect of caffeine is probably due to its ability to block
adenosine receptors.

In the waking state the EEG is characterized by low
amplitude fast activity (13-30 Hz, beta frequency band).
Functional imaging studies indicate that during waking
(as compared to sleeping) cerebral blood flow is high in
the prefrontal and parietal cortices (Figure 2A)." With
relaxation, particularly when the eyes are closed, slower
activity (8-12 Hz, alpha frequency band) dominates the
EEG. During the transition to sleep, EEG activity grad-
ually decreases further. In deep (stage 3 and 4) sleep
(SWS), the EEG is characterized by large amplitude slow
activity (<2 Hz, delta frequency band) due to wide-
spread synchronous rhythmic thalamocortical activity.
Animal studies indicate that thalamic neurons become
hyperpolarized and change their firing pattern to a delta
rhythm because tonic activation by brainstem centers
decreases. The heart and respiratory rates also slow and
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blood pressure decreases (increased parasympathetic
tone). Functional imaging studies indicate that cerebral
blood flow decreases compared to wakefulness, particu-
larly in core subcortical structures such as the thalamus,
basal forebrain, basal ganglia, and brainstem (Figure
2B).! Decreases have also been reported for the cerebel-
lum, and ventromedial prefrontal (orbitofrontal and an-
terior cingulate), parietal and mesiotemporal cortices.
Several times during a normal night’s sleep both the
metabolic rate of the brain and EEG activity increase to
levels similar to the waking state, accompanied by deep
relaxation of the muscles. This state (paradoxical sleep,
PS) is associated with vivid dreaming and rapid eye
movements (REM). Functional imaging indicates that
thalamus, pons, limbic/paralimbic areas and occipital
cortex (visual association cortex) are very active (high
blood flow and/or metabolic rate), while frontal and pa-
rietal cortices are suppressed (Figure 2C)."**

Decreases in both global and regional cerebral metab-
olism have been found following periods of sleep dep-
rivation compared to the baseline rested state.>*>** Only
regional decreases in cerebral metabolic rate were found
in the earliest study.* Following sleep deprivation, ce-
rebral metabolism in thalamus, basal ganglia, cerebel-
lum, frontal and temporal cortex was decreased,
whereas parietal cortex was increased (a visual vigilance
task was performed during uptake in both conditions to
standardize brain state). Decreased performance was
positively correlated with decreased cerebral metabolic
rate for thalamus and basal ganglia. More recent work
has found globally decreased metabolism (~6%) with
relative regional decreases (2-11%) in multiple areas of
cortex (a serial addition/subtraction task was per-
formed during uptake).>*® During a period of 72 hours
of sleep deprivation, the most consistent regional de-
creases (compared to the awake rested state) were in
prefrontal, posterior parietal, and temporal cortices as
well as thalamus and cerebellum (Figure 2 D). De-
creased performance was positively correlated with de-
creased metabolic rate for several prefrontal cortex re-
gions and thalamus. These studies support the
vulnerability of the thalamocortical circuits that are so
critical for higher order cognitive functions to the effects
of sleep deprivation.

The cognitive and emotional effects of sleep loss (gen-
erally quantified as sleep debt) have been studied using
a variety of interventions including total sleep depri-
vation, sleep restriction (<8 hours of sleep allowed per
night) and sleep disruption (frequent awakenings dur-
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ing the sleep period). Comparison across studies is ham-
pered by many factors, including differences in the
method and duration of sleep disturbance employed
and in the cognitive tasks used to evaluate performance
deficits.” In addition, the common practice of averaging
performance measures across groups may obscure dif-
ferences, as there is a substantial range of sensitivity
among individuals to the negative effects of sleep dep-
rivation (trait-like differential vulnerability).®

Both sleep deprivation and sleep restriction have ad-
verse effects on mood, cognitive performance, and mo-
tor function.”>*” The most commonly used tasks in this
research area are simple vigilance and continuous per-
formance tasks, which are quite sensitive to sleep dep-
rivation. Studies utilizing more complex tasks indicate
that convergent, logical thinking is relatively insensitive
to sleep deprivation, whereas divergent, flexible think-
ing is adversely affected. Although controversy exists,
executive functions (working memory, divided atten-
tion, self-monitoring, risk assessment) seem to be par-
ticularly vulnerable, leading to the suggestion that the
prefrontal areas of the brain are more sensitive to the
effects of sleep disturbances.

Recent studies have shown that both acute sleep dep-
rivation (~24 hour) and short-term chronic sleep restric-
tion (<6 hours sleep per night for week) cause as much
impairment on a simulated driving test as moderate al-
cohol consumption.?* Similar results have been found
in more naturalistic studies. Research utilizing medical
residents has shown decrements in several tests of psy-
chomotor performance following a 4 week period of
heavy duty (mean work time ~90 hours per week) com-
pared to following a similar period of normal duty
(mean work time ~44 hours per week).?! When alcohol
was administered to residents following a period of nor-
mal duty, performance was impaired to an extent similar
to following 4 weeks of heavy duty.”!

Performance impairment is greater with total sleep
deprivation than sleep restriction for a set number of
hours of total sleep debt.>>** Thus, a single night of total
sleep deprivation (8 hours of sleep debt) results in a
greater impairment than 4 nights of mild (2 hours of
sleep debt per night) or 2 nights of moderate (4 hours
of sleep debt per night) sleep restriction.”® One interpre-
tation of this finding is that adaptation occurs to chronic
sleep deprivation.®® Another is that the critical factor is
the number of hours of wakefulness beyond what is nor-
mal for the individual (cumulative wake extension
time).*®> When analyzed from this perspective, the be-
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havioral impairments due to total and partial sleep dep-
rivation approximated a single near-linear model.**3*
These results support the view that even mild chronic
sleep restriction gradually but inexorably erodes perfor-
mance. Interestingly, sleep deprivation studies indicate
that subjects are often not aware of their level of sleep
debt, as they do not necessarily experience daytime
sleepiness.>** Lack of insight increases the risk of acci-
dents and sleep-related errors.®® These results are wor-
risome, given the prevalence of chronic sleep restriction
in the U.S.?

The impact of sleep loss is potentially more devastating
for the elderly, the medically compromised, and for in-
dividuals with psychiatric disorders. Sleep disturbances
are extremely common in this vulnerable population (es-
timates for insomnia range from 50-80% in psychiatric
illness), and are part of the diagnostic criteria for many
psychiatric disorders.”** Commonly related disorders
include the sleep disorders themselves such as narco-
lepsy, mood, anxiety, and substance use disorders. Of
note is the recent evidence that sleep architecture can re-
main abnormal in patients with treated depressive epi-
sodes and is also found in nondepressed relatives of these
patients.”” Many patients who have achieved sobriety af-
ter significant substance abuse continue to have abnor-

malities in sleep (slow wave) for years after recovery.”’”
Insomnia is also frequently present following traumatic
brain injury (present in 30-50% of patients with traumatic
brain injury), and studies indicate that these symptoms
may persist for many years.*

All major classes of psychotropic medications affect
the neurotransmitters that modulate the sleep-wake cy-
cle. For example, the selective serotonin reuptake inhib-
itors and tricyclic antidepressants decrease REM sleep
and benzodiazepines increase the affinity of GABA re-
ceptors for GABA, thus increasing sleep. Clinicians of-
ten consider too much or too little “sleep” when choos-
ing a psychopharmacologic intervention for a mood or
other disorder. However, the secondary effects of these
medications on neurotransmitter balance in sleep-wak-
ing functional anatomy and ultimately in the quality of
resulting sleep has not, to date, been incorporated into
standard treatment guidelines. The complexities of
sleep-arousal neuroanatomy/neurochemistry and the
relationship with stress, anxiety, and psychiatric disease
has been an area of study for decades. Yet, there is still
much more required to fully understand this complex
system in order to design pharmacologic interventions
for illness that will produce symptom relief, natural
sleep, and have minimal side effects.
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