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KEY POINTS

Allostatic load/overload refers to the cumulative wear and tear on body systems caused by too
much stress and/or inefficient management of the systems that promote adaptation through
allostasis.

Circadian disruption is a broad problem that alters allostasis and elevates allostatic load, affecting
brain and body systems. Sleep deprivation is an all-too-common example of a process that in-
cludes circadian disruption.

Even a few days of sleep deprivation or circadian misalignment in young healthy volunteers have
been reported to increase appetite and calorie intake, increase levels of proinflammatory cytokines,
decrease parasympathetic and increase sympathetic tone, increase blood pressure, increase eve-
ning cortisol levels, as well as elevate insulin and blood glucose levels.

Chronic circadian disruption and reduced sleep time are associated with elevated cortisol levels,
increased obesity, and reduced volume of the temporal lobe.

Mood disorders involve disrupted circadian rhythmicity and altered sleep-wake patterns; yet, acute
sleep deprivation can have rapid antidepressant effects and manipulating the timing of the secre-
tion or exogenous administration of melatonin can be beneficial in mood disorders.

Repeated stress in animal models causes brain regions involved in memory and emotions, such as
hippocampus, amygdala, and prefrontal cortex, to undergo structural remodeling with the result
that memory is impaired and anxiety and aggression are increased. Structural and functional
MRI studies in depression and Cushing disease, as well as anxiety disorders and in air crews
with jet lag, provide evidence that the human brain may be similarly affected.

Brain regions such as the hippocampus are sensitive to glucose and insulin, and both type | and
type Il diabetes are associated with cognitive impairment and (for type |l diabetes) an increased
risk for Alzheimer disease. Insofar as poor sleep and circadian disruption also exacerbate metabolic
dysregulation and contribute to other aspects of physiologic dysregulation, they must be consid-
ered contributors to risk for dementia.

Animal models of chronic sleep deprivation indicate that memory is impaired along with depletion of
glycogen stores and increases in oxidative stress and free radical production.

This article previously appeared in Sleep Med Clin 10 (2015) 1-10.
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INTRODUCTION

Anecdotally, there can be little doubt that sleep
plays a role in maintaining a good mood and
cognitive acuity. Sleep deprivation one night fol-
lowed by “getting a good night’s sleep” on the
next clearly impacts neurobehavioral function as
well as promotes physiologic balance and resil-
ience. These subjective impressions are sup-
ported by numerous laboratory studies of
endocrine function and metabolism as well as by
investigations of sleep deprivation effects on
cognitive and neural function, including research
on the brain that shows a variety of substantial
changes resulting from sleep restriction, with
reversal after recovery sleep. Similarly, being
“out of phase” with local time, be it from a week
of night shift work following a week of day shift
work or transmeridian air travel across multiple
time zones, demonstrates that there are both neu-
ral and physiologic effects of internal circadian
(daily) time being misaligned with external environ-
mental time. This article reviews selected aspects
of the current state of knowledge in these areas
and then evaluates what is known using the model
of allostasis and allostatic load that emphasizes
the “wear and tear” on the brain and body from
coping with stress.

ALLOSTASIS AND ALLOSTATIC OVERLOAD

The maintenance of homeostasis, defined as
those aspects of physiology that must remain sta-
ble to keep us alive (eg, oxygen tension, body tem-
perature, pH), is an active process requiring
coordinated action of many different systems,
including the autonomic nervous system and
neuroendocrine and immune systems. This active
process is called “allostasis” or “maintaining sta-
bility through change.”’™® Allostatic mediators
work as a nonlinear, sometimes reciprocating,
network (Fig. 1), meaning that too much or too little
of each mediator can perturb the entire network,
leading to harmful consequences. Take for
example the relationship between cytokines and
the glucocorticoids. Proinflammatory cytokines
stimulate the production of cortisol, which then
suppresses inflammatory cytokine production.*®
Similarly, increased activity of the sympathetic
nervous system increases proinflammatory cyto-
kine production, whereas parasympathetic activity
has the opposite effect.®” This balance is particu-
larly important, because during an infection, the
proinflammatory response that is essential to
mounting an immune defense is normally con-
tained by cortisol and also by parasympathetic ac-
tivity.*® Inadequate containment can lead to

septic shock and death. Treatment with cortisol,
or elevation of parasympathetic activity, is a
pathway that can reduce the exaggerated inflam-
matory response.” However, at the opposite
extreme, too much cortisol can suppress proin-
flammatory responses, thus compromising im-
mune defenses.*®

Allostatic overload, which is wear and tear pro-
duced by imbalances in the mediators of allosta-
sis, is perfectly illustrated by these 2 examples:
too much or too little activity of certain mediators
of allostasis.’® Other examples of allostatic over-
load include conditions such as hypertension,
atherosclerosis, diabetes, and the metabolic syn-
drome as well as stress-induced remodeling in
brain regions that support memory, executive
function, and anxiety.*'° One of the key mediators
of allostasis is cortisol (corticosterone in rodent
species), and conditions in which corticosteroid
balance is affected lead to many such changes
in physiologic function and brain structure. Cush-
ing disease and anxiety/depressive disorders are
2 such conditions that affect multiple allostatic
mediators, including the corticosteroids.

Cushing disease, broadly defined as hypercorti-
solemia induced by organic (eg, pituitary or adre-
nal tumor) or iatrogenic (eg, high doses of
corticosteroids to reduce inflammation) factors,
is accompanied by several cognitive and
emotional symptoms, including depression.
Intriguingly, depressive symptoms can be relieved
by surgical correction of hypercortisolemia.’” In
major depressive iliness as well as in Cushing dis-
ease, the duration of the illness and not the age of
the subject predicts a progressive reduction in hip-
pocampal volume and is observed by structural
MRI.'? Moreover, there are a variety of other
anxiety-related disorders, such as posttraumatic
stress disorder (PTSD), in which atrophy of the hip-
pocampus has been reported,'®'* suggesting that
this is a common process reflecting chronic imbal-
ance in the activity of adaptive systems. These
chronic imbalances include the hypothalamic-
pituitary-adrenal (HPA) axis, and also endogenous
neurotransmitters, such as glutamate.’?> Metabolic
symptoms are also reported in both Cushing and
major depression, because both are associated
with chronic elevation of cortisol that results in
gradual loss of minerals from the bone, and in-
creases in abdominal obesity.

CIRCADIAN DISRUPTION AND ALLOSTATIC
LOAD AND OVERLOAD

When exploring how the brain and body are
affected by stress, it is often overlooked that
they may be directly regulated by the time of
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CNS Function Metabolism Fig. 1. Nonlinear network of mediators of
-Cognition -Diabetes allostasis involved in the stress response.
-Depression Cortisol -Obesity Arrows indicate that each system regulates
-Aging «\ the othersin a reciprocal manner, creating
-Alzheimer’s a nonlinear network. Moreover, there are

DHEA Inflammatory cytokines multiple pathways for regulation (eg, in-

Sympathetic
Parasympathetic Oxidative stress

Cardiovascular function
-Endothelial cell damage
-Atherosclerosis

day. All the systems that are modulators of allosta-
sis show rhythms of activity over the sleep-wake
cycle. For instance, cortisol (corticosterone in ro-
dents; CORT) shows a clear circadian pattern,
with the peak of CORT occurring just before
waking in both nocturnal animals (such as rats
and mice) and diurnal animals (such as humans).
Circadian rhythms are observed in almost all phys-
iologic measures, including endocrine and im-
mune mediators.’>"” Many of these factors are
also impacted by sleep deprivation, as is dis-
cussed later. The circadian system in mammals
is centered in the suprachiasmatic nucleus
(SCN), with both neural and hormonal projections
throughout the brain and body, and impacts
many of the systems involved in mediating allosta-
sis; disruption of the circadian system can place
the organism into a state of high allostatic load.
Indeed, if circadian patterns of CORT are disrup-
ted by adrenalectomy (ADX) and tonic replace-
ment of CORT via a pellet implant providing no
diurnal rhythm, a “sluggish” HPA axis response re-
sults, with poor shutoff of adrenocorticotropic hor-
mone following termination of a stressor, in
contrast to the situation in which the ADX animal
drinks CORT in the water in a diurnal pattern.’®
That CORT is also able to reset peripheral oscilla-
tors in other body tissues lends credence to an
important relationship between disrupted rhythms
and allostatic load; this is important because
circadian disruption (eg, shift work and jet lag)
and sleep deprivation are not uncommon in the
modern world and constitute an increasing health
concern. 920

The master circadian clock is located in the SCN
of the hypothalamus and drives all rhythms in
physiology and behavior.?’?® In addition to the
master SCN clock, “peripheral” circadian clocks,
in tissues throughout the body, serve to set local
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flammatory cytokine production is nega-
tively regulated via anti-inflammatory
cytokines as well as via parasympathetic
and glucocorticoid pathways), whereas
sympathetic activity increases inflamma-
tory cytokine production. Parasympa-
thetic  activity, in turn, contains
sympathetic activity. CNS, central nervous
system; DHEA, dehydroepiandrosterone.
(Adapted from Karatsoreos IN, McEwen
BS. Psychobiological allostasis: resistance,
resilience and vulnerability. Trends Cogn
Sci 2011;15:576-84; with permission.)

time. These peripheral clocks are synchronized
to the SCN by a multitude of signals, including glu-
cocorticoids, which are able to “reset” some pe-
ripheral clocks in the brain and body (eg, liver),
but not others.?* In the brain, it has been shown
that rhythms in glucocorticoids modulate clock
protein expression in the oval nucleus of the bed
nucleus of the stria terminalis as well as the central
amygdala (CEA).? It is also known that the baso-
lateral nuclei of the amygdala and the dentate gy-
rus of the hippocampus express opposite diurnal
rhythms of PERIOD2 (a core clock component)
when compared with the CEA and that the CEA
rhythm is further influenced by ADX.?® The differ-
ential regulation of cellular rhythms in different
brain regions is of particular interest when consid-
ering that “healthy” regulation of HPA function re-
quires rhythmic glucocorticoids, as discussed
earlier.'® It is posited that if efficient regulation of
the HPA axis is a hallmark of a “healthy” response,
then disrupted circadian patterns (or, in this case,
a lack of a pattern) can result in an unhealthy regu-
lation of the HPA and thus could contribute to allo-
static load.?” Thus, both disruption of the HPA axis
and disruption of circadian rhythms could have
interacting effects and contribute to shifts in resil-
ience and vulnerability.

Both descriptive and epidemiologic studies
show that individuals who suffer from repeated
chronic circadian misalignment show negative
physiologic, neural, and behavioral effects. In
humans, a study of flight crews showed that those
who endure more bouts of jet lag (transmeridian,
short-recovery crews) show shrunken medial tem-
poral lobes, increased reaction time, and poorer
performance in visual-spatial cognitive tasks
compared with long recovery crews. In addition
to the neurobehavioral effects, short-recovery in-
dividuals displayed a significant correlation
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between salivary cortisol levels and medial tempo-
ral cortex volume, whereas this effect was not
observed in long-recovery crews. Thus, rapid
and repeated shifting of the circadian clock
through jet lag is related to reductions in volume
of the medial temporal lobe and shifts in behavioral
performance on attentional tasks. Moreover, the
brain effects are correlated with plasma cortisol
levels. What is the significance of these neural
and physiologic changes? It is intriguing to specu-
late that perhaps such shrunken temporal lobes
may impart decreased resilience to negative out-
comes of stress, as has been observed in
PTSD.?%2% In addition, sleep deprivation seems
to increase the amygdalar response to negative
emotional stimuli because of an amygdala-
prefrontal disconnect.>® Such effects could also
exacerbate cardiovascular reactivity, which may
contribute to pathophysiology.®'~*® Sleep depriva-
tion studies have investigated the effects of
chronic deprivation on cognitive performance, in
both animal and human subjects, but in many
cases, the stressful effects of the methods used
to induce sleep deprivation confound these
studies. Thus, a different approach must be
applied to help disentangle these effects.

To directly probe how disruption of the circadian
clock affects neurobehavioral function, new
models need to be applied and new hypotheses
need to be tested. Karatsoreos and coworkers®*
characterized a mouse model of chronic environ-
mental circadian desynchronization (eCD) that
has provided several novel insights. This model in-
duces disruption by housing mice in a light-dark
cycle of 20 hours (10 hours light, 10 hours dark)
compared with laboratory standard 24-hour cy-
cles. After only 5 weeks of this environmental
disruption, eCD mice begin showing metabolic
signs of allostatic load, including increased weight,
adiposity, and leptin levels. A significant effect is
also observed in glucose metabolism, because
eCD mice also show an imbalance between insulin
and plasma glucose, suggesting development of a
prediabetic state. Strikingly, the observed meta-
bolic changes are accompanied by changes in
prefrontal cortex cellular morphology, mirroring
those observed in chronic stress. eCD animals
show shrunken and less complex apical dendritic
trees of cells in layer I/l of the medial prefrontal
cortex,>* with no apparent effects on basal den-
drites. eCD animals further show behavioral ab-
normalities, with marked cognitive rigidity in a
modified Morris water maze. Specifically, eCD
mice demonstrate normal performance on the
learning phase of the initial task, but are slower
to adapt to the hidden platform being moved to a
novel location. These changes were mostly due

to the mice making more perseverative errors by
returning to the original location of the platform.3
In addition to the cognitive flexibility problems,
eCD mice display what may be considered an
“impulsive”-like phenotype in the light-dark box,
while not showing any overt anxietylike pheno-
type.®* Taken in a wider context, these effects of
eCD are remarkably similar to those observed in
21 days of chronic restraint stress in rodents,
which results in morphologic simplification of pre-
frontal cortical neurons and impairment in
prefrontal-mediated behaviors, such as attentional
set-shifting or other working memory tasks.3°=%7
When discussing such models of eCD, it is impor-
tant to note that, just as total hippocampal lesions
provided insight into the role of this brain structure
in learning and memory, circadian models are pur-
posefully “exotic” (ie, shortened 20-hour days are
not expected to become a common occurrence
in human society). These models should provide
important proof-of-principle concepts that should
set the stage for more ecologically relevant and
more refined models to be developed.

The specific mechanisms by which disrupted
circadian clocks cause changes in brain, behavior,
and peripheral physiology remain unknown. One
hypothesis is that disrupted light-dark cycles lead
to a gradual loss of cohesion between circadian
clocks in the brain (eg, the SCN) and those in the
body (eg, liver). This loss of cohesion results in cen-
tral and peripheral oscillators eventually becoming
out of phase with each other, creating internal
desynchrony. In the brain, this could lead to
changes in synchrony between various nodes of a
neural circuit (eg, the prefrontal cortex and amyg-
dala drifting out of phase). Over many cycles,
such loss of cohesion could lead to changes in neu-
robehavioral function (as evidenced in Ref.*%). In
addition to long-term, chronic circadian dissruption
, shorter durations of circadian disruption could
lead to changes in these circuits that make them
more vulnerable to further insult and could be a
more insidious mechanism of circuit level disrup-
tion, setting the stage for other stressors (eg, meta-
bolic stress, immune stress) to overwhelm an
already compromised network. Extending this
model to the periphery, disruption of peripheral
body clocks could lead to changes in the way the
stress system responds to environmental or psy-
chological stressors. Together, this model illus-
trates how circadian disruption could lead to
neural circuits becoming more vulnerable to insult
as well as pathways by which disruption could
compromise allostatic responses engaged to help
an organism adapt to environmental challenge. In
this schema, circadian disruption effects may be
similar to the diathesis-stress models, which could
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explain many of the epidemiologic findings of
increased risk for development of psychiatric, car-
diovascular, or other physiologic syndromes in
populations undergoing chronic circadian disrup-
tion , such as shift workers.?%-38-40

METABOLIC AND HORMONAL RESPONSES
TO SLEEP DEPRIVATION AND CIRCADIAN
DISRUPTION

Sleep deprivation produces an allostatic overload
that can have deleterious consequences. In-
creases in blood pressure, decreases in parasym-
pathetic tone, and increases in evening cortisol are
all observed after only 4 hours of sleep deprivation.
Metabolic effects of this short-duration deprivation
also include increased insulin levels and increased
appetite, possibly through the elevation of ghrelin,
a proappetitive hormone, and decreased levels of
leptin.*’*® These short-term effects of sleep
deprivation are significant when one considers
epidemiologic evidence showing that reduced
sleep duration is associated with increased body
mass and obesity in the National Health and Nutri-
tion Examination Survey (NHANES) study.** How-
ever, these relationships are by no means simple.
For instance, in adolescents, sleep reduction is
associated with measurable changes in insulin
sensitivity,*® whereas durations of sleep longer
than average are not associated with such
changes. Similarly, a study by St-Onge and col-
leagues”® in adults suggests that short-term sleep
deprivation is not the cause of altered insulin
sensitivity per se, but instead may contribute to
overeating, potentially via different mechanisms
in men and women. An important study by Vetrive-
lan and colleagues*’ showed that chronic partial
sleep loss in a rat model of spontaneous short
sleep did not lead to changes in metabolism,
with the investigators suggesting that observed ef-
fects on metabolism in sleep deprivation studies
may instead be due to other factors, such as circa-
dian disruption , changes in diet, or reduced activ-
ity levels. This work is clearly supported by the
earlier eCD work of Karatsoreos and McEwen,?”
in which mice that were circadian disrupted, but
not explicitly sleep deprived, gained weight and
had altered levels of plasma insulin and leptin.
Sleep deprivation also has marked effects on
other circulating messengers, in addition to meta-
bolic effects. Specifically, immune mediators are
also altered following sleep deprivation. Proinflam-
matory cytokine levels are increased, along with
deterioration in performance as measured by tests
of psychomotor vigilance, and this has been re-
ported to result from a modest sleep restriction to
6 hours per night.® In humans, poor sleep and
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sleep deprivation in aging women have been asso-
ciated with elevated levels of interleukin (IL)-6.%°
Indeed, recent work has demonstrated that eCD
can lead to significant changes in immune chal-
lenges while not dramatically altering basal inflam-
matory tone.>%°" Thus, clear links exist between
sleep deprivation, circadian disruption , and neuro-
behavioral, metabolic, and immune function.

SLEEP DEPRIVATION AND CIRCADIAN
DISRUPTION IN MOOD DISORDERS

There is wide agreement that psychiatric illness,
including depression, involves disruption in rhythms
of body temperature, mood, and sleep.5%°° More-
over, acute sleep deprivation is effective in 40%
to 60% of depressed subjects in improving mood
within 24 to 48 hours, in contrast to antidepressant
medications that typically require 2 to 8 weeks to
have an effect.>*°°> New research also indicates
that sleep deprivation in patients with major
depressive disorder can lead to clear plasticity in
the cortex.°® The mechanisms underlying the
mood-improving effects of this sudden acute circa-
dian “shock” are as yet unknown, but suggest that
directly manipulating the sleep-circadian system
may be a pathway to explore. Along these lines,
light (photic) therapy is another form of circadian
manipulation that is effective in some depressed
patients, and there are pharmaceutical agents for
mood disorders, such as agomelatine, that interact
with the melatonin system®” as well as the use of
melatonin itself for circadian phase shifting in sea-
sonal affective disorder.>?

Gross circadian disruption, as measured by
changes in sleep activity cycles, are not the only
rhythms that are perturbed in mood disorders. Psy-
chotic major depression involves elevated evening
cortisol levels, whereas the nonpsychotic form
does not,>® and elevated evening cortisol as well
as circadian disruption are linked to metabolic syn-
drome.®® Moreover, glucocorticoids are able to
reset and synchronize the circadian clocks of pe-
ripheral tissues, including the liver, although the
central pacemaker clock of the SCN does not
respond to glucocorticoid.?* Because almost every
cell in the body expresses clock genes and gluco-
corticoid receptors are ubiquitous, the effects of
circadian disruption can be profound: for example,
in hamsters living in a light-dark cycle 2 hours
different from the period of their normal clock, car-
diac hypertrophy and renal failure are observed.®°

NEURAL RESPONSES TO SLEEP DEPRIVATION

The brain is the master regulator of the neuroendo-
crine, autonomic, and immune systems. It is

uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

257



258

McEwen & Karatsoreos

important to remember that it is also the master
regulator of behaviors that contribute to unhealthy
or healthy lifestyles, which, in turn, influence the
physiologic processes of allostasis.> Therefore,
chronic stress can have direct and indirect effects
on cumulative allostatic overload. There are many
disparate changes driven by allostatic overload
resulting from chronic stress. In animal models,
chronic stress causes atrophy of neurons in the
prefrontal cortex and hippocampus, brain regions
involved in executive function, selective attention,
and memory. On the other hand, chronic stress
leads to hypertrophy of neurons in the amygdala,
a region involved in fear, anxiety, and aggres-
sion.®! Thus, chronic stress compromises the abil-
ity of an organism to learn, remember, and make
decisions, as well as increases the levels of anxiety
and aggression.

Although not as much work has been conduct-
ed, it is obvious that the results of sleep depriva-
tion, and perhaps to a lesser extent circadian
disruption, share certain characteristics with
chronic stress. For instance, there is recent evi-
dence not only for cognitive impairment resulting
from sleep restriction in animal models but also
for altered levels of cytokines, oxidative stress
markers, glycogen levels, and structural changes
in the form of reduced dentate gyrus neurogene-
sis. Specifically, increases in brain levels of
mRNA of the proinflammatory cytokine IL-1b are
reported following sleep deprivation by gentle
handling and is reported to be higher in daytime
(during the normal sleep period in rodents) than
in darkness (during the normal activity time for ro-
dents).®> Closely related to inflammatory pro-
cesses, through the actions of NADPH
oxidase,®*%* is oxidative stress involving the gen-
eration of free radicals. Seventy-two hours of
“flower pot” or platform sleep deprivation has
been reported to increase oxidative stress in the
mouse hippocampus, as measured by increased
lipid peroxidation and increased ratios of oxidized
to reduced glutathione.®® Glycogen, found pre-
dominantly in white matter, is also profoundly
affected by sleep deprivation and is reported to
decrease by as much as 40% in rats deprived of
sleep for 24 hours by novelty and gentle handling,
an effect reversed by recovery sleep.®®” The spe-
cific consequences of this effect are not yet eluci-
dated, although it is noteworthy that glycogen in
astrocytes is able to sustain axon function during
glucose deprivation in central nervous system
white matter.©®

With respect to memory and cognitive perfor-
mance, there are numerous reports of impair-
ments following sleep deprivation. For example,
sleep deprivation by the platform (or flower pot)

method leads to impaired performance of spatial
memory in the Morris water maze®® and reduced
CA1 hippocampal long-term potentiation (LTP).”°
Sleep deprivation using these methods also im-
pairs retention of passive avoidance memory, a
context-dependent  fear-memory task.°® A
different method of sleep deprivation, by gentle
stimulation or novelty, following contextual fear
conditioning impairs memory consolidation.”’ A
6-hour period of total sleep deprivation by novelty
exposure impaired acquisition of a spatial task in
the Morris water maze.” A 4-hour period of sleep
deprivation by gentle stimulation impaired the late-
phase LTP in the dentate gyrus 48 hours later but
had the opposite effect to enhance late-phase LTP
in the prefrontal cortex.”> Some of these effects
might be related to changes in beta-adrenergic ac-
tivity, at least in the hippocampus.” There is also
good evidence suggesting that sleep deprivation
can affect heterosynaptic metaplasticity in mouse
hippocampal slices,”® although new work also
suggests that epigenetic modifications might
play a critical role in synaptic plasticity following
sleep deprivation.”® Emotional behaviors are also
affected by sleep deprivation. Increases in fighting
behavior are observed following rapid eye move-
ment sleep deprivation’”; there is also a report
of increased aggression in the form of
phencyclidine-induced muricide after sleep depri-
vation.”®7° These findings harken to the results of
increased aggression among cage mates in rats
subjected to 21 days of 6 hours per day of chronic
restraint stress during the resting period when
some sleep deprivation may occur.®° Thus, the ef-
fects of sleep deprivation are not simple and are
influenced by their type, intensity, and duration
and the types of behavioral outcomes measured.

The neural mechanisms of the effects of sleep
deprivation on behavior are still not understood.
However, sleep deprivation in rats using a tread-
mill for 96 hours has been reported to decrease
proliferation of cells in the dentate gyrus of the hip-
pocampal formation by as much as 50%.%" In
addition, there are significant changes in other
measures of synaptic plasticity in these models,
including changes in LTP.82 A confound in this
type of experiment is that the effects of activity
are difficult to disentangle from the effects of the
deprivation. A similar neural effect has also been
reported by keeping rats in a slowly rotating
drum, but, here again, there is a question of how
much physical activity and physical stress may
have contributed to the suppression of cell prolif-
eration.®® Nevertheless, sleep restriction by nov-
elty exposure, a more subtle method, prevented
the increased survival of new dentate gyrus neu-
rons promoted by spatial training in a Morris water
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maze.?* Recently, clear effects of sleep and sleep
deprivation on hippocampal function have been
demonstrated, showing that hippocampal network
activity changes during sleep-dependent memory
consolidation, and that sleep deprivation can
affect hippocampal synaptic plasticity during
defined time frames.®>-%® Work in the visual cortex
also shows that sleep affects memory consolida-
tion,87-89 suggesting these effects are not merely
limited to the hippocampus. As always, untangling
the contributions of sleep loss from the effects of
misalignment of circadian patterns of sleep with
the environmental light-dark cycle remains a crit-
ical question that should be assessed in both basic
research and in the clinic.

INTEGRATION AND SUMMARY

Sleep is thought to be a neural state during which
consolidation of declarative memories takes
place.® Sleep deprivation, even for the course of
the active period of the day in diurnal animals, in-
creases the homeostatic drive to sleep, with result-
ing changes in proinflammatory cytokines and
glycogen levels. Relatively brief deprivation of sleep
promotes an exacerbation of these processes with
progressively more severe physiologic, neurobio-
logical, and behavioral consequences as the sleep
deprivation is prolonged.

Circadian disruption is a broader aspect of the
problem of sleep disruption, with disruption of
the circadian clock contributing to changes in
sleep patterns and sleep patterns potentially influ-
encing the circadian clock. Shift work and jet lag
are 2 common practices that have measurable ef-
fects on the brain and body.®"°? For instance,
long-distance air travel with short turnaround has
been reported to be associated with smaller vol-
ume of the temporal lobe and impaired perfor-
mance on a visual-spatial cognitive task.®

The long-term consequences of sleep depriva-
tion and circadian disruption constitute a form of
allostatic load, with consequences involving hy-
pertension, reduced parasympathetic tone,
increased proinflammatory cytokines, increased
oxidative stress, and increased evening cortisol
and insulin. As noted earlier, reduced sleep and
circadian disruption are associated with increased
chances of cardiovascular disease and diabetes.
Indeed, shorter sleep times have been associated
with increased obesity.** Moreover, diabetes is
associated with impaired hippocampal function,®*
decreased hippocampal volume,®® and increased
risk for Alzheimer disease.5%7

In addition to the inflammatory and cardiometa-
bolic changes that are observed, depressive
illness is almost universally associated with
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disturbed sleep.®® Thus, there are not only link-
ages between the multiple interacting mediators
that are involved in allostasis and allostatic load/
overload, as summarized in Fig. 1, but also over-
laps (ie, comorbidities) between disorders, such
as diabetes, hypertension, cardiovascular dis-
ease, and depression, that are associated with
excessive stress and with the dysregulation of
the systems that normally promote allostasis and
successful adaptation.

Sleep has important functions in maintaining
homeostasis and sleep deprivation. Sleep depri-
vation or other forms of circadian desynchroniza-
tion and disruption are stressors that have
consequences for the brain as well as many
body systems. Whether the sleep deprivation or
circadian disruption is due to anxiety, depression,
jet lag, shift work, or other aspects of a hectic life-
style, there are consequences that contribute to
allostatic load throughout the body. Taken
together, these changes in the brain and body
are further evidence that circadian disruption pre-
disposes an individual to altered responses to
stressors as well as impaired cognitive function
and metabolic dysregulation. Sleep deprivation
can be described as a chronic stressor that can
cause allostatic overload, including mood and
cognitive impairment and autonomic and meta-
bolic dysregulation.
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