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The sleep-deprived human brain

Adam J. Krausel, Eti Ben Simon?, Bryce A. Manderl, Stephanie M. Greer?2, Jared M.
Saletinl, Andrea N. Goldstein-Piekarski2, and Matthew P. Walker1:2

!Department of Psychology, University of California, Berkeley

2Helen Wills Neuroscience Institute, University of California, Berkeley, California 94720-1650,
USA

Abstract

How does a lack of sleep affect our brains? In contrast to the benefits of sleep, frameworks
exploring the impact of sleep loss are relatively lacking. Importantly, the effects of sleep
deprivation (SD) do not simply reflect the absence of sleep and the benefits attributed to it; rather,
they reflect the consequences of several additional factors, including extended wakefulness. With a
focus on neuroimaging studies, we review the consequences of SD on attention and working
memory, positive and negative emotion, and hippocampal learning. We explore how this evidence
informs our mechanistic understanding of the known changes in cognition and emotion associated
with SD, and the insights it provides regarding clinical conditions associated with sleep disruption.

Without sleep, our cognitive and emotional abilities become markedly disrupted. What are
the neural changes underlying these abnormalities? What do these alterations tell us about
the pervasive link between sleep disruption and numerous neurological and psychiatric
disorders?

There are at least three motivating reasons to build an accurate account of how sleep
deprivation (SD) affects the human brain. First, from a neurobiological perspective, it is
important to characterize which networks in the human brain are vulnerable or resilient to
the effects of insufficient sleep and to understand how such SD-induced changes (such as
regional or network increases or decreases in activity or changes in functional connectivity)
explain the maladaptive changes in behaviour that are associated with SD. Of importance,
SD does not simply represent the absence of sleep and the functions attributed to it. Rather,
the sleep-deprived state is a composite of numerous detrimental factors, including extended
wakefulness, as well as the absence of sleep. It is therefore insufficient only to develop an
understanding of the functional benefits of sleep and then to reverse-infer an understanding
of the neural and behavioural changes that would be expected following a lack thereof.
Second, it is necessary to determine how comorbid sleep disruption — present in all major
neurological and psychiatric conditions, including schizophrenia, Alzheimer disease, anxiety
disorders and addiction disordersl:2 — contributes to or results from these disorders and
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may thus be a target for disease treatment and/or prevention. Third, from a societal

standpoint, such scientific evidence informs debates regarding sleep recommendations for
both public and professional health policies in light of the acknowledged sleep-loss epidemic
that now pervades industrialized nations3.

This Review seeks to move closer to these goals. We provide a focused overview of the
impact of SD on the human brain across five functional domains: attention; working
memory; positive, reward-related affect; negative affect; and hippocampus-dependent
memory. Drawing on neuroimaging studies, we explore the neural signatures underlying
phenotypic changes in cognition and affect following experimental SD. Moreover, we
present examples of how these findings afford mechanistic insights into clinical disorders
associated with disturbed sleep. The Review is necessarily focused on acute (24-48-hour)
SD unless otherwise specified, as most neuroimaging studies to date are restricted to these
time frames. Nevertheless, the issue of acute versus chronic sleep loss is discussed in more
detail in BOX 1.

Box 1
Acute versus chronic sleep deprivation and inter-individual variability

A well-characterized feature of both acute sleep deprivation (SD) and chronic partial
sleep restriction is a dose-dependent effect on task performance, especially in the domain
of attention. The greater the amount and/or the longer duration of SD, the worse the
accumulating attention deficit. Thus, attentional impairment may be strongly coupled
with extended wakefulness and with sleep pressure. These objectively measured
impairments in performance are distinct from increases in subjective ratings of sleepiness
following SD, which depend on the form of SD applied; for example, sleepiness
increases as acute SD continues but does not always increase as chronic sleep restriction
continues®. Thus, the physiological response to sleep loss may depend to some degree on
the form of SD.

Regardless, the brain processes that mediate these cumulative deficits remain largely
uncharacterized. For example, is there a brain region or set of brain regions involved in,
or associated with, the tracking of sleep pressurel31, or are there processes that track
sleep pressure locally in a use-dependent manner within individual neuronal
ensembles!32? Sleep pressure-related molecules, such as adenosine, and the
hypothalamic system governing the switch mechanism between sleep and wake!33 are
logical candidates for the chemical signalling and network mediation of this prototypical
dose-dependent attentional impairment with sleep loss. In humans, neuroimaging
analysis has revealed that association cortices, especially in the frontoparietal attention
network, are particularly sensitive to sleep pressure, whereas subcortical thalamic and
basal ganglia brain regions seem to be more affected by circadian processes!®.

A second behavioural feature of SD that is poorly defined at the whole-brain level is a
phenotypic difference in vulnerability to SD-associated cognitive impairments134-138,
Approximately one third of participants show minimal impairments in sustained attention
under SD conditions, and this seems to be a reliable, stable trait. By contrast, one third of
participants manifest a severely vulnerable phenotype, showing marked attentional
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impairments. Moreover, it seems that differential vulnerability to the effects of acute
sleep loss on attention is, in part, heritable!37. Adding further complexity, the extent of an
individual’s cognitive impairment also depends on which cognitive domain is tested?30,
Thus, although performance impairments following SD within any given cognitive
domain are highly reliable within the same individual, the degree of impairment is not
necessarily reliable across cognitive domains within the same individual. The underlying
brain correlates that differentiate these stable intra-individual and inter-individual
differences are unclear, but the functional integrity of the frontoparietal attention network
and genetic influences on sleep and circadian regulation are probably key factors139.140,

Attention and working memory

Attention

One cognitive ability that is especially susceptible to sleep loss is attention, which serves
ongoing goal-directed behaviour®. Performance on attentional tasks deteriorates in a dose-
dependent manner with the amount of accrued time awake, owing to increasing sleep
pressure>~’. The prototypic impairments on such tasks are known as ‘lapses’ or
‘microsleeps’, which involve response failures that reflect errors of omission*-6. More
specifically, attentional maintenance becomes highly variable and erratic (with attention
being sustained, lost, reestablished, then lost again), resulting in unstable task performance®.
Although the focus of this Review is sleep loss, it should be noted that daytime circadian
alerting signals interact with SD, resulting in exponentially scaling attentional impairment
with extended wakefulness (for reviews, see REFS 7,8). Nevertheless, the cumulative
amount of extended time spent awake predicts lapses in attention with acute SD and with
chronic partial sleep restriction (the latter occurring across many nights)® (BOX 1). Why
some individuals are more or less vulnerable to these attentional impairments following SD
than others is less well understood.

An increasingly clear picture is emerging of how brain function related to attentional tasks is
altered by acute SD. Reductions in functional MRI (fMRI) signal in the dorsolateral
prefrontal cortex (DLPFC) and intraparietal sulcus while performing attentional tasks are a
robust and reliable consequence of SD%16 (FIG. 1). Indeed, sleep loss not only decreases
task-related activity in these frontal and parietal regions but also diminishes activity in, and
connectivity with, the extrastriate visual cortex during visuospatial attention tasks®11. The
behavioural consequences of these neural changes are reflected in deficiencies in attending
to one specific stimulus while ignoring distractors1%11:17 or deficits in top-down allocation
of attentional resources, such as orienting to a location where a target is expected to
appear?18, Beyond attentional focus at any particular moment, sleep loss impairs the
capacity to sustain attention over time®. Here again, reductions in activity in the DLPFC and
intraparietal sulcus contribute to attentional performance failure1-15.19,

In addition, thalamic activity during sustained attention is altered with SD, suggesting that
the thalamus could be an interacting node in this SD-affected network. However, the profile
of activity change within the thalamus is not uniform. Some studies demonstrated greater
activity under conditions of sleep loss1:16:20-23 \hereas others have reported intermittent
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periods of diminished thalamic activityl0-12, These discrepancies may be understood in the
context of performance and of the cortical arousal that thalamic activity provides. When
thalamic activity is elevated under conditions of sleep loss, attentional performance is
frequently maintained but, when substantial reductions in thalamic activity are observed,
lapses in attention are common*1012.15 The thalamus therefore represents a pivotal gating
hub through which alterations in brainstem ascending arousal signals affect cortical
attentional networks under SD conditions. Extant data therefore support a model in which
the instability in ascending arousal-promoting input contributes both to the emergence of
canonical attentional lapses during SD and the erratic, unpredictable expression of these
lapses over time*24 (FIG. 1). Notably, the observed reductions in thalamic activity are not
present during attentional lapses in well-rested conditions'2, suggesting that increased
homeostatic sleep pressure may have a unique role in lapses following SD.

More recently, instability of the default mode network (DMN) has been implicated in
attentional impairments with SD. Several reports describe an inability to fully disengage
midline anterior and posterior cortical regions of the DMN during both selective and
sustained attentional task performance under SD conditions!3:16:25 (BOX 2; FIG. 1).
Moreover, increased DMN activity during on-task performance for both sustained and
selective attention tests was predictive of slower and less accurate performance by the
participants16:25,

Box 2
The unrested resting brain: sleep loss and resting-state activity

In addition to inducing differences in task-related brain activity, sleep deprivation (SD)
also affects resting-state brain connectivity. Resting-state networks are typically derived
from the connectivity profile of spontaneous fluctuations in functional MRI (fMRI)
signal and are thought to reflect the brain’s intrinsic functional architecture that emerges
without external task demands?41142 Across these networks, SD is associated with
reduced connectivity within the default mode network (DMN), the dorsal attention
network, and the auditory, visual and motor networks43-145_In fact, measures of
abnormal change in whole-brain connectivity enable classification of an individual as
either being rested or sleep deprived with more than 60% accuracyl44.

Of the many different discrete resting-state networks, the DMN has demonstrated
alterations under SD in two specific ways. First, connectivity between individual nodes of
the DMN is decreased following one night of total SD143, especially between midline
anterior and posterior nodes of the DMN246, Thus, SD degrades network integrity within
the DMN, functionally uncoupling individual nodes. The second consequence of SD is
the failure of the DMN to remain functionally distinct from other normally dissociable
networks. Under normal rested conditions, the DMN is functionally decoupled from the
brain’s attentional networks — when the latter is engaged, the former is disengaged, and
vice versal4’. Both total SD and partial sleep restriction122:148-150 jmpaijr this adaptive
decoupling, and this impairment is further associated with participants’ cognitive
vulnerability to SD143,
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The resting profiles of individual regions, specifically the amygdala and the thalamus,
have also been examined following SD51.152, Similar to task-related connectivity
changes (see FIG. 3), decreases in resting-state connectivity of the amygdala with
regulatory and executive regions of the dorsolateral prefrontal cortex and anterior
cingulate cortex have been demonstrated after 36 hours of SD. Conversely, resting-state
connectivity of the amygdala with the posterior cingulate cortex and the precuneus
increases after SD, possibly reflecting the role of these posterior midline cortical regions
in regulating the balance between internally and externally directed cognitionl53.
Resting-state connectivity between the thalamus and cortical regions is also generally
decreased following sleep loss, especially thalamic connectivity with anterior and
posterior cingulate regions of the DMN143 and with attentional and executive regions of
the superior and medial prefrontal cortex11, As reductions in thalamocortical
connectivity have also been demonstrated during sleep onset!®4, it remains possible that
resting-state measures in sleep-deprived individuals capture mixed states of sleep and
wake, comprising rapid transitions into sleep (known as microsleeps), while some degree
of wake-like behavioural responding is nevertheless maintained!®°. This concern is
emphasized by reports that have demonstrated reduced functional coupling between
midline anterior and posterior nodes of the DMN under conditions of SD and once
individuals have entered non-rapid eye movement sleep!6, Overall, the limited evidence
to date suggests that SD triggers reductions in the brain’s intrinsic connectivity profile,
ultimately leading to a breakdown of network integrity and a loss of adaptive functional
segregation. These alterations may precede or exacerbate changes in task-related
responses observed after sleep loss, and might predict the magnitude of cognitive and
emotional impairments elicited by SD. A combination of task-related and resting-state
fMRI studies of SD seems to be a fruitful avenue for future work, although accurate
assessment of sleep or wake states inside the MRI scanner is warranted to assure the
absence of microsleeps.

Why the sleep-deprived brain suffers this unstable “flip-flop” gating between on-task
functional activity and off-task DMN activity remains unclear. One candidate is abnormal
activity of the right frontoinsular cortex, which controls the switch between DMN activity
and task-related activity2®. Consistent with this thesis, the salience-detection network, which
includes the frontoinsular cortex, demonstrates reduced activity during the performance of
attention tasks following sleep loss?”. Together with changes in the frontoparietal attention
network described above, these insula-based alterations may explain SD-induced
impairments in attention to novel, salient targets?8 and in the tracking of salient moving
targets2%. Nevertheless, trial-by-trial analyses of fMRI signal during salience-detection and
attention tasks will be required to test this hypothesis.

Working memory

Working memory — the neural basis of which overlaps anatomically with the attention
system — is also impaired by SD30:31, Deficits in both working- memory and attention tasks
have been found to correlate with reductions in DLPFC and posterior parietal
activity20-22:32.33 As during attention tasks, fluctuations in thalamic activity2%-22 and
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inappropriate perseverance of DMN activity are observed during working-memory task
performance under SD conditions2%:21:32, |n addition, the degree of aberrant, on-task DMN
activity predicts the severity of working-memory impairment in sleep-deprived
individuals20:21.32 (FIG. 1). Inappropriate gating of on-task relative to off-task network
control may therefore provide one common mechanism underlying deficits in both attention
and working memory caused by SD.

Also mirroring changes observed during attention tasks, alterations in thalamic activity and
connectivity predict impairments in working-memory performance under SD conditions,
most likely owing to the key role of the thalamus in cortical arousal. For example, increased
connectivity between the hippocampus, the thalamus and the DMN predicts higher
subjective sleepiness and is associated with worse working-memory performance under
sleep-loss conditions343%. By contrast, increased connectivity between the thalamus and the
precuneus under SD conditions predicts greater recovery of working-memory performance,
relative to the sleep-rested state. This finding is consistent with the hypothesis that, in the
context of SD, the brain exhibits compensatory neural activity that can enable partial
recovery of the performance of certain behaviours34:36,

Beyond reductions in activity in frontoparietal areas, extrastriate (visual) cortical regions
also demonstrate reduced signal during visual working-memory task performance under
conditions of sleep loss21:22:32, Recent evidence suggests a causal contribution of this
regional decrease in task-related activation to performance deficits, as transcranial magnetic
stimulation (TMS) targeted to the extrastriate cortex of sleep-deprived individuals improved
visual working-memory performance, restoring it back to baseline levels37:38. Remarkably,
repeated TMS application every 6 hours for 18 hours to extrastriate regions maintained
working-memory performance for up to 3 days without sleep38. However, TMS stimulation
intervention in the context of SD is not always consistent, and thus the reproducibility of
such effects remains unclear3®. Should a robust method for intervention emerge, it may have
real-world relevance — for example, for professions in which attentive focus is crucial and
SD is common (aviation or the military).

Reward and incentive processing

Reward processing in the sleep-deprived brain

The mesolimbic reward system is a network of interconnected brain regions, including the
midbrain ventral tegmental area, striatum and regions of the PFC. The ventral tegmental area
provides dopaminergic innervation to the striatum, which is connected to, and regulated by,
areas of the PFC, particularly by the medial PFC (mPFC) and inferior orbitofrontal cortex
(OFC) regions, guiding motivated actions and learning. This system has repeatedly been
demonstrated to show sensitivity to SD, leading to alterations in motivated behaviours, such
as risk taking, sensation seeking and impulsivity (FIG. 2).

In rats, SD disrupts dopaminergic function by modifying dopamine receptor sensitivity and
availability in basal ganglia regions*%41. Humans deprived of sleep for one night show

increases in ventral striatum activity in mixed monetary gamble task during the anticipation
and receipt of monetary rewards#243, Activity in affect-related regions in the frontal cortex
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that are associated with valuation and viscerosensory functions, including the insula and
mPFC, is also substantially increased following SD#2:43,

Together, these findings suggest that subcortical reward-related regions of the brain, together
with related cortical regions coding salience and valuation, seem to become hypersensitized
by the state of acute SD. However, the degree to which fMRI signal amplitude tracks reward
magnitude in these subcortical and cortical regions does not seem to differ between rested
and deprived conditions#4. Rather, SD triggers a generalized increase in reward sensitivity
that impairs reward discrimination accuracy, such that the brain becomes less capable of
accurately coding incremental increases in reward value, from low to high.

Consistent with this thesis, fMRI signal in the mPFC, OFC and anterior insula cortex in
sleep-deprived individuals does not accurately discriminate between trials involving
monetary reward and punishment values and trials involving no monetary reward or
punishment#2:43_ This inaccurate representation of reward value within frontal regions is
similarly observed during the outcome phase of incentive decision trials*243, suggesting a
further failure to update accruing reward history and probability. Inaccurate coding of
reward and/or punishment valence in the PFC following sleep loss may therefore prevent the
ability to update changing incentive value (weights) of reinforcing stimuli over time#243
(FIG. 2). This would further contribute to non-optimal reward-dependent decision making
and actions. Fitting this profile, sleep-deprived individuals performing the lowa Gambling
Task make more-risky decisions and assign greater weights to more-recent rewards*>:46,
This pattern indicates a failure to appropriately integrate rewards and their accumulating
value over time following SD, reflecting temporally shorter -sighted updating of rewards.

In addition to deficits in the activation of frontal reward circuits following SD, studies have
revealed that responses of the striatum and amygdala to emotionally pleasurable or hedonic
images?’, as well as desirable food stimuli“®, are amplified with SD. Moreover, the same
studies reported failures of discriminatory signalling of stimulus valence (for example,
discriminating desirable from undesirable foods) in the anterior insula, mPFC and OFC, of
sleep-deprived participants. Furthermore, sleep- deprived individuals were more likely to
rate neutral pictures as positive?” or to express a greater desire for high-calorie foods*8. That
is, participants fail to accurately disambiguate non-rewarding from rewarding stimuli when
sleep deprived, shifting towards an over-generalized reward bias, even for normally less-
rewarding stimuli.

Although current results of reward processing point to effects in the mPFC, OFC and insular
cortex, together with the basal ganglia, other affective regions, such as the limbic regions of
the medial temporal lobe and executive lateral regions of the PFC, should not be discounted.
Equally important, not all human SD studies have reported amplified basal ganglia activity
during reward-related decision making“®, an inconsistency we return to below.

Beyond monetary reward processing, another behavioural feature sensitive to a lack of sleep
is impulsivity. Impulsivity is a multifactorial construct, and different types of impulsivity can
manifest in behaviourally different ways. Nevertheless, impulse control is central to many
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incentive-based decision processes®>1, Changes in impulsivity may therefore contribute to
alterations in reward decision making and risk taking that occur following SD.

In tasks that require either cued motor response execution or withholding, often referred to
as a Go/No-Go task, participants with either partial sleep restriction (6 hours of sleep per
night for 4 consecutive nights) or one night of total sleep deprivation showed considerably
lower response inhibition and cognitive control, produced more frequent errors of inhibition,
and exhibited slower learning of cue—incentive associations®2-56 (FIG. 2).

However, in delay-discounting tasks, which require participants to choose between small,
immediate rewards relative to large, delayed rewards, SD does not seem to alter impulsivity
— a lack of an effect that is similarly observed in probabilistic discounting tasks, in which
participants choose between small but certain rewards and large but uncertain
rewards#9:53.54.57 Similarly, total acute SD and partial sleep restriction (4 nights of 6 hours
of sleep per night) do not affect delay discounting or probabilistic discounting®*. However,
measures of effort discounting (whereby rewards are discounted according to the effort
required to attain them) are affected by SD. Under conditions of sleep loss, low-effort
rewards elicit even greater reward-related brain activity than high-effort rewards, relative to
sleep-rested conditions*®.

Similarly, inconsistent effects of SD have been reported using the Balloon Analogue Risk
Task (BART) — a standard test of reward-seeking, risk-taking behaviour that involves
impulse control. Partial sleep restriction (1 night of 5 hours of sleep) results in a significant
increase in the tendency to overinflate a computerized balloon to obtain more reward®#58,
By contrast, total SD for a single night resulted in no change in BART performance by male
participants but a decrease in risky overinflation by female participants®3 (for a review, see
REF. 59). Studies that focus on this and other specific features of impulsivity, such as
response withholding, while systematically keeping other factors constant (for example,
reward magnitude, reward delay and sex) are necessary to develop a clearer understanding of
sleep loss and risk-taking impulsivity.

Inconsistencies in the effects of SD on incentive processing are not limited to the domain of
impulsivity. Some reports using incentive tasks that do not involve impulsivity (wherein
participants simply expect or receive rewards and/or punishments without needing to resist
impulsive responses) have also failed to show significant differences in mesolimbic brain
activity and/ or behaviour caused by SD#44957 |nstead, these studies only demonstrate
effects on an individual-participant level#44957_ One possible explanation is that some
studies employ mixed gambles, combining gains and losses in the same trial. This may limit
the ability to identify differences in processing of gains or losses independently®. A second
possibility is that individual differences may interact with the effects of SD, thus obscuring
group-level significance if not explicitly considered. A recent study89 found that individuals
expressing a variant of the dopamine transporter that was previously associated with
differences in synaptic dopamine availability showed different striatal reward responses
following sleep loss. Unlike the control group, only participants with trait-elevated synaptic
dopamine exhibited greater striatal responses during reward anticipation following SD than
when well rested. This suggests that phasic dopamine availability is increased in these
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individuals, thereby elevating SD-associated increases in the reward responsivity of the
nucleus accumbens. Thus, effects of sleep loss on reward processing seem to be sensitive to
several interacting factors, including sex and trait genetics.

Sleep deprivation and dopamine function

With these nuances taken into account, studies to date nevertheless indicate that SD
significantly increases the tendency of reward sensitivity, risk taking and impulsivity, and
disrupts reward-value updating and integration. One possible mechanism that might explain
these increases in approach and consummatory behaviour is altered dopamine signalling,
which is associated with extended wakefulness perhaps more than with the absence of sleep
itself. Several lines of evidence support this dopaminergic framework (FIG. 2).

First, dopamine is associated with arousal; innately higher levels of dopamine predict lower
sleep propensity®L. Second, rodent studies have established that wake-promoting stimulant
drugs such as amphetamine seem to operate in part by blocking dopamine metabolism,
thereby increasing dopamine transmission and thus arousal. Third, depleting
catecholamines, including dopamine, reduces wake propensity, lowering vigilance and
inducing sleep52 (although interestingly the antihypertensive and antipsychotic reserpine,
which reduces catecholamine function, has nominal effects on sleepiness®3).

Changes in dopamine receptors may also contribute to alterations in reward-driven
behaviour following SD. Positron emission tomography (PET) ligand studies have reported
that one night of total SD downregulates the availability of dopamine D2 and D3 receptors
(D2/3Rs) in both the dorsal striatum (which includes the caudate and putamen) and ventral
striatum?® (FIG. 2), consistent with earlier PET studies showing general hypometabolism in
the basal ganglia following SD%*. PET-assessed downregulation of D2/3Rs in the ventral
striatum predicted fMRI-measured decreases in thalamic activity during an attentional
task5®, as did the degree of generalized hypometabolism in the basal ganglia after SD64:66,
Besides the relevance of this change for objective attention and working -memory
performance, the degree of D2/3R downregulation similarly predicts subjective sleepiness
under SD conditions®®. This result suggests that sleep pressure might be indexed by the
levels of different dopamine receptors; consistent with this, adenosine accumulates with
increasing time awake, activating Ao receptors and thereby driving D2R
internalization%-67. Moreover, agonists of the Ay receptor and D2R demonstrate allosteric
interaction such that A, receptor agonists decrease the affinity of D2Rs for their agonists,
including dopamine®8. Thus, adenosine accumulation, which is associated with increased
time spent awake, may decrease D2/3R activity by at least two possible mechanisms: by
increasing D2/3R internalization and by reducing binding of dopamine to D2Rs (FIG. 2).

That SD is associated with a downregulation of D2/3Rs may initially seem to contradict the
SD-associated increases in neural and behavioural reward sensitivity described above.
However, one tenable (and experimentally testable) hypothesis that may reconcile this
paradox involves D1Rs. Specifically, decreases in D2/3Rs could result in an imbalance of
dopamine receptor availability, leading to the remaining D1Rs becoming disproportionately
stimulated by the same amount of presynaptically released dopamine (FIG. 2). Outside the
context of SD, in rodents, this imbalance causes greater approach behaviour to food
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rewards®® and increases the addictive potential of cocaine’ (behavioural consequences that,
notably, have both been independently associated with SD71:72). Furthermore, the increase in
striatal fMRI signal elicited by reward incentives under SD conditions seems to principally
reflect D1R action’3. Thus, SD-associated decreases in D2/3R availability may, by indirectly
increasing dopamine binding to the remaining D1Rs, increase approach-driven and reward-
driven behaviour and fMRI-indexed striatal activity (FIG. 2). The neural and behavioural
consequences of sleep loss on incentive processes also offer mechanistic and therapeutic
insights into the conditions of obesity, addiction and substance use (BOX 3).

Box 3
Clinical insights concerning sleep loss and emotion
Positive emotion

The interaction between sleep deprivation (SD) and dopaminergic reward functioning is
relevant for clinical conditions involving sleep disruption and dysfunction of reward or
dopamine signalling. In alcohol addiction, ~60% of alcohol-addicted individuals seeking
treatment complain of insomnia symptoms in the 6 months leading up to intervention,
and more than half of these individuals report using alcohol under the (erroneous)
assumption that it helps to regulate sleep®’. In addition, alcohol-addicted individuals
who report insomnia are more likely to relapse than those without sleep problems?57.
Thus, sleep loss seems to be an important factor in the development and/or maintenance
of addiction disorders associated with changes in mesolimbic dopamine function and a
vulnerability factor predisposing individuals to fail in efforts of abstinence. Of concern,
sleep disruption in childhood predicts subsequent substance use in later adolescence
stages18,

There is now also considerable epidemiological evidence linking sleep disruption and
obesity1%9. Experimental work has characterized the associated causal mechanisms,
including changes in the appetite-regulating hormones leptin and ghrelin, and in the
central brain mechanisms that regulate appetite and food choice selection60. Decreased
activity in decision-regulating regions of the frontal cortex following SD, combined with
enhanced subcortical mesolimbic sensitivity, leads to increased desire for, and selection
of, high-calorie food items*8. Indeed, compared with a sleep-rested state, experimental
sleep restriction increases calorie consumption and promotes weight gain161.

Notably, the alterations in brain function that have been associated with obesity overlap
with those observed in drug addictionl62; for example, a reduction of dopamine D2 and
D3 receptors is observed in both. Such findings warrant a deeper consideration of
insufficient sleep as a possible predisposing factor underlying obesity and drug addiction.
If true, targeted sleep restoration may aid by re-engaging neural mechanisms that govern
adaptive food choices and craving, respectively.

Negative emotion

A recent model has proposed that sleep loss prevents the normal overnight lowering and
thus restoration of central adrenergic signalling that normally occurs during rapid eye
movement (REM) sleep, leading to heightened noradrenergic tone and thereby an over-
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generalized responsivity within select affective salience networks®*. The translational
ramifications of this model are well exemplified in post-traumatic stress disorder (PTSD),
which is associated with sleep disruption and fragmentation, decreases in total and REM
sleep duration163-165 and nocturnal hyperarousal'6-168, |n parallel, people with PTSD
show marked alterations in noradrenergic activity83, including the lack of normal
overnight reduction in noradrenaline levels!69. The REM-sleep model may help to
understand these co-occurring features. Specifically, decreases in night-time, total and
REM sleep quantity, and increases in high-frequency electroencephalogram (EEG)-
assessed activity (associated with hyperarousal) during REM sleep, are proposed to
contribute to daytime hyperadrenergic tone in PTSD. Moreover, persistent
hyperadrenergic activity during wakefulness could reduce subsequent night-time sleep
quantity and quality, producing a vicious cycle. Crucially, this cycle could lead to over-
generalized emotional sensitivity within the affective salience network of the brain that is
innervated by noradrenaline, including the amygdala, and the viscerosensory regions of
the insula and anterior cingulate cortex, as already reported in a meta-analysis of
functional MRI studies in PTSD89. This same model could explain how nocturnal use of
prazosin — an a.l-adrenergic receptor antagonist commonly prescribed for PTSD — can,
in some cohorts, restore the duration and quality of total and REM sleep, and decrease
PTSD symptomst79-173_ Qur framework may also account for the excessive emotion
reactivity and impaired emotional discrimination observed in PTSD174-176 and the
maladaptive generalization of fear responses to commonly non-threatening
stimulil?4-176_ |nterestingly, PTSD-like symptomatology was experimentally induced by
selective deprivation of REM sleep in healthy individuals; this manipulation resulted in
increased autonomic sensitivity to previously extinguished conditioned stimuli (that is,
heightened sensitivity) and impaired autonomic discrimination of conditioned from safety
signals (decreased emotional specificity)177-179. Conversely, the amount and EEG quality
of REM sleep predicts participants’ ability to accurately discriminate between threat and
safety signals (indicating improved emotional specificity)180,

Aversive stimulus processing

Sleep loss reliably triggers changes in negative (aversive) emotional processing, including
irritability, emotional volatility, anxiety and aggression®6:74-77 as well as suicidal ideation,
suicide attempts and suicide completion’8-80, These findings suggest that SD alters specific
process domains, including basic affective reactivity, as well as emotional discrimination
and emotional expression, which are more complex.

Aversive stimulus response

Early neuroimaging studies focused on the effects of SD on responsivity to rudimentary
aversive stimuli; for example, one night of SD was shown to result in a 60% increase in
amygdala reactivity to negative images, such as weapons, venomous snakes and spiders, and
mutilations8? (FIG. 3). This signature of amygdala hyper-reactivity has since been replicated
following sleep restriction (4 hours of sleep per night for 5 nights)® and in individuals with
poor sleep quality, as assessed at their homes83. Notably, amygdala hyper-reactivity has been
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reported during rapid, subconscious viewing of faces expressing fear after sleep
restriction82, indicating that this amplified limbic reactivity can occur subliminally,
independent of conscious, deliberative cognition82,

One possible mechanism underlying such amygdala hypersensitivity involves a loss of
regulatory control, resulting in contextually inappropriate amygdala reactivity®4. Decreases
in functional connectivity between top-down control regions of the mPFC and the amygdala
have been reported following a night of total SD or 5 nights of partial sleep restriction (4
hours sleep per night), as well as in participants reporting less than 6 hours of habitual
sleep81-83.85.86 (F|G, 3).

SD further alters the brain anticipation of cued emotional experiences. For example, one
night of SD elevates cue-evoked activity in the amygdala, anterior insula and anterior
cingulate cortex in anticipation of impending emotional picture slides, similar to those
described above®”, and also increases anticipatory responses of the peripheral autonomic
nervous systems88,

Interestingly, inter-individual differences in trait anxiety levels predict the size of these SD-
induced increases in anticipatory brain activity, with highly trait-anxious individuals
expressing the largest increases in pre-emptive anterior insula activity8”. The latter result is
of clinical relevance to anxiety disorders (which have been associated with apprehensive
worry about future events) for at least three reasons: first, highly trait-anxious individuals are
already those at greatest risk for developing an anxiety disorder; second, excessive
anticipatory insula activity is a characteristic of most anxiety disorders89-1; and third, sleep
disruption is a recognized symptom of anxiety disorders®2.

Emotion discrimination and expression

An additional phenotype of the sleep-deprived human brain emerges when participants are
challenged with the more complex task of disambiguating between varied emotional signals.
In sleep-rested participants, regions of the amygdala, insula and cingulate that are associated
with salience detection can discriminate between stimuli of different emotional strengths. By
contrast, in sleep-deprived participants, these regions demonstrate a saturated and flattened
response to emotional stimuli. Sleep-deprived individuals therefore express a generalized
excess of emotional sensitivity, with impairment in emotional discriminatory specificity8
(FIG. 3). For example, sleep-deprived individuals are less accurate at rating facial
expressions within the moderate range of emotional strength® and rate neutral images as
more emotionally negative®. SD further impairs the accurate discrimination of threatening
(antisocial) from affiliative (pro-social) facial signals®®, again promoting an overall bias
towards increased (inaccurate) perception of negative threat.

Recent work has begun to uncover the neural basis of these impairments in emotional
discrimination (FIG. 3). Consistent with the failure to accurately code positive, reward
incentive signals (described above), one night of SD impairs the discrimination of faces
expressing negative emotions by viscerosensory regions of the anterior insula and anterior
cingulate cortices, and to a degree, the subcortical amygdala®. Similarly, sleep loss results
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in generalized, nonspecific increases in amygdala activity (as measured by fMRI or
electroencephalography) in response to aversive and neutral emotional pictures%:97,

These findings have led to the proposal that SD causes a state of central and peripheral
emotional hypersensitivity that prevents emotional reactivity from being appropriately
graded8?. As a result, SD impairs the afferent—efferent communication between the brain
and body, which is crucial for the ‘embodied’ mapping of, and disambiguation between,
different emotions. The consequence is a behavioural phenotype of indiscriminate emotional
generalization, or blunting, consistent with poor signal-to-noise balance during emotional
processing® (FIG. 3).

Such blunting may disrupt not only the internal mapping of an individual’s own affective
state but also the ability to simulate the feelings of others. Supporting this hypothesis, sleep-
deprived individuals and habitually poor sleepers demonstrate impaired empathetic
sensitivity, which involved sensing the emotion state of individuals in picture slides%8:99,
Sensing the internal homeostatic status of the body, and thereby tracking one’s own affective
state, requires interoceptive processing within a network that includes the insula, mPFC and
amygdalal®. Sleep loss degrades the sensitivity of this network, leading to a shift of the
homeostatic set point used to register, and differentiate between different levels of,
emotional salience%®. In an emotional face discrimination task, sleep-deprived individuals
showed overgeneralized activity in viscerosensory brain regions and impaired autonomic
cardiac discrimination (indexed using moment-by-moment changes in heart rate)?®.
Compared with when they were rested, individuals who were sleep deprived also showed a
weaker correlation between the activity of the central and peripheral autonomic (cardiac)
systems. Thus, SD compromises the faithful discrimination of emotional signals within
higher-order emotional brain regions by inducing network hypersensitivity and, in tandem,
disrupts the “‘embodied’ reciprocity between viscerosensory central and peripheral
autonomic processing of complex social signals. As a result, there can be a loss of sensitivity
in detecting, and accuracy in recognizing, emaotions.

It is possible, although currently untested, that this same disruption within and between
central and peripheral autonomic nervous system networks explains why sleep-deprived
adults191 and infants deprived of a day-time nap92 show incongruent or even absent
outward expression of emotions (FIG. 3). Individuals restricted to 4 hours of sleep for a
single night also demonstrate a slowing of reactive facial expressions in response to
emotional stimuli193, Emotional vocalizations following short-term sleep restriction have
similarly been reported to be blunted104,

Thus, multiple modes of emotional expression are diminished by insufficient sleep; a feature
pertinent considering that emotional expressions are all influenced in some manner by the
autonomic nervous system, specifically the vagal system0°, This same explanatory model of
central-peripheral autonomic decoupling may offer further mechanistic insights into the
recognized associations between reduced sleep and decreased interpersonal functioning98,
increased antisocial interactions%9, a lower understanding of relationship concerns (leading
to greater interpersonal conflict)19 and, in children and adolescents, increased peer-related
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problems, such as hyperactivity and inattention, conduct problems, and peer
disagreement106.107,

Less understood are the cellular and molecular mechanisms underlying the emotional brain
and body dysfunction that is caused by a lack of sleep. One proposed mechanism has
centred on the heightened noradrenergic tone from the locus coeruleus®4111.112: according
to this hypothesis, sleep loss prevents the normal overnight reduction in noradrenergic tone
that usually occurs during rapid eye movement (REM) sleepl12-114, The resulting
hypernoradrenergic tone may thus lead to heightened and over-generalized responsivity
within the affective salience network that is innervated by noradrenaline: the amygdala and
the viscerosensory cortical regions®*. Consequently, there may be a loss of specificity in
affective signalling within this network, possibly helping to explain the SD-associated
inaccuracy in emotional discrimination. This REM sleep model8 offers several testable
predictions regarding the reliable co-occurrence of sleep disruption (including REM sleep
disruption) in clinical anxiety disorders (BOX 3). However, noradrenaline alone is unlikely
to be the sole neurochemical factor underlying the affective dysregulation caused by SD.
Integrating changes in other sleep-dependent neurochemicals, such as dopamine, may
provide a more accurate explanatory model.

Hippocampal memory processing

Many studies have characterized the beneficial impact of sleep on the post-learning, offline
consolidation of hippocampus-dependent memories (for a review, see REF. 115). By
contrast, few studies have explored the adverse effects of SD on this process!1%; instead, the
majority of such neuroimaging investigations have examined the impact of sleep loss on
initial hippocampus-dependent memory encoding, on which we focus here.

In rodents, SD substantially decreases the ability to induce hippocampal long-term
potentiation (LTP; an electrophysiological measure of neuroplasticity) and, if LTP is
induced, the enhancement subsequently decays more rapidly16. Further, sleep loss reduces
hippocampal synthesis of proteins associated with neuroplasticity and impairs hippocampal
neurogenesisl’.

The extracellular build-up of the metabolic product adenosine during extended wake affects
plasticity. High levels of adenosine disrupt intracellular cAMP signalling in rodents and
decreases hippocampal AMPA and NMDA receptor signalling; all of which are necessary
for stable LTP115, Given that adenosine is cleared from the brain during sleep, these effects
on plasticity may result from two mutually non-exclusive reasons: abnormally extended
wake or a loss of sleep.

Building on these findings, early human neuroimaging and behavioural studies established
that one night of SD impairs learning and encoding-related activity within the medial
temporal lobel18, specifically the hippocampus3® (FIG. 4). Moreover, selective deprivation
of non-rapid eye movement (NREM) slow-wave sleep using auditory stimulation, which
preserves total sleep time, also lowers encoding-related activity in the hippocampus and
associated learning!1®. Conversely, enhancing the power of NREM slow-wave activity, using
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transcranial stimulation, increases hippocampal learning ability after sleep20, further
supporting a causal role for slow-wave sleep in hippocampal memory encoding.

In addition, SD alters learning-related hippocampal connectivity. Functional coupling
between the hippocampus and perceptual regions of the occipital (visual) cortex and nearby
regions in the medial temporal lobe during visual episodic-memory encoding is decreased
under SD conditions3® (FIG. 4). By contrast, SD is also associated with increases in
hippocampal connectivity with subcortical arousal regions, including the brainstem and the
thalamus3® (FIG. 4). The latter observation has been interpreted as reflecting a
compensatory effort to mobilize basic arousal networks, albeit insufficient to rescue
behavioural performance36.

A recent report has demonstrated that the structural morphology of the human hippocampus,
and specifically the volume of the CA3—dentate gyrus subfield region, predicts the degree of
vulnerability to the impact of SD on memory encoding2L. Moreover, this same measure
also predicted the amplitude of NREM slow-wave oscillations during recovery sleep and, by
way of this mediating influence, determined how well memory-encoding ability was
restored when assessed again after recovery sleep. Thus, human hippocampal subfield
anatomy may represent a novel trait-like factor and potential biomarker of susceptibility of
memory processing to, and recovery from, the disrupting effects of SD.

The hippocampus does not operate in isolation during memory encoding, however, but acts
in a broad network of anatomically and functionally connected cortical regions. Some of
these are proposed to participate in encoding memory representations themselves (for
example, sensory perceptual regions), whereas others are involved in operations that support
the act of encoding, such as the DLPFC and posterior parietal regions, which are required
for directed attention32. Consistent with this, human neuroimaging studies have revealed that
SD is associated with larger-network impairments that co-occur or are functionally linked
with deficits in hippocampus-dependent encoding of new memories. For example, SD for 24
hours decreases activity in regions of the DLPFC and posterior parietal cortex required for
goal-directed attention during a visual episodic- memory encoding task!22. Reductions in the
activity of the scene-selective fusiform cortex following SD are less clear to interpret and
may reflect impairment in the functional role of the visual cortex in processing visual scenes
and/or the failure of the top-down control of attention by frontoparietal networks123,
Nevertheless, the size of the alterations in activity of all three of these cortical regions
(frontal, parietal and occipital) predict the degree of memory impairment under SD
conditions and the severity of attentional task lapses.

As with working-memory and selective attention tasks, significant differences in DMN
activity within cortical regions have been reported during episodic-memory encoding
following SD124. Indeed, the size of reductions and increases in the activity of the anterior
cingulate and precuneus (which are both nodes of the DMN), respectively, discriminated
sleep-deprived from sleep-rested participants with 93% sensitivity and 92% specificity124.
Unstable control of the DMN might therefore be a common neural phenotype underlying
deficits in various cognitive tasks (including attention, working memory and episodic
memory) in the sleep-deprived human brain (BOX 2).
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Only one study to date has examined the under lying neurochemical basis of memory-
encoding deficits associated with SD. Administration of an acetylcholinesterase inhibitor,
which prolongs the central synaptic effects of acetylcholine, partially restored activity in
frontoparietal and fusiform regions in sleep-deprived participants towards levels observed
under sleep-rested conditions'22 (FIG. 4). Interestingly, the greatest benefit of this
acetylcholinesterase inhibitor treatment was observed in those individuals who, with SD,
demonstrated the largest decreases in brain activity during a semantic judgement task and
the worst performance in word recognition. That is, those most susceptible to sleep loss on
these tasks were those who recovered most function after being treated with the drug.

Given that acetylcholinesterase inhibitors enhance attentional processes that support
episodic memory12® and directly affect sensory processing'26, some part of this benefit
might be mediated by cholinergic influences on arousal. An alternative or additional
plausible hypothesis is that the actions of the inhibitor facilitate hippocampal plasticity
mechanisms that consequentially increase hippocampal engagement of sensory and
attentional networks in the cortex. Accordingly, acetylcholinesterase inhibitors enhance
activation of the visual and parietal cortices in sleep-deprived individuals during a visual
short-term-memory task and, compared with placebo, improve task performancel?’.

At a translational level, impaired hippocampus-dependent memory encoding following sleep
loss is relevant to several disorders and conditions that involve deficiencies in both sleep and
memory encoding. Two such examples are ageing and dementia. Older, cognitively normal
adults show marked impairments in NREM sleep, and these deficits are magnified in size in
Alzheimer diseasel28. Disruptions of NREM sleep and associated reductions in slow-wave
activity and sleep spindles in older adults and, even more dramatically, in patients with
Alzheimer disease predict reductions in encoding-related activity in the hippocampus on the
following day, which, in turn, predict the degree of learning impairment!19.129, Sleep
disruption therefore may contribute to cognitive decline, and especially impairments in
hippocampus-dependent memory processing, with ageing. This evidence raises the
possibility that sleep restoration may be a novel therapeutic intervention, as well as a midlife
preventative measure against age-related decline in hippocampus-dependent memory (for a
more detailed discussion, see REF. 128).

Conclusions

Several insights emerge from this Review. First, SD triggers a complex set of bidirectional
changes in brain activity and connectivity — depending on the specific functional operation
and anatomical regions in question. Equally important, however, are moment-to-moment
fluctuations in brain activity that occur during performance across the timescale of minutes,
reflecting a neural phenotype of regional and network instability. This is especially apparent
in the domains of attention and working memory. Second, the heterogeneous array of brain
changes (averaged and moment-to-moment) results in an equally diverse set of disruptions in
human behaviour across nearly all domains of cognition and affect. Nested within this
statement is another related subtlety: not all changes in brain function that are associated
with sleep loss are maladaptive and thus represent deficiencies. Instead, some aspects of
these neural alterations seem to correlate with preserved task performance, indicating that
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they may be compensatory and thus adaptive. That the human brain can compensate for SD
to a certain degree seems tenable, given that individuals use compensatory effort and
behavioural strategies (for example, talking or standing) when attempting to stay awake
when sleep deprived. However, the extent and duration of compensatory brain function,
which networks and associated operations they are in, and which behaviours are maintained
as a consequence, remain poorly characterized. For example, do the effects of SD depend on
interactions among hierarchies of functional brain networks, such that deficits or
compensation in a fundamental, base-level network (for example, the attention network)
dictates respective impairment (or compensation) in higher-level, dependent operations
(such as intentional memory encoding or conscious emotional processing)?

Equally important, this Review reveals our current inadequacies of knowledge regarding the
sleep- deprived human brain. For example, we have remarkably little understanding of the
whole-brain consequences of long-term, chronic sleep loss, as most studies have focused on
acute, total SD (BOX 1). Such knowledge would be crucial considering that chronic partial
sleep restriction, from weeks to years, is representative of (and thus relevant to) the sleep
deficiency observed in the developed world. We also lack any comprehensive understanding
of whether and how human brain networks may recover from acute and chronic sleep
restriction. Are the underlying neural mechanisms that support recovery from these different
forms of sleep loss the same, partially overlapping, or entirely separable? Relatedly, does
neural recovery occur across the same time period or over a different temporal duration
following different forms and doses of sleep loss? What types of recovery sleep stages
and/or aspects of sleep physiology transact functional brain restoration following sleep loss?
These questions are important from a societal and public-health perspective, both in
professional circumstances in which the privation of sleep is rife (for example, in the
military, in aviation and in medicine) and in subtler forms (for example, the public trend of
short sleep durations during the week followed by longer sleep durations at weekends).

Another key unresolved issue extends beyond the phenotypic between-participant
differences in vulnerability to the neural and behavioural effects of SD within a cognitive
domain (such as attention) (BOX 1) and centres on emerging evidence suggesting within-
participant, between-domain differences in vulnerability: an individual who is resilient to the
effects of SD in one functional domain (such as attention) may conversely be vulnerable to
that same dose of sleep loss in other functional domains (such as memory or emotion
processing)130. This suggests that different brain networks in the same individual may be
differentially susceptible to sleep loss. These hypothetical within-subject differences in
neural network vulnerability and resilience to SD have not yet been experimentally tested.

Finally, the basic scientific findings regarding sleep loss have not yet been routinely applied
in the clinic, despite the examples that we describe in BOX 3. Sleep abnormalities are
robustly observed in every major disorder of the brain, both neurological and psychiatric.
Sleep disruption merits recognition as a key relevant factor in these disorders at all levels,
from diagnosis and underlying aetiology, to therapy and prevention. More collaborative
work between basic and clinical scientists in the field will be necessary to accomplish this
goal. Notably, the answers to all these questions have perhaps never been more pressing
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considering the professional, societal and clinical implications that continue to scale in
lockstep with the precipitous decline in sleep duration throughout industrialized nations.
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Sleep disruption

Abnormal sleep that can be described in measures of deficient sleep quantity, structure
(reflected by, for example, sleep cycle architecture) and/or sleep quality (assessed using, for
example, spectral electroencephalogram power).

Functional connectivity
In functional MRI, the statistical association between time series of blood-oxygen-level-
dependent signal in two or more anatomically distinct brain regions.

Attention
The ability to selectively maintain focus on behaviourally relevant stimuli, while
disregarding irrelevant stimuli.

Working memory
The ability to maintain, manipulate and integrate mental representations of relevant
information even when it is no longer present in the environment.

Sleep pressure
Also called ‘homeostatic sleep drive’ or “Process S’. A set of homeostatic neurobiological
processes that increase the likelihood of sleep, or ‘sleep propensity’.

Partial sleep restriction

The state associated with a reduction (but not total absence) of sleep in the prior night or
nights, usually ranging from 1-6 hours of sleep reduction. Sleep restriction is chronic if it
persists for more than 24 hours.

Default mode networ k

(DMN). Collection of brain areas, including midline frontoparietal regions, that usually
disengage during externally driven, goal-directed task performance and re-engage upon task
termination.

Frontoparietal attention network
A bilateral brain network with core regions in the frontal and parietal lobes that exerts top-
down control of sensory cortex to bias stimulus processing.

Impulsivity
Acting without deliberation, or choosing short-term gains over long-term gains.

Viscer osensory
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Relating to corporeal information propagated by the spinal cord to brain regions involved in
the sensation and coordination of bodily functions and associated behaviours.
lowa Gambling Task
A test of reward processing that challenges the participant to maximize their earnings by
forgoing short-term gains in return for eventual long-term gains.

Total sleep deprivation

The state associated with a complete absence of sleep in the prior night or nights.

Balloon Analogue Risk Task

(BART). A computerized measure of risk-taking behaviour. Participants are rewarded for

inflating a ‘balloon’ but lose their reward if they overinflate and ‘burst’ the balloon.

Wake propensity

The likelihood of an organism maintaining the state of sustained wakefulness.

Adenosine

An endogenous compound involved in biochemical and neuromodulatory processes,

including metabolism and sleep—wake regulation. It accumulates extracellularly with time

spent awake and dissipates during slow-wave sleep.

Sleep quality

Measured subjectively, by means of self-reported perception of prior sleep, and objectively,

using sleep-stage or quantitative electroencephalography sleep measures.

Rapid eye movement

(REM). Also known as paradoxical sleep. Sleep characterized by high-frequency, low-

amplitude desynchronized electroencephalogram (particularly in the theta band), rapid eye

movements, muscle paralysis and dreaming.

Non-rapid eye movement

(NREM). A type of sleep that consists of sleep stages 1-4 and that occurs towards the

beginning of a sleep episode, and reflects homeostatic sleep processes.

Slow-wave sleep

Stage 3 and stage 4 of non-rapid eye movement sleep that is characterized by low-frequency

(~0.8-4 Hz), high-amplitude synchronized electroencephalogram (called delta waves).

Sleep spindles

Synchronized phasic bursts of electrical activity often measured in the cortex or scalp

surface electroencephalogram lasting several seconds in the 11-15 Hz frequency range.
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Figure 1. Sleep loss, attention and working memory
a | Brain regions and networks associated with attention and working memory

(frontoparietal network (FPN); red), arousal (thalamus; green) and the default mode network
(DMN; blue) are affected by sleep deprivation. The DMN is a collection of brain areas,
including midline frontoparietal regions, that often disengage when an individual performs
an externally driven, goal-directed task and then re-engage when an individual stops
performing that task. Suppression of the DMN is necessary to mobilize appropriate on-task
brain networks to achieve successful goal-directed behaviourl8l, unless that task requires
access to internally stored relevant information such as autobiographical memories or
previously learned predictive cues'8-182.183 Brain regions across multiple brain networks,
including the dorsolateral prefrontal cortex (DLPFC), intraparietal sulcus (IPS), thalamus,
medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC), are differentially
altered by sleep loss. b | In the sleep-rested state, there is reciprocal inhibition between task-
related FPN activity and DMN activity, supported by sustained ascending arousal input from
the thalamus. This leads to consistent attentional and working-memory performance. In the
sleep-deprived state, there is unstable reciprocal inhibition between task-related FPN activity
and DMN activity, and erratic ascending arousal activity influencing thalamic activity. As a
result, there is reduced task-related FPN activity and intermittent intrusions of DMN activity
during task engagement. The behavioural consequence is variable and/or impaired attention
and working-memory performance, worsening with lowered thalamic activity and improving
with higher thalamic activity.
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Figure 2. Sleep loss and incentive processing
a | Reward-relevant brain regions that are affected by sleep deprivation (SD) include cortical

regions (blue) such as the medial prefrontal cortex (mPFC), insula and orbitofrontal cortex
(OFC), and the subcortical region of the striatum (red). b | Increased adenosine load (blue
circles) associated with SD triggers downregulation of dopamine (DA) D2 and D3 receptors
(D2/3Rs), resulting in decreased receptor membrane expression within the striatum
(internalized receptors; grey). Consequently, there is a greater ratio of D1R to D2/3R
availability, and the relative increase in striatal D1R activation by DA (green circles) under
SD conditions is proposed to increase risk-related and reward-related approach behaviours,
shown in the see-saw imbalance. ¢ | SD further disrupts incentive processing within PFC
regions and thus is proposed to result in a lower signal-to-noise ratio (SNR) under SD
conditions (represented by a narrow dynamic range of PFC sensitivity). This consequentially
impairs the ability to accurately map and update changing value or reward probability
(coloured dots) over time — such as that involved in reinforcement learning, ultimately
contributing to non-optimal incentive-based decision making.
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Figure 3. Sleep loss and aver sive processing
a | Sleep deprivation (SD) amplifies amygdala reactivity (red) in response to negative

emotional stimuli and decreases associated amygdala—medial prefrontal cortex (mMPFC)
connectivity (blue). b | SD alters sensitivity of the salience-detection network (the amygdala,
anterior cingulate cortex (ACC) and anterior insula (Al)) to varying levels of emotional
stimuli that range in valence strength (x axis in the two graphs) from negative (red) to
neutral (blue) to positive (red). Under sleep-rested conditions (left graph), there is a wide
and dynamic range of salience-detection sensitivity, resulting in the ability to accurately
discriminate between degrees of emotional salience (tall vertical difference arrow;
discerning emotional (red vertical line) from neutral stimuli (blue vertical line)). By contrast,
SD (right graph) is proposed to trigger a narrowing and thus more nonspecific detection
sensitivity range, impairing the ability to accurately discriminate between degrees of
emotional salience (short vertical difference arrow). This loss of ‘net neutrality’ results in
over-generalized emotional sensitivity, wherein an otherwise largely neutral stimulus (blue
vertical line) is inappropriately registered as ‘emotional’ by the salience-detection network;
further observed in biased emotional ratings of neutral stimuli. ¢ | A downstream behavioural
consequence of these central brain changes, in combination with disrupted peripheral
autonomic nervous system feedback of visceral body information, could lead to inaccurate
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and even absent outward expression of emotions. This is supported by experimental
evidence demonstrating that individuals deprived of sleep fail to register emotional faces
shown to them on a screen and consequently are unable to accurately mimic the emotional
face expressions of these target faces themselves. Part a is adapted with permission from
REF. 81, Elsevier.
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Figure 4. Sleep loss and hippocampal memory encoding
Sleep deprivation (SD) decreases encoding-related activity within the hippocampus (light

blue), compared with normal sleep-rested conditions. Moreover, in sleep-deprived
individuals, hippocampal connectivity with encoding-relevant cortical regions of the
intraparietal sulcus (IPS), posterior cingulate cortex (PCC) and primary visual cortex (V1)
(purple regions) during encoding is lower than in sleep-rested individuals. By contrast,
hippocampal encoding-related connectivity with subcortical arousal regions of the thalamus
and brainstem (red) after SD is increased.
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