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Adequate sleep especially during developmental stages of life, is considered essential for
normal brain development and believed to play an important role in promoting healthy
cognitive and psychosocial development, while persistent sleep disturbances and/or
sleep deprivation during early life are believed to trigger many mental ailments such as
anxiety disorders, depression, and cognitive impairment. Initially it was suggested that
adverse mental health conditions adversely affect sleep, however, it is now accepted
that this association is bidirectional. In fact, sleep disturbances are listed as a symptom
of many mental health disorders. Of special interest is the association between early
life sleep deprivation and its negative mental health outcomes. Studies have linked
persistent early life sleep deprivation with later life behavioral and cognitive disturbances.
Neurobiological underpinnings responsible for the negative outcomes of early life sleep
deprivation are not understood. This is a significant barrier for early therapeutic and/or
behavioral intervention, which can be feasible only if biclogical underpinnings are
well-understood. Animal studies have provided useful insights in this area. This article
focusses on the knowledge gained from the research conducted in the area of early life
sleep deprivation, brain development, and behavioral function studies.
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INTRODUCTION

A question often arises during discussions of sleep, “How much sleep is good sleep?” The National
Sleep Foundation (NSF) and the American Academy of Sleep Medicine (AASP)/Sleep Research
Society (SRS) both have offered their recommendations. For example, infants between the ages of
4-11 months are recommended 12-15h of sleep by NSF while AASP/SRS recommends 12-16h
of sleep. Children between the age of 6-13 years are recommended 9-11h by NSF and children
from ages 6-12 years are recommended 9-12h. Teenagers are recommended 8-10h by both
organizations. NSF considers teenagers to be 14-17 year old while AASP/SRS classifies them as
between 13 and 17 year old (Hirshkowitz et al., 2015). Clearly, adequate sleep during early life is
essential for normal developmental processes. In fact, sleep is one of the major activities of the
brain during early developmental phase of life, hence sleep reportedly plays an important role
in healthy cognitive and psychosocial development during formative years of early life. Several
studies have highlighted the important role sleep during early life period, plays in regulation of
learning and memory functions (Jiang, 2019). For example, Sechagen et al. (2015) reported that
an extended nap time within 4h of learning a set of object pairings from toys allowed infants
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in the 6-12-month age range to retain newer behaviors better
than having a 4- or 24h delays, supporting the hypothesis
that frequent napping for infants and small children leads to
establishing better long-term memory. Important association
between night-time sleep and memory also has been reported
in other studies (Konrad and Seehagen, 2021; Seehagen et al.,
2021). A study examining the relationship between sleep patterns
and depressive symptoms, self-esteem, and grades of 2,259
Chicago students, aged 11-14 years, revealed that students
who slept less in the sixth grade exhibited lower self-esteem
and reported higher depressive symptoms (Fredriksen et al.,
2004). In another study conducted on 135 healthy school
children (69 boys and 66 girls), from second, fourth, sixth
grades, sleep was monitored using actigraphy for 5 consecutive
nights. Using a computerized neurobehavioral evaluation system,
the neurobehavioral functioning (NBF) was assessed, and
significant correlations were observed between sleep-quality
and NBF measures, especially in young children. Children
who obtained fragmented sleep exhibited lower performance
on NBF measures, particularly on measures associated with
complicated and tenuous continuous performance test (Sadeh
et al., 2002). In another study, sleep problems in 3rd grade
children were reportedly predicted intellectual stagnation, while
longer sleep predicted better development of reading skills.
Persistent problems falling asleep or maintaining sleep during
childhood also predicted poorer scores due to the worsening of
the children’s executive functioning, but non-verbal reasoning,
vocabulary, or fine motor skills are not greatly impacted (O’Brien
and Mindell, 2005). According to a review conducted by
Beebe et al. (2010), adolescent risk behaviors including cigarette
smoking, alcohol consumption, illicit drug use, aggression,
and suicidal tendencies, were reportedly associated with sleep
disruption. Poor sleep patterns also are associated with daytime
sleepiness, high stress, depressed mood, weight gain and obesity,
alcohol use, caffeine intake, and cigarette smoking. Other studies
have suggested that children whose average sleep duration,
as measured via actigraphy, was short (<7.7h), demonstrated
a higher hyperactivity/impulsivity score as well as a higher
attention-deficit/hyperactivity disorder total score but a similar
inattention score compared with children sleeping more than
9.4h (Paavonen et al., 2009). Furthermore, inadequate sleep has
been linked to poor school performance (Dewald et al., 2010;
Astill et al., 2012), and an increase in behavioral problems such
as attention deficit, and emotional conditions such as anxiety
and depression (Gregory and Sadeh, 2012; Maski and Kothare,
2013). In a longitudinal study, shorter sleep duration in children
between 2.5 and 6 years old age range was associated with high
levels of hyperactivity and engagement in disruptive behavior at
school (Touchette et al., 2008, 2009). Early life sleep disturbances
are also associated with later onset of anxiety and depression
as a childhood and adolescent (Gessa et al, 1995; Gregory
et al., 2005). The longitudinal studies suggest that early life
sleep deprivation highly influences future affective and behavioral
problems (Maski and Kothare, 2013).

Previously, both animal and human studies have suggested
an important role of sleep deprivation in development of
pathological anxiety. Persistent insomnia is reported to be

associated with an increased risk of developing anxiety disorder
(Alkadhi et al., 2013). In a rat model of sleep deprivation, 24 h
sleep deprivation increased anxiety-like behavior of rats when
assessed using open-field activity and light-dark exploration
tests immediately following 24 h of sleep deprivation (Vollert
et al, 2011). Levels of serum corticosterone, often associated
with anxiety, also increased with sleep deprivation. Furthermore,
sleep deprivation also increased oxidative stress markers in the
cortex, amygdala, and the hippocampus, including 8-isoprostane
and malondialdehyde (MDA) levels in the serum, suggesting
involvement of oxidative stress mechanisms in regulation of sleep
deprivation-related behavioral impairments.

Chronic sleep deprivation is reportedly linked to depression.
The relationship between sleep and depression is believed to be
associated through the serotoninergic system, which is active
during wakefulness and inactive during sleep (Al-Abri, 2015).
Moreover, serotonin release is significantly inhibited during
slow-wave sleep and REM sleep. In an animal model of sleep
deprivation, rats displayed depression-like behavior, metabolic,
and microbial changes after chronic sleep deprivation for 7
days (Ma et al., 2019). This study found elevated levels of
inflammatory cytokines, including IL-6, TNF-alpha, and CRP,
and hyper-activated hypothalamic-pituitary-adrenal (HPA) axis
in sleep deprived rats, which were postulated to play an important
role in occurrence of behavioral deficits. Thus, there is enough
support of the hypothesis that poor sleep during early life can
have detrimental consequences on later life behaviors, cognitive
and intellectual functions, and there is substantial evidence
to suggest that sleep problems during early life may lead to
social, cognitive and intellectual impairments. The mechanistic
underpinnings remain unclear.

How sleep at early life modulates neurobehavioral functioning
and cognition is not yet understood. Sleep spindles and
slow wave activity, processes known to be affected through
childhood and adolescence, is suggested to play an important
role in regulation of neurobehavioral functions and growth,
development and refinement of executive functions (Lopez
et al, 2010; Maski and Kothare, 2013; Kurth et al.,, 2015).
However, further research is needed to investigate the association
between sleep and neurobehavioral development. Animal studies
have offered valuable insights. This article will first review the
normal sleep characteristics, followed by a review of preclinical
studies focused on the association between sleep, early brain
development and mental health, especially memory functions
and emotional control.

Sleep Physiology

Sleep is a physiological state characterized by reduced
responsiveness to environmental stimuli. In vertebrates, sleep is
considered as a specific pattern of synchronous electrical activity
confined within the cortical area of the brain. The different stages
of sleep are defined based on polysomnography (PSG) data.
PSG involves simultaneous recording of the activity from the
cortical area of the brain using electroencephalogram (EEG), eye
movement via electrooculogram (EOG), and electromyogram
(EMG)-mediated recording of the skeletal muscle activity. In
humans and other mammals, sleep consists of two main phases:
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rapid eye movement (REM) sleep and non-REM (NREM) sleep.
NREM sleep, also known as slow wave sleep, is characterized
by high amplitude low frequency EEG waves, decreased muscle
tone, and slow eye movement. While REM sleep, known as
active sleep, is characterized by low amplitude high-frequency
waves, muscle atonia, and rapid eye movement. EEG slow
wave activity (delta power) in NREM sleep is considered as a
marker of sleep propensity. In humans, NREM sleep is further
classified into N1, N2, and N3 stages. Each NREM stage has
a well-defined EEG wave pattern. During sleep, the different
phases of sleep alternate in a tightly regulated pattern resulting in
creation of sleep cycles (Stenberg and Porkka-Heiskanen, 1990).
Sleep/wakefulness state is regulated by the interaction of two
processes; the sleep homeostasis (process S) and the circadian
system (process C) (Borbely, 1982a,b). Process C is regulated
by the suprachiasmatic nucleus (SCN) of the hypothalamus.
The SCN functions as the neural pacemaker of the circadian
timing cycle. This pacemaker is autonomous and is essentially
synchronized to environmental light/dark cycle and projects
signals that control the timing and the execution of physiological
functions including the sleep/wake cycle. The daily circadian
rhythm is an internally driven process comprising of a 24-h
cycle. A normal light/dark cycle includes a well-defined rhythm
in which sleep onset and wakefulness onset occur at the same
time every day. Sleep homeostasis or process S is believed to
be regulated by generation of sleep pressure, which is initiated
after a period of wakefulness. Thus, process S is believed to
increase with extended wakefulness and known to decrease
following sleep onset. Two hypotheses have been proposed in
favor of the theory of generation of sleep pressure; first, is the
involvement of the accumulation of sleep-promoting substances
such as nitric oxide and adenosine, second is the role of resources
of the restoration of energy (Abrahamson and Moore, 2006).
The interaction of the sleep homeostatic mechanisms and the
circadian rhythm regulates important elements of sleep, i.e.,
sleep timing, depth of sleep, and the duration of staying asleep.
The interplay between the two processes is known to play a
crucial role in regulation of functions related to body metabolism
and maintenance of normal brain function and disruption in
this interplay is responsible for contributing to many metabolic,
psychiatric, and neurodegenerative diseases (Wulff et al., 2010).
Woakefulness is dependent on the ascending reticular
activating system (ARAS), coordinated by several defined nuclei
in the pons and midbrain areas. Cells promoting wakefulness
are; noradrenergic (NE) cells of the locus coeruleus, serotonergic
(5-HT) cells of the raphe nuclei, cholinergic (Ach) cells of the
pedunculopontine tegmentum and laterodorsal tegmentum,
glutamatergic cells (Glu) of the midbrain, and dopaminergic
(DA) cells of the substantia nigra and ventral tegmental area.
Projections of wake-promoting cells activate thalamocortical,
hypothalamo-cortical, and cortico-basal systems. Furthermore,
there are 5 other groups of wake-promoting cells including; (1)
the histaminergic cells of the posterior hypothalamic area, (2)
the hypocretin/orexin cells of the lateral hypothalamus, (3) the
cholinergic cells of the basal forebrain, (4) the neuropeptide
Y (NPY) containing cells within the suprachiasmatic nucleus,
and (5) the glutamatergic neurons present in the ventro medial

prefrontal cortex (vmPFC). Activation of these systems maintains
stable wakefulness by cortical activation and inhibition of activity
in sleep-promoting areas of the brain. However, cell lesions
within a particular wake-promoting group of cells does not by
itself induce changes in the amount of wakefulness. This raises
the interesting possibility that different brain regions collectively
contribute to the promotion and maintenance of wakefulness,
but none by itself are required for generation of wakefulness.
Sleep physiology especially the understanding of the initiation
and maintenance of sleep has been a challenge for decades
and more research is needed. Initiation of sleep is suggested
to be a result of successive passive and active physiological
processes which leads to blockage of cortical sensory gates
(Datta, 2010). The passive mechanism which contributes to sleep
initiation is a result of the generation and the accumulation
of neuronal activity-dependent metabolites, which suppresses
wakefulness and increases sleep inertia. Metabolic products
produced during wakefulness, such as adenosine, nitric oxide,
cytokines, and prostaglandins, accumulate and slow down wake-
prompting neuronal activity, ultimately leading to slow down the
production of metabolites. The active process of sleep initiation
is represented by reducing the activity of wake-promoting
neurons. Regulation of metabolite-dependent neuronal activity
contributes to a state of a metabolite homeostasis (Datta, 2010).
Data reported in various electrophysiological studies have
suggested that the thalamic reticular nucleus seems to function
as a pacemaker of sleep spindles generation (Steriade et al., 1993).
The thalamic reticular nucleus serves as the sensory and internal
signal operating at the gateway toward the cerebral cortex brain
region and consists of exclusively the GABAergic neurons.
The thalamic reticular nucleus contains two types of neurons;
the thalamocortical relay neurons which are responsible for
transmitting incoming sensory signals to the cerebral cortex, and
the thalamo-reticular neurons which prevents transmission of
sensory signals to the cerebral cortex. During wakefulness, the
activity of the thalamo-cortical relay neurons is proportional to
the activity of wake-promoting noradrenergic, serotonergic, and
cholinergic cells. During this time the thalamic-reticular cells
remain inactive. During the sleep initiation process, reduction in
wake-promoting cells is believed to lead to reduction in activity of
thalamocortical relay and the enhancement of thalamic-reticular
cellular activity. Excitation of thalamic-reticular is responsible
for further inhibiting thalamocortical relay by activation of the
inhibitory postsynaptic GABA-B receptors (Steriade et al., 1993).

Consequently, cerebral cortex sensory signals at the cortical
gate are blocked within the thalamus, depriving the cerebral
cortex of receiving external information, as evident from high
voltage and slow brain waves during NREM sleep, which
is an indication of cortical inactivity (Stenberg and Porkka-
Heiskanen, 1990; Kalia, 2006; Datta, 2010). Sleep is a common
act engaged by all organisms during which the network of
the neuronal/glial cells play an important role. Consequently,
sleep becomes an important property of this neuronal network.
Several theories have been proposed over the years to explain the
function of sleep in terms of the properties of energy restoration,
thermoregulation, waste elimination, and neuronal connectivity
and plasticity augmentation, yet, sleep remains a challenging
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research area for scientists to explore and to promote greater
understanding in this area (Krueger and Obal, 2003; Krueger
etal., 2016).

SLEEP AND POSTNATAL BRAIN
DEVELOPMENT

The process of brain development is initiated prenatally and
continues throughout the postnatal period. Postnatal brain
development is characterized by two major events; the cortical
gray matter expansion or regression and development of white
matter. Gray matter maturation is indicated by an increase in
synapse formation, a process termed as synaptogenesis. The
process of synaptogenesis is believed to be at its peak level
during the childhood phase typically lasting between 2 and 3
years old. This phase of high synaptogenesis is followed by a
period of rapid elimination and refinement of the presence of
excess synapses, a process described as synaptic pruning. The
synaptic pruning process continues until the adolescent stage
of life. White matter development is indicated by neuronal
myelination which occur during early life stages of life including
the childhood and adolescent phase. The process of neuronal
myelination continues until the early adult stage of development,
and both processes of synaptogenesis and myelination are
considered critical for optimization of neuronal connectivity
and maintenance of normal neurobehavioral functions (Semple
et al,, 2013). Interestingly, remarkable changes reportedly take
place in the sleep architecture during development, which
parallels postnatal brain maturation time line, which indicates
an important relationship between postnatal brain development
and sleep health (Semple et al, 2013; Kurth et al, 2015).
REM sleep is believed to be greatly concentrated in newborns
comprising of ~50% of the total sleep that the infants get.
During the first 2 years of life, REM sleep reduces to ~20-
25% of total time spent sleeping, a pattern which is maintained
throughout the developmental course (Louis et al., 1997). REM
sleep reportedly promotes cortical plasticity which is important
for consolidation of waking experiences in the developing brain
(Dumoulin Bridi et al., 2015). And, localization, distribution,
and coherence of sleep EEG captured from early childhood to
late adolescence period, is reflective of the brain maturation
processes. Cortical maturation follows a posterior to anterior
path, similarly, SWA follows a posterior to anterior path within
the brain regions with respect to brain maturation (Kurth
et al., 2010b). Also, EEG activity, which measures the functional
connectivity is strengthened by neuronal myelination, and
increases with maturation in a region-specific manner (Tarokh
et al., 2010; Kurth et al., 2013). Myelination is important for
maintenance of brain connectivity and regulation of functional
network maturation. Oligodendrocytes surround the axons with
myelin sheaths offering an insulation of multiple layers which
increases the conduction of action potential by 1,000-folds.
Neuronal myelination is indicated by an increase in the volume
of brain white matter. Neuronal myelination is believed to
initiate prenatally and continues throughout the early adult life
of humans. In rodents however, neuronal myelination reportedly

continues until at least between the postnatal day (PND) 30—
40. It is reported that oligodendrocyte proliferation and myelin
synthesis occurs preferentially during sleep (Toth and Neumann,
2013). This information suggests that neuronal activity during
sleep, may play an important role in brain development. By
inducing neuronal myelination, neuronal activity is reported
to enhance functional connections during brain development
(Kurth et al., 2013, 2015). Thus, sleep is considered essential
for proper neuronal network connectivity and brain maturation
process to occur during the developmental period, a sensitive
period of childhood.

Another important process during postnatal brain
development is synaptogenesis. Synaptogenesis is the process
of formation of new synapses between neurons. During brain
development, synapse overproduction occurs, which is followed
by synapse pruning and synapse elimination events. These
processes highlight the complexity of neuronal circuits during
the early life period of childhood and adolescence. It is during
these critical periods of life that synaptic plasticity and cortical
maturation are induced, which are essential for cognition. In
humans, the synapse density increases rapidly after birth and
reaches significant levels by the age of 2-3 years (Huttenlocher,
1979, 1984; Huttenlocher et al, 1982; Huttenlocher and
Dabholkar, 1997). In rodents, synaptic density peaks during
the second week after birth and reaches the adult level by
week 3-4 of age (Crain et al, 1973; Semple et al., 2013). The
timing of synapse peak and elimination is region specific. The
increase in synaptic density is correlated with the increase of
N-Methyl-D-Aspartic Acid Receptors (NMDARs) density in
the cortex which peaks at the age of 1-22 years in humans and
PND28 in rats (McDonald et al., 1990; Zhong et al., 1995; Zhang,
2006). Interestingly, rodent studies have shown that sleep is
associated with an overall loss of cortical spine while a net gain
of the spine was observed to increase during wakefulness (Maret
et al, 2011). Furthermore, in a longitudinal study of sleep EEG
conducted during childhood and adolescence periods (Campbell
and Feinberg, 2009), found a steep decline of NREM delta and
theta waves during the adolescent stage (11-16.5 years). The
authors of the study suggested that EEG changes probably are
reflective of synaptic pruning indicated by a reduction in cortical
thickness as measured by MRI methodology in adolescent
subjects (Shaw et al., 2008). In a cross-sectional study including
children and adolescents the topography of SWA was highest
over the posterior brain region in children, which then shifted
to the frontal cortex in adolescents. This shift matches with the
course of gray matter maturation (Kurth et al., 2010a; Smith
et al., 2015). The fact that SWA amplitude increases during
childhood and reaches maximum levels during puberty, and
then decreases during adolescence, suggests the interesting
possibility that SWA is probably the driving mechanism for
brain maturation processes (Ringli and Huber, 2011).

The studies which have measured the cortical volume
and the synaptic density across development in humans and
rats have established a correlation between SWA coherence
and cortical maturation (Kurth et al, 2015). This proposed
role of SWA in brain maturation is further strengthened by
the synaptic homeostasis hypothesis dsicussed above. It is
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reasonable to suggest that SWA is an indicator of synaptic
density and synaptic strength during the process of development
(Ringli and Huber, 2011). Furthermore, cortical maturation
is assocaited with progressive changes in behavioral and
cognitive functions from childhood to adulthood, which relies on
synaptic pruning and neuronal myelination (Luna and Sweeney,
2004), supporting the link between SWA, cortical maturation
and development processes of behavior, cognition and other
functions. Considering all the important changes that occur
within the brain during the developmental processes of early life,
this period seems highly sensitive to sleep deprivation. Yet the
exact relationship between brain maturation, SWA and behavior
is not well-understood and needs further investigation. This is
important as several neurobehavioral disorders are associated
with sleep problems, suggesting a bidirectional relationship
between sleep and neurobehavioral disorders. Studies conducted
in a variety of animal models especially the rodent models of
sleep deprivation by various groups around the world have
shed important light into the role sleep plays in regulation of
neurobehavioral functions. Few models are discussed below.

SIGNALING MOLECULES IMPACTED BY
SLEEP DEPRIVATION

Sleep deprivation has a profound impact on the molecular
biology of the brain, altering numerous signaling pathways
including hippocampal glutamate, acetylcholine, and GABA
systems. Studies have shown that sleep deprivation can lead to
metabolic and cognitive disturbances in brain areas involved
in learning, memory, and emotion such as the hippocampus,
amygdala, and the prefrontal cortex (Havekes et al., 2012). For
instance, a study using in vitro electrophysiological recordings
found that sleep deprivation negatively impacts hippocampal
long-term potentiation (LTP) and related signaling molecules
significantly in both the dentate gyrus and CA1 areas (Alhaider
et al, 2010), which plays an important role in learning and
memory. This is suggestive to be a product of disruptive changes
in intracellular signaling molecules and receptors including
NMDA and AMPA receptors.

Sleep can modulate excitatory synaptic transmission and
NMDA receptor function in the hippocampus, which is a
functional contributor to synaptic plasticity (Alkadhi et al., 2013).
Studies have further shown that the function of NMDA receptors
in the dentate gyrus and CA1 were disrupted after 24 h REM sleep
deprivation in mice (Chen et al., 2006).

Sleep deprivation can also negatively impact other molecular
signaling pathways such as the cAMP/PKA pathway by
increasing levels of phosphodiesterase IV, which decreases
the levels of cAMP and impairs LTP and memory (Vecsey
et al., 2009). Regulation of GABA receptors is also essential
for memory consolidation by maintaining the correct level of
synaptic inhibition. Studies suggest that sleep deprivation might
increase GABAergic signaling and suppress activity of excitatory
neurons (Havekes et al., 2012). Furthermore, synaptic plasticity
is associated with increased expression of many other proteins
such as presynaptic synapsin 1 and postsynaptic density protein

(PSD95), in addition to dendritic CaMKII and microtubule-
associated protein 2 (MAP2) (Kornau et al, 1995; Roberts
et al,, 1998; Sato et al., 2000). Interestingly, expression of PSD95
and NMDA receptors showed a similar pattern and GluN2B
subunits co-localized with PSD95 in cultured rat hippocampal
neurons, suggesting the importance of this interaction on
synaptic plasticity at excitatory synapses (Kornau et al., 1995).
Synaptic plasticity is also regulated by many other factors such as
the neuronal growth factors and downstream signaling pathways.
The brain-derived neurotrophic factor (BDNF), and the cyclic
AMP response element binding protein (CREB) are among the
factors that play an important role in synaptic plasticity (Figurov
et al., 1996).

ANIMAL MODELS OF SLEEP DEPRIVATION

To elucidate the cellular and molecular basis of sleep
deprivation associated detrimental effects, several methods
have been developed to induce sleep deprivation in
animals, mainly in rodents. Some of these methods and the
advantages/disadvantages of these methods and the mechanistic
understanding obtained from these studies are discussed below.

Platform Over Water

This method selectively deprives rodents of REM sleep. In this
method, the rodents are placed in a tank with single or multiple
platforms surrounded by water. The size of the platforms allows
the animals to sleep on it, but once they lose their muscle
tone as they enter REM sleep, they fall in the water and are
awakened, hence preventing them from entering REM sleep
(Jouvet et al.,, 1964). The control animals placed in a similar
chamber with larger platforms that allow the animals to sleep.
However, control animals in this method have been reported
to show some alterations in behavioral and neuronal functions,
suggesting the involvement of factors other than REM sleep
deprivation as being responsible for some of the phenotypes
(Marks and Wayner, 2005).

Forced Locomotion

The animals in this method are placed individually in a chamber
with a rotating drum or revolving floor which forces the animals
to keep moving. This method induces total SD; it can also be
modified to selectively target one sleep stage by continuous EEG
monitoring (Friedman et al., 1979; Roman et al., 2005). However,
the forced activity may cause fatigue for the animals inducing
external stress, which has the potential to mask the effect of SD
(Havekes et al., 2012; Alkadhi et al., 2013).

Gentle Handling

The animals in this method are disturbed by the gentle shaking
of their home cages or continuous introduction of new objects
or nesting materials (Alkadhi et al,, 2013). This method is
very effective in inducing total sleep deprivation. However, this
method involves constant vigilance by the investigator which
makes it suitable only for short periods of SD. Moreover,
personnel involvement and the introduction of new objects
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TABLE 1 | Selected sleep deprivation models and key findings.

Sleep deprivation

method

Description

Main findings

References

Modified Multiple
Platform (MMP)

Automated cage
shaking stimulus

Handling method

Flower pot model

Automated cage
shaking stimulus

Mice (3XxTgAD) were subjected to daily mild sleep
restriction for 6 h/day for 6 weeks using the MMP
technique.

The animals were sleep deprived for 48 h in an
automated cage shaking SD apparatus. SD stimulus
such as sound, light, and vibration was provided.

A microglia-mediated chronic neuroinflammatory
model was proposed, which suggested that
accumulated AB deposits and exocytosed tau bind
toll-like receptors (TLR) on microglia in the brain in
the developmental phase of AD.

C57BL/6J (B6J) male mice were sleep deprived for
2, 4, and 6 h from the onset of the light phase by
gently touching the cages when they started to
recline and lower their heads.

SD was induced using the flower pot technique for
96h.

Male Wistar rats (150-200 g, 6 weeks old) were
individually housed on a narrow circle platform (6 cm
in diameter and 2 cm in height) placed into a
standard cage (43 x 22 x 21 cm?3) surrounded by
1cm of water.

Control rats (vehicle-treated controls,
melatonin-treated control) remained in their home
cages (four rats per cage) during the experiment.

Animals (adult male Sprague-Dawley rats

(250-300 g) were sleep deprived for 48 h. They were
kept single in transparent acrylic cages (35 x 35 x
60 cm, top open).

a) Worsening of memory loss, and an accentuation of the
accumulation of pTau and AB in the cerebral cortex.

b) Significant positive correlations between plasma corticosterone
levels and pTau and AB pathologies.

a) Sleep loss affects the immune functions and increases
complement C3 level in the hippocampus and is suggested to
be associated with sleep loss.

b) This study showed increased levels of complement units along
with increased expression of C3aR and C5aR in sleep-deprived
rats.

c) Sleep deprivation (SD) memory impairment and neurogenesis
decline via complement activation.

a) Sleep deprivation (SD) and circadian rhythm disruption (CRD) is
likely to be associated with a positive risk in developing
Alzheimer’s disease in humans.

b) SD may potentially induce neuroinflammation via chronic
microglial activation and systemic inflammatory response,
aggravating AD progression.

A splicing mutation of the Sik3 protein kinase gene causes a
profound decrease in total wake time, due to an increase in
inherent sleep need. SIK3 functions in the intracellular signaling
pathway that dictates sleep need and regulates the daily amount
of sleep.

a) SD induces oxidative stress through glial activation and
decreases fragile X-mental retardation protein (FMRP)
expression in neurons.

b) The efficacy of melatonin for the treatment of sleep-related
neuronal dysfunction, which occurs in neurological disorders
such as Alzheimer’s disease and autism.

c) Sleep deprivation leads to cognitive decline.

d) Sleep deprivation induces glial activation and oxidative stress.

e) Sleep deprivation alters the balance of FMRP expression in the
brain.

f) Melatonin prevents neuronal cell death and ROS production
through FMRP regulation

a) 48h SD impaired novel object as well as location recognition
memory along with reduced presynaptic (synaptophysin &
synapsin |) and postsynaptic (PSD-95) protein expression in
the hippocampus.

b) Caffeine and modafinil treatments each rescued the changes in
presynaptic and postsynaptic proteins and improved
recognition behavioral deficits during SD.

Rothman et al.,
2013

Wadhwa et al.,
2019

Wu et al., 2019

Funato et al.,
2016

Kwon et al.,
2015

Wadhwa et al.,
2015

or nesting materials might present as additional confounding
factors (Havekes et al., 2012; Alkadhi et al., 2013).

Pinnacle Automated SD System

This apparatus consists of a cylindrical cage with a rotating bar at
the base, while the bar is rotating, it gently touches the animal’s
feet keeping them awake. This system effectively produces sleep
deprivation in rats as validated by polysomnography (Hines et al.,
2013; Wooden et al,, 2014). This system utilizes an automated
rotating bar which gently pushes the pups to move in a timed
manner. the rotating bar is not only gently and constantly
disrupts the sleep of pups but also eliminates personnel
involvement. Furthermore, in this model, two littermate pups
can be placed in the sleep deprivation (SD) apparatus together.

Having the littermate pups together during SD protocol is a
significant procedural advantage as this further eliminates the
concern of adding isolation stress (Atrooz et al., 2019; Atrooz
and Salim, 2020). A comparison of some sleep deprivation
models highlighting the major findings of the studies with
regards to the mechanistic underpinnings of sleep deprivation
and neurobehavioral functions are summarized in Table 1.

CONCLUSION

It has become evident from a variety of animal studies
that many neurobehavioral impairments develop upon sleep
deprivation. This is particularly problematic when persistent
sleep disruption happens during the critical time of brain
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development, as key processes such as cortical maturation and
synaptic pruning may be hampered from lack of sleep. Exactly
how and why that happens is an area that needs greater
inquiry which will likely reveal circuit level information. As
discussed earlier, NMDA, AMPA, cAMP-PKA and GABAergic
pathways by involving critical signaling molecules such as
PSD95, CREB, BDNE, GluN2B, CAMKII, CAMKIYV, calcineurin
etc. are plausible attractive molecular targets for effective
therapeutic interventions.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

Abrahamson, E. E., and Moore, R. Y. (2006). Lesions of suprachiasmatic nucleus
efferents selectively affect rest-activity rhythm. Mol. Cell. Endocrinol. 252,
46-56. doi: 10.1016/j.mce.2006.03.036

Al-Abri, M. A. (2015). Sleep deprivation and depression: a bi-directional
association. Sultan Qaboos Univ. Med. . 15, e4-6.

Alhaider, I. A., Aleisa, A. M., Tran, T. T., Alzoubi, K. H., and Alkadhi, K.
A. (2010). Chronic caffeine treatment prevents sleep deprivation-induced
impairment of cognitive function and synaptic plasticity. Sleep 33, 437-444.
doi: 10.1093/sleep/33.4.437

Alkadhi, K., Zagaar, M., Alhaider, I, Salim, S., and Aleisa, A. (2013).
Neurobiological consequences of sleep deprivation. Curr. Neuropharmacol. 11,
231-249. doi: 10.2174/1570159X11311030001

Astill, R. G., Van der Heijden, K. B., Van Ijzendoorn, M. H. and Van
Someren, E. J. (2012). Sleep, cognition, and behavioral problems in school-age
children: a century of research meta-analyzed. Psychol. Bull. 138, 1109-1138.
doi: 10.1037/20028204

Atrooz, F., Liu, H, Kochi, C, and Salim, S. (2019). Early life sleep
deprivation: role of oxido-inflammatory processes. Neuroscience 406, 22-37.
doi: 10.1016/j.neuroscience.2019.02.021

Atrooz, F., and Salim, S. (2020). Sleep deprivation, oxidative stress
and inflammation. Adv. Protein Chem. Struct. Biol. 119, 309-336.
doi: 10.1016/bs.apcsb.2019.03.001

Beebe, D. W., Rose, D., and Amin, R. (2010). Attention learning and arousal of
experimentally sleep-restricted adolescents in a simulated classroom. J. Adolesc.
Health 47, 523-525. doi: 10.1016/j.jadohealth.2010.03.005

Borbely, A. A. (1982a). Sleep regulation. Introduction. Hum. Neurobiol.
1, 161-162.

Borbely, A. A. (1982b). A two process model of sleep regulation. Hum. Neurobiol.
1, 195-204.

Campbell, I. G., and Feinberg, I. (2009). Longitudinal trajectories of non-rapid eye
movement delta and theta EEG as indicators of adolescent brain maturation.
Proc. Natl. Acad. Sci. U.S.A. 106, 5177-5180. doi: 10.1073/pnas.0812947106

Chen, C., Hardy, M., Zhang, J., LaHoste, G. J., and Bazan, N. G. (2006).
Altered NMDA receptor trafficking contributes to sleep deprivation-induced
hippocampal synaptic and cognitive impairments. Biochem. Biophys. Res.
Commun. 340, 435-440. doi: 10.1016/j.bbrc.2005.12.021

Crain, B., Cotman, C., Taylor, D., and Lynch, G. (1973). A quantitative electron
microscopic study of synaptogenesis in the dentate gyrus of the rat. Brain Res.
63:195-204. doi: 10.1016/0006-8993(73)90088-7

Datta, S. (2010). Cellular and chemical neuroscience of mammalian sleep. Sleep
Med. 11, 431-440. doi: 10.1016/j.sleep.2010.02.002

Dewald, J. F., Meijer, A. M., Oort, F. J., Kerkhof, G. A., and Bogels, S. M.
(2010). The influence of sleep quality, sleep duration and sleepiness on school
performance in children and adolescents: a meta-analytic review. Sleep Med.
Rev. 14, 179-189. doi: 10.1016/j.smrv.2009.10.004

AUTHOR CONTRIBUTIONS

GA, AH, and AP conducted literature review and prepared
the first draft of this review article. SS and FA revised
the first draft of the manuscript. SS finalized the draft
after several layers of edits and iterations by all authors.
All authors contributed to the article and approved the
submitted version.

FUNDING

Funding for this research was provided by a grant from the
National Institutes of Health (2R15 MH093918-02), GEAR, and
SGP grants awarded to SS.

Dumoulin Bridi, M. C., Aton, S. J., Seibt, J., Renouard, L., Coleman, T., and
Frank, M. G. (2015). Rapid eye movement sleep promotes cortical plasticity
in the developing brain. Sci. Adv. 1, e1500105. doi: 10.1126/sciadv.150
0105

Figurov, A., Pozzo-Miller, L. D., Olafsson, P., Wang, T., and Lu, B. (1996).
Regulation of synaptic responses to high-frequency stimulation and LTP by
neurotrophins in the hippocampus. Nature 381, 706-709.

Fredriksen, K., Rhodes, J., Reddy, R., and Way, N. (2004). Sleepless in Chicago:
tracking the effects of adolescent sleep loss during the middle school years.
Child Dev. 75, 84-95. doi: 10.1111/j.1467-8624.2004.00655.x

Friedman, L., Bergmann, B. M., and Rechtschaffen, A. (1979). Effects of sleep
deprivation on sleepiness, sleep intensity, and subsequent sleep in the rat. Sleep
1, 369-391. doi: 10.1093/sleep/1.4.369

Funato, H., Miyoshi, C., Fujiyama, T., Kanda, T., Sato, M., Wang, Z., et.al. (2016).
Forward-genetics analysis of sleep in randomly mutagenized mice. Nature 539,
378-383. doi: 10.1038/nature20142

Gessa, G. L., Pani, L., Fadda, P., and Fratta, W. (1995). Sleep deprivation in the
rat: an animal model of mania. Eur. Neuropsychopharmacol. 5(Suppl), 89-93.
doi: 10.1016/0924-977X(95)00023-1

Gregory, A. M., Caspi, A., Eley, T. C., Moffitt, T. E., Oconnor, T. G., and Poulton, R.
(2005). Prospective longitudinal associations between persistent sleep problems
in childhood and anxiety and depression disorders in adulthood. J. Abnorm.
Child Psychol. 33, 157-163. doi: 10.1007/s10802-005-1824-0

Gregory, A. M., and Sadeh, A. (2012). Sleep, emotional and behavioral
difficulties in children and adolescents. Sleep Med. Rev. 16, 129-136.
doi: 10.1016/j.smrv.2011.03.007

Havekes, R., Vecsey, C. G., and Abel, T. (2012). The impact of sleep deprivation
on neuronal and glial signaling pathways important for memory and
synaptic plasticity. Cell. Signal. 24, 1251-1260. doi: 10.1016/j.cellsig.2012.
02.010

Hines, D. J., Schmitt, L. I, Hines, R. M., Moss, S. J., and Haydon, P. G.
(2013). Antidepressant effects of sleep deprivation require astrocyte-
dependent adenosine mediated signaling. Transl. Psychiatry 3, e212.
doi: 10.1038/tp.2012.136

Hirshkowitz, M., Whiton, K. Albert, S. M., Alessi, C., Bruni, O,
DonCarlos, L., et al. (2015). National sleep foundation’s updated sleep
duration recommendations: final report. Sleep Health 1, 233-243.
doi: 10.1016/j.sleh.2015.10.004

Huttenlocher, P. R. (1979). Synaptic density in human frontal cortex -
developmental changes and effects of aging. Brain Res. 163, 195-205.
doi: 10.1016/0006-8993(79)90349-4

Huttenlocher, P. R. (1984). Synapse elimination and plasticity in developing
human cerebral cortex. Am. J. Ment. Defic. 88, 488-496.

Huttenlocher, P. R., and Dabholkar, A. S. (1997). Regional differences in
synaptogenesis in human cerebral cortex. J. Comp. Neurol. 387, 167-178.
doi: 10.1002/(SICI)1096-9861(19971020)387:2andlt;167:: AID-CNElandgt;3.0.
COs2-Z

Frontiers in Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 833786


https://doi.org/10.1016/j.mce.2006.03.036
https://doi.org/10.1093/sleep/33.4.437
https://doi.org/10.2174/1570159X11311030001
https://doi.org/10.1037/a0028204
https://doi.org/10.1016/j.neuroscience.2019.02.021
https://doi.org/10.1016/bs.apcsb.2019.03.001
https://doi.org/10.1016/j.jadohealth.2010.03.005
https://doi.org/10.1073/pnas.0812947106
https://doi.org/10.1016/j.bbrc.2005.12.021
https://doi.org/10.1016/0006-8993(73)90088-7
https://doi.org/10.1016/j.sleep.2010.02.002
https://doi.org/10.1016/j.smrv.2009.10.004
https://doi.org/10.1126/sciadv.1500105
https://doi.org/10.1111/j.1467-8624.2004.00655.x
https://doi.org/10.1093/sleep/1.4.369
https://doi.org/10.1038/nature20142
https://doi.org/10.1016/0924-977X(95)00023-I
https://doi.org/10.1007/s10802-005-1824-0
https://doi.org/10.1016/j.smrv.2011.03.007
https://doi.org/10.1016/j.cellsig.2012.02.010
https://doi.org/10.1038/tp.2012.136
https://doi.org/10.1016/j.sleh.2015.10.004
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.1002/(SICI)1096-9861(19971020)387:2andlt;167::AID-CNE1andgt;3.0.CO;2-Z
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Alrousan et al.

Sleep Deprivation, Brain Development and Behavior

Huttenlocher, P. R, de Courten, C., Garey, L. J, and Van der Loos,
H. (1982). Synaptogenesis in human visual cortex-evidence for synapse
elimination during normal development. Neurosci. Lett. 33, 247-252.
doi: 10.1016/0304-3940(82)90379-2

Jiang, F. (2019). Sleep and early brain development. Ann. Nutr. Metab. 75(Suppl.
1), 44-54. doi: 10.1159/000508055

Jouvet, D., Vimont, P., Delorme, F., and Jouvet, M. (1964). [Study of selective
deprivation of the paradoxal sleep phase in the cat]. C. R. Seances Soc. Biol.
Fil. 158, 756-759.

Kalia, M. (2006). Neurobiology of sleep. Metabolism 55(10 Suppl. 2), S2-6.
doi: 10.1016/j.metabol.2006.07.005

Konrad, C., and Seehagen, S. (2021). The effect of napping and nighttime
sleep on memory in infants. Adv. Child Dev. Behav. 60, 31-56.
doi: 10.1016/bs.acdb.2020.08.003

Kornau, H. C,, Schenker, L. T., Kennedy, M. B., and Seeburg, P. H. (1995). Domain
interaction between NMDA receptor subunits and the postsynaptic density
protein PSD-95. Science 269, 1737-1740.

Krueger, J. M., Frank, M. G., Wisor, J. P, and Roy, S. (2016). Sleep
function: toward elucidating an enigma. Sleep Med. Rev. 28, 46-54.
doi: 10.1016/j.smrv.2015.08.005

Krueger, J. M., and Obal, F. Jr. (2003). Sleep function. Front. Biosci. 8, d511-519.
doi: 10.2741/1031

Kurth, S., Achermann, P., Rusterholz, T., and Lebourgeois, M. K. (2013).
Development of brain EEG Connectivity across early childhood: does sleep play
arole? Brain Sci. 3, 1445-1460. doi: 10.3390/brainsci3041445

Kurth, S., Jenni, O. G., Riedner, B. A., Tononi, G., Carskadon, M. A., and Huber, R.
(2010a). Characteristics of sleep slow waves in children and adolescents. Sleep
33, 475-480. doi: 10.1093/sleep/33.4.475

Kurth, S., Olini, N., Huber, R., and LeBourgeois, M. (2015). Sleep and early cortical
development. Curr. Sleep Med. Rep. 1, 64-73. doi: 10.1007/s40675-014-0002-8

Kurth, S., Ringli, M., Geiger, A., LeBourgeois, M., Jenni, O. G., and Huber,
R. (2010b). Mapping of cortical activity in the first two decades of life: a
high-density sleep electroencephalogram study. J. Neurosci. 30, 13211-13219.
doi: 10.1523/JNEUROSCI.2532-10.2010

Kwon, K. J., Lee, E. J., Kim, M. K,, Jeon, S. J., Choi, Y. Y., Shin, C. Y., et al.
(2015). The potential role of melatonin on sleep deprivation-induced cognitive
impairments: implication of FMRP on cognitive function. Neuroscience 301,
403-414. doi: 10.1016/j.neuroscience.2015.05.079

Lopez, J., Hoffmann, R., and Armitage, R. (2010). Reduced sleep spindle activity
in early-onset and elevated risk for depression. J. Am. Acad. Child Adolesc.
Psychiatry 49, 934-943. doi: 10.1016/j.jaac.2010.05.014

Louis, J., Cannard, C., Bastuji, H., and Challamel, M. J. (1997). Sleep ontogenesis
revisited: a longitudinal 24-hour home polygraphic study on 15 normal infants
during the first two years of life. Sleep 20, 323-333. doi: 10.1093/sleep/20.5.323

Luna, B., and Sweeney, J. A. (2004). The emergence of collaborative brain function:
EMRI studies of the development of response inhibition. Ann. N. Y. Acad. Sci.
1021, 296-309. doi: 10.1196/annals.1308.035

Ma, W., Song, J., Wang, H., Shi, F, Zhou, N., Jiang, J., et al. (2019).
Chronic paradoxical sleep deprivation-induced depression-like behavior,
energy metabolism and microbial changes in rats. Life Sci. 225, 88-97.
doi: 10.1016/j.1£5.2019.04.006

Maret, S., Faraguna, U., Nelson, A. B, Cirelli, C., and Tononi, G. (2011). Sleep and
waking modulate spine turnover in the adolescent mouse cortex. Nat. Neurosci.
14, 1418-1420. doi: 10.1038/nn.2934

Marks, C. A., and Wayner, M. J. (2005). Effects of sleep disruption on
rat dentate granule cell LTP in vivo. Brain Res. Bull. 66, 114-119.
doi: 10.1016/j.brainresbull.2005.03.018

Maski, K. P, and Kothare, S. V. (2013). Sleep deprivation and
neurobehavioral functioning in children. Int. J. Psychophysiol. 89, 259-264.
doi: 10.1016/j.ijpsycho.2013.06.019

McDonald, J. W., Johnston, M. V., and Young, A. B. (1990). Differential
ontogenic development of three receptors comprising the NMDA
receptor/channel complex in the rat hippocampus. Exp. Neurol. 110, 237-247.
doi: 10.1016/0014-4886(90)90035-Q

O’Brien, E. M., and Mindell, J. A. (2005). Sleep and risk-taking behavior
in adolescents. Behav. Sleep Med. 3, 113-133. doi: 10.1207/s15402010bsm0
303_1

Paavonen, E. J., Riikkonen, K., Lahti, J., Komsi, N., Heinonen, K., Pesonen, A.
K., et al. (2009). Short sleep duration and behavioral symptoms of attention-
deficit/hyperactivity disorder in healthy 7- to 8-year-old children. Pediatrics
123, E857-E864. doi: 10.1542/peds.2008-2164

Ringli, M., and Huber, R. (2011). Developmental aspects of sleep slow waves:
linking sleep, brain maturation and behavior. Prog. Brain Res. 193:63-82.
doi: 10.1016/B978-0-444-53839-0.00005-3

Roberts, L. A., Large, C. H., Higgins, M. J., Stone, T. W., O’Shaughnessy, C. T.,
and Morris, B. J. (1998). Increased expression of dendritic mRNA following the
induction of long-term potentiation. Brain Res. Mol. Brain Res. 56, 38-44.

Roman, V., Van der Borght, K., Leemburg, S. A., Van der Zee, E. A., and
Meerlo, P. (2005). Sleep restriction by forced activity reduces hippocampal
cell proliferation. Brain Res. 1065, 53-59. doi: 10.1016/j.brainres.2005.
10.020

Rothman, S. M., Herdener, N., Frankola, K. A., Mughal, M. R,, and Mattson,
M. P. (2013). Chronic mild sleep restriction accentuates contextual
memory impairments, and accumulations of cortical AP and pTau
in a mouse model of Alzheimers disease. Brain Res. 1529, 200-208.
doi: 10.1016/j.brainres.2013.07.010

Sadeh, A., Gruber, R., and Raviv, A. (2002). Sleep, neurobehavioral functioning,
and behavior problems in school-age children. Child Dev. 73, 405-417.
doi: 10.1111/1467-8624.00414

Sato, K., Morimoto, K., Suemaru, S. Sato, T., and Yamada, N. (2000).
Increased synapsin I immunoreactivity during long-term potentiation in rat
hippocampus. Brain Res. 872, 219. doi: 10.1016/S0006-8993(00)02460-4

Seehagen, S., Charlton, S., Starkey, N, Fallaize, A., Brown, J., and Jones, K. (2021).
The role of prior sleep for divergent thinking in infants. J. Sleep Res. 1, e13457.
doi: 10.1111/jsr.13457

Seehagen, S., Konrad, C., Herbert, J. S., and Schneider, S. (2015). Timely sleep
facilitates declarative memory consolidation in infants. Proc. Natl. Acad. Sci.
U.S.A. 112, 1625-1629. doi: 10.1073/pnas.1414000112

Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M., and Noble-Haeusslein, L.
J. (2013). Brain development in rodents and humans: identifying benchmarks
of maturation and vulnerability to injury across species. Prog. Neurobiol.
106-107, 1-16. doi: 10.1016/j.pneurobio.2013.04.001

Shaw, P., Kabani, N. J., Lerch, J. P., Eckstrand, K., Lenroot, R., Gogtay, N.,
et al. (2008). Neurodevelopmental trajectories of the human cerebral cortex.
J. Neurosci. 28, 3586-3594. doi: 10.1523/JNEUROSCI.5309-07.2008

Smith, C. J., Wilkins, K. B., Mogavero, J. N., and Veenema, A. H. (2015). Social
novelty investigation in the juvenile rat: modulation by the mu-Opioid system.
J. Neuroendocrinol. 27, 752-764. doi: 10.1111/jne.12301

Stenberg, D., and Porkka-Heiskanen, T. (1990). [Regulation of sleep]. Duodecim
106, 1608-1615.

Steriade, M., McCormick, D. A., and Sejnowski, T. J. (1993). Thalamocortical
oscillations in the sleeping and aroused brain. Science 262, 679-685.
doi: 10.1126/science.8235588

Tarokh, L., Carskadon, M. A., and Achermann, P. (2010). Developmental changes
in brain connectivity assessed using the sleep EEG. Neuroscience 171, 622-634.
doi: 10.1016/j.neuroscience.2010.08.071

Toth, I., and Neumann, I. D. (2013). Animal models of social avoidance and social
fear. Cell Tissue Res. 354, 107-118. doi: 10.1007/s00441-013-1636-4

Touchette, E., Cote, S. M., Petit, D., Liu, X., Boivin, M., Falissard, B., et al.
(2009). Short nighttime sleep-duration and hyperactivity trajectories in early
childhood. Pediatrics 124, €985-993. doi: 10.1542/peds.2008-2005

Touchette, E., Petit, D., Tremblay, R. E., Boivin, M., Falissard, B., Genolini, C., et al.
(2008). Associations between sleep duration patterns and overweight/obesity at
age 6. Sleep 31, 1507-1514. doi: 10.1093/sleep/31.11.1507

Vecsey, C. G., Baillie, G. S., Jaganath, D., Havekes, R., Daniels, A., Wimmer, M.,
et al. (2009). Sleep deprivation impairs cAMP signalling in the hippocampus.
Nature 461, 1122-1125. doi: 10.1038/nature08488

Vollert, C., Zagaar, M., Hovatta, 1., Taneja, M., Vu, A,, Dao, A,, et al. (2011).
Exercise prevents sleep deprivation-associated anxiety-like behavior in rats:
potential role of oxidative stress mechanisms. Behav. Brain Res. 224, 233-240.
doi: 10.1016/j.bbr.2011.05.010

Wadhwa, M., Prabhakar, A., Anand, J. P., Ray, K, Prasad, D. Kumar,
B., et al. (2019). Complement activation sustains neuroinflammation and
deteriorates adult neurogenesis and spatial memory impairment in rat

Frontiers in Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 833786


https://doi.org/10.1016/0304-3940(82)90379-2
https://doi.org/10.1159/000508055
https://doi.org/10.1016/j.metabol.2006.07.005
https://doi.org/10.1016/bs.acdb.2020.08.003
https://doi.org/10.1016/j.smrv.2015.08.005
https://doi.org/10.2741/1031
https://doi.org/10.3390/brainsci3041445
https://doi.org/10.1093/sleep/33.4.475
https://doi.org/10.1007/s40675-014-0002-8
https://doi.org/10.1523/JNEUROSCI.2532-10.2010
https://doi.org/10.1016/j.neuroscience.2015.05.079
https://doi.org/10.1016/j.jaac.2010.05.014
https://doi.org/10.1093/sleep/20.5.323
https://doi.org/10.1196/annals.1308.035
https://doi.org/10.1016/j.lfs.2019.04.006
https://doi.org/10.1038/nn.2934
https://doi.org/10.1016/j.brainresbull.2005.03.018
https://doi.org/10.1016/j.ijpsycho.2013.06.019
https://doi.org/10.1016/0014-4886(90)90035-Q
https://doi.org/10.1207/s15402010bsm0303_1
https://doi.org/10.1542/peds.2008-2164
https://doi.org/10.1016/B978-0-444-53839-0.00005-3
https://doi.org/10.1016/j.brainres.2005.10.020
https://doi.org/10.1016/j.brainres.2013.07.010
https://doi.org/10.1111/1467-8624.00414
https://doi.org/10.1016/S0006-8993(00)02460-4
https://doi.org/10.1111/jsr.13457
https://doi.org/10.1073/pnas.1414000112
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.1523/JNEUROSCI.5309-07.2008
https://doi.org/10.1111/jne.12301
https://doi.org/10.1126/science.8235588
https://doi.org/10.1016/j.neuroscience.2010.08.071
https://doi.org/10.1007/s00441-013-1636-4
https://doi.org/10.1542/peds.2008-2005
https://doi.org/10.1093/sleep/31.11.1507
https://doi.org/10.1038/nature08488
https://doi.org/10.1016/j.bbr.2011.05.010
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Alrousan et al.

Sleep Deprivation, Brain Development and Behavior

hippocampus following sleep deprivation. Brain Behav. Immun. 82, 129-144.
doi: 10.1016/j.bbi.2019.08.004

Wadhwa, M., Sahu, S., Kumari, P., Kauser, H., Ray, K., and Panjwani, U. (2015).
Caffeine and modafinil given during 48h sleep deprivation modulate object
recognition memory and synaptic proteins in the hippocampus of the rat.
Behav. Brain Res. 294, 95-101. doi: 10.1016/j.bbr.2015.08.002

Wooden, J. L, Pido, J., Mathews, H., Kieltyka, R., Montemayor, B. A., and Ward,
C. P. (2014). Sleep deprivation impairs recall of social transmission of food
preference in rats. Nat. Sci. Sleep 6, 129-135. doi: 10.2147/NSS.S68611

Wu, H., Dunnett, S., Ho, Y. S., and Chang, R. C. C. (2019). The role of sleep
deprivation and circadian rhythm disruption as risk factors of Alzheimer’s
disease. Front. Neuroendocrinol. 54, 100764. doi: 10.1016/j.yfrne.2019.10
0764

Wulff, K., Gatti, S., Wettstein, J. G., and Foster, R. G. (2010). Sleep and circadian
rhythm disruption in psychiatric and neurodegenerative disease. Nat. Rev.
Neurosci. 11, 589-599. doi: 10.1038/nrn2868

Zhang, Z. W. (2006). Canadian Association of Neurosciences review: postnatal
development of the mammalian neocortex: role of activity revisited. Can. J.
Neurol. Sci. 33, 158-169. doi: 10.1017/S0317167100004911

Zhong, J., Carrozza, D. P., Williams, K., Pritchett, D. B., and Molinoff, P. B. (1995).
Expression of mRNAs encoding subunits of the NMDA receptor in developing

rat brain. J. Neurochem. 64, 531-539. doi: 10.1046/j.1471-4159.1995.6402
0531.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Alrousan, Hassan, Pillai, Atrooz and Salim. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 833786


https://doi.org/10.1016/j.bbi.2019.08.004
https://doi.org/10.1016/j.bbr.2015.08.002
https://doi.org/10.2147/NSS.S68611
https://doi.org/10.1016/j.yfrne.2019.100764
https://doi.org/10.1038/nrn2868
https://doi.org/10.1017/S0317167100004911
https://doi.org/10.1046/j.1471-4159.1995.64020531.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Early Life Sleep Deprivation and Brain Development: Insights From Human and Animal Studies
	Introduction
	Sleep Physiology

	Sleep and Postnatal Brain Development
	Signaling Molecules Impacted by Sleep Deprivation
	Animal Models of Sleep Deprivation
	Platform Over Water
	Forced Locomotion
	Gentle Handling
	Pinnacle Automated SD System

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


