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Abstract

Modern life poses many threats to good-quality sleep, challenging brain health across the lifespan.
Curtailed or fragmented sleep may be particularly damaging during adolescence, when sleep
disruption by delayed chronotypes and societal pressures coincides with our brains preparing for
adult life via intense refinement of neural connectivity. These vulnerabilities converge on the
prefrontal cortex, one of the last brain regions to mature and a central hub of the limbic-cortical
circuits underpinning decision-making, reward processing, social interactions and emotion. Even
subtle disruption of prefrontal cortical development during adolescence may therefore have
enduring impact. In this review, we integrate synaptic and circuit mechanisms, glial biology,
sleep neurophysiology and epidemiology, to frame a hypothesis highlighting the implications of
adolescent sleep disruption for the neural circuitry of the prefrontal cortex. Convergent evidence
underscores the importance of acknowledging, quantifying and optimizing adolescent sleep’s
contributions to normative brain development and to lifelong mental health.
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1 Introduction

Mental, neurological, and substance use disorders contribute 13% of the global burden
of disease and are predicted to be the main cause of global mortality and morbidity
by 2030 (World Health Organisation, 2011). The origin of many adult mental health
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problems includes atypical neurodevelopment driven by complex interactions between
biological, environmental, and psycho-social factors (Paus et al., 2008). The adolescent
transition to adulthood is particularly important, and coincides with presentation of several
neuropsychiatric disorders (Blakemore, 2019; Solmi et al., 2021) (Fig. 1A). Adolescence
is heralded by the onset of puberty and reflects a complex recipe of endocrine, somatic
and nervous system developments (Appendix A), including sleep and circadian changes.
Adolescents acquire an offset chronotype characterized by delayed sleep and rise times,
leaving them misaligned with adult society and often misconstrued as “lazy”. This shifted
chronotype means adolescent sleep becomes trapped between the biological drive for
delayed sleep onset and societal demands for early waking (Tarokh et al., 2016). This issue
has come to the fore recently following links between sleep loss and reduced academic
performance (Beebe et al., 2017; Hysing et al., 2016; Urrila et al., 2017). However, as

we discuss in this review, a more profound problem looms: compromised sleep may
encumber normal adolescent brain development and increase the risk of lifelong mental
health struggles.

Insufficient adolescent sleep is a growing global trend. Large (>250,000) cohort studies
indicate that the proportion of adolescents regularly sleeping for >7h per night has decreased
to less than 40% over the past 20 years (Keyes et al., 2015), while adolescents left
undisturbed tend to sleep for >9h per night (Carskadon, 2011) (Fig. 1B). Epidemiological
data consistently reveal that 18-year-old school pupils sleep 1-3h less per night than 12-year-
olds, independent of country. This effect is likely exacerbated by features of modern society
including caffeine, internet communication (Crone and Konijn, 2018), physical inactivity
and socioeconomic disparities (Jarrin et al., 2014; Owens et al., 2014). Paralleling this
reduction in sleep is a stark increase in the prevalence of adolescent mental health disorders,
a trend not observed in older age groups (Twenge et al., 2019). Societal constraints on sleep-
wake times may therefore add further pressure to adolescent mental well-being, already
strained by concerns over global pandemics, climate change, racial discrimination, reduced
job prospects and long-term insecurity. The consequences of such a burden are yet to unfold,
but are clearly of immense societal significance given the huge reduction in quality of life
and vast financial costs associated with the treatment and lifelong care of young people who
develop mental health disorders.

It is therefore vital to integrate understanding of sleep’s contributions to both healthy
and disordered adolescent brain development with mechanistic routes through which
sleep disruption impacts adolescent mental health (Galvan, 2020). To do so, we must
identify brain hubs that are central to the aetiology of mental health disorders, impacted
by sleep quality and quantity and particularly susceptible to insult during adolescent
neurodevelopment. One lead candidate is the prefrontal cortex (PFC), which functions as
the brain’s “central executive” and mediates a wide array of cognitive processes (Miller
and Cohen, 2001). The PFC is associated with many of the afflictions that emerge during
adolescence (Larsen and Luna, 2018) and functions as a key hub linking cortical and
limbic brain regions implicated in cognitive and affective (dys)function (Goldstein and
Walker, 2014; Krause et al., 2017). The PFC also receives dense neuromodulatory input
from structures involved in regulating sleep and arousal, while suboptimal PFC function is
a consistent symptom of the sleep-deprived brain (Krause et al., 2017). The adolescent
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PFC is also highly sensitive to psycho-social stress and associated signalling via the
hypothalamic-pituitary-adrenocortical (HPA) axis (Appendix B). These factors all converge
on an adolescent PFC undergoing intensive refinement of the connectivity scaffolded during
childhood (Larsen and Luna, 2018; Sydnor et al., 2021). Emerging evidence suggests that
disrupting prefrontal adolescent maturation may be uniquely damaging (Canetta et al.,
2021), with profound implications for the numerous cortico-limbic networks routed through
this central cognitive hub.

Triangulating across neurodevelopmental and cognitive neuroscientific and
psychopathological domains prompts the hypothesis that the adolescent PFC, rendered
vulnerable by immaturity and a flurry of interdependent neurodevelopmental changes, is
highly sensitive to the cumulative consequences of chronic sleep disruption. Factors that
limit adolescent sleep may therefore impede normal, healthy maturation of the PFC, and in
some cases add to or amplify other sources of early-life adversity to cause enduring damage,
placing teenagers at greater risk of lifelong cognitive and psychiatric impairment.

Can this hypothesis be definitively tested and mapped to causal mechanisms? Does the
neurobiology of adolescence unveil aetiologies that bind sleep and sleep disruption to PFC
development and psychopathology and, if so, what are the implications for lifelong health?
In this review, we aim to provide mechanistic insights into how chronic adolescent sleep
loss not only promotes acute lapses in cognition, affective status and psychotic episodes,
but may also cause maladaptive, long-lasting network and cellular-level deficits. To do so,
we first summarize epidemiological evidence linking adolescent chronic sleep disturbance
with increased risks of developing neuropsychiatric disorders such as depression and
schizophrenia. We then focus on the neurobiology of PFC development during adolescence
and sleep’s central roles in its maturation, highlighting some of the effects of sleep
disturbances at the cellular and network level. Finally, we propose opportunities for future
research and treatment: measuring sleep and its hallmark brain activity opens a non-invasive
window onto brain development, enabling early detection and personalized intervention at
population-relevant scales.

2 Associations between adolescent sleep disruption and neuropsychiatry

When analysing sleep disturbances, interrelated metrics of both quantity and quality are
key. Sleep quantity refers to the time spent asleep, while quality is harder to define and
can be based on subjective report of how restorative sleep feels, and/or neurophysiological
metrics such as slow-wave activity. Most studies of sleep disruption are in adults, and
infer these metrics from questionnaires; standardization is limited, though the evolution
of wearable devices is enabling more objective and longitudinal measures (Imtiaz, 2021)
that may illuminate different strata of the umbrella diagnosis of “insomnia” (Crouse et al.,
2021). While sleep ‘quality’ is more nuanced and challenging to quantify than ‘quantity’,
it does appear to be the better measure of restorative sleep, and predictor of mental health
status. Consensus, composite measures of “sleep health” incorporating both psychological
and physiological measures would certainly advance the field, though measures may need
tuning to capture specific aspects of sleep need and physiology at different ages; healthy
sleep in a newborn would not be healthy in a pensioner.
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Adolescence is characterised by shifting social relationships, increased emotional reactivity,
risk taking and greater propensity for drug and alcohol abuse (Blakemore and Mills, 2014;
Larsen and Luna, 2018; Spear, 2000). Even amongst otherwise healthy subjects, disrupted
sleep seems to amplify the adolescent phenotype, with sleep deprived adolescents displaying
elevated risk-taking behaviour including sexual risk-taking, alcohol and drug use (Lee et al.,
2012b; Logan et al., 2018; Short and Weber, 2018; Weaver et al., 2018). A study of healthy
college students who all obtained 7 hours sleep per night showed that sleep quality has a
marked effect on measures of daytime sleepiness, physical and mental wellbeing (Pilcher et
al., 1997). Poor sleep hygiene and consequential reductions in sleep quality also correlate
with depression in students (Peach et al., 2016), while adolescents undergoing insomnia
evaluations show strong links between various metrics of sleep quality and ADHD, conduct
disorder, anxiety and affective problems (Van et al., 2019).

Depression and anxiety reflect the commonest mental health complaints in adolescents.
Chronic periods of reduced sleep (Appendix B) negatively influence mood and emotional
regulation in adolescents (Fuligni and Hardway, 2006; Lemola et al., 2013), while increased
sleep has the opposite effect, reducing rates of anxiety and depression (Ojio et al., 2016)
and predicting a lower likelihood of recent cigarette and marijuana use at 2-year follow-up
(Pasch et al., 2012). Even a few nights of sleep restriction can impact adolescent cognitive
performance and disposition, with effects increasing cumulatively despite weekend sleep
catch-ups (Lo and Chee, 2020; Talbot et al., 2010). Sleep’s impact on the adolescent brain
has been linked to the limbic system, which plays a key role in regulating affective status
(Goldstein and Walker, 2014). Interestingly, adult insomniacs are more likely to re-engage
limbic circuits during recall of emotional memories, a phenotype reminiscent of the limbic-
dominated adolescent (Wassing et al., 2019).

Links between sleep and depression have been explored in longitudinal studies targeting pre-
and peri-adolescent cohorts across the globe, revealing how self-reported sleep disturbances
or reduced number of average hours spent sleeping per night during early adolescence
predict instances of depression later in life (Alvaro et al., 2014; Gobin et al., 2015;
Goldstone et al., 2020; Ojio et al., 2016; Orchard et al., 2020); cf Cheng et al., (Cheng

et al., 2020). In the extreme, sleep loss and concomitant effects on mood increase suicide
risk (Lee et al., 2012b; Liu, 2004; Weaver et al., 2018), with adolescents self-reporting less
than 6 hours sleep per night three times more likely to consider suicide than those achieving
8 hours sleep (Weaver et al., 2018).

Sleep disruption also presents during premorbid stages of schizophrenia and strongly
associates with psychatic experiences across healthy, at-risk and patient populations
(Andorko et al., 2017; Davies et al., 2017; Hennig and Lincoln, 2018; Kahn-Greene et

al., 2007; Lee et al., 2012a; Mayeli et al., 2021; Mulligan et al., 2016; S. Reeve et al.,

2019). In adolescents at ultra-high risk (UHR) of developing psychosis, several sleep metrics
predict the longitudinal course of psychotic symptoms (Lunsford-Avery et al., 2017, 2013).
Turbulent sleep caused by nightmares, even if occurring many years prior, can portend both
psychatic experience (Thompson et al., 2015) and suicidal ideation (Liu, 2004; Russell et
al., 2018), highlighting the predictive capacity of sleep quality in the context of adolescent
mental health (Oshima et al., 2010).
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While links between sleep disturbances and neuropsychiatric symptoms are well
documented (Koyanagi and Stickley, 2015; Kraepelin, 1919; Lovato et al., 2017,
O’Callaghan et al., 2021), they were initially considered as secondary features of the
disorders or side effects of medication (Reeve et al., 2015; Rehman et al., 2017). More
recently a complex, bidirectional association has emerged. For example, the quality of the
previous night’s sleep can influence the instance of positive (Mulligan et al., 2016; Reeve et
al., 2015) and negative symptoms (Lunsford-Avery et al., 2013) in both psychotic patients
and those at risk of schizophrenia. Amongst schizophrenia patients, those presenting with
co-morbid clinical sleep disorders displayed elevated paranoia, hallucinations, cognitive
disorganization, depression, and anxiety (Sarah Reeve et al., 2019). Recurring sleep
disturbance in adolescents with affective disorders also indicates those most likely to
relapse, or least likely to respond to treatment (Clarke and Harvey, 2012; J. Emslie et al.,
2001).

Causal links are supported by observations that treatment with Cognitive Behavioural
Therapy for Insomnia (CBTi) both improves sleep quality and reduces paranoia,
hallucinations, anxiety and depression in clinical and non-clinical samples (Cunningham
and Shapiro, 2018; Freeman et al., 2015; Waite et al., 2018). This broad therapeutic effect
is significant given that sleep’s association with psychosis is partially mediated by negative
affect (Hennig and Lincoln, 2018; Mulligan et al., 2016; Reeve et al., 2018; S. Reeve et al.,
2019).

In summary, convergent evidence indicates that adolescent sleep impairment increases
detrimental patterns of behaviour (Logan et al., 2018; Short and Weber, 2018; Weaver

et al., 2018), predicts the emergence of mental health disorders (Goldstone et al., 2020;
Lunsford-Avery et al., 2013; Orchard et al., 2020) and correlates with symptom severity and
duration (Fuligni and Hardway, 2006; Lemola et al., 2013; Sarah Reeve et al., 2019). These
observations support the hypothesis that impaired sleep negatively impacts adolescent brain
function and, in severe cases, promotes neuropsychiatric symptoms with potentially lifelong
consequences.

However, the range of sleep disturbances associated with poor mental health is wide and
often derived from subjective, non-standardized evaluation of sleep quality, duration, and
rhythmicity. Studies of objective sleep measures encompassing the period before and after
neuropsychiatric symptom manifestation are limited, have small sample sizes, rarely target
adolescents, and can report inconsistent results. Defining how adolescent sleep impairment
contributes to neuropsychiatric disease requires large cohort longitudinal studies, including
polysomnographic monitoring in children and adolescents before and throughout the course
of the pathology. Although more work is needed to establish direct, causal mechanisms,
there is mounting evidence that sleep has powerful influence over the adolescent brain. To
gain greater insight, we must delve deeper into the neurobiology of adolescence and sleep’s
central roles in developmental processes, particularly those involving the PFC.
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3 Development of PFC functional networks and their sensitivity to sleep

disruption

Although prefrontal networks are certainly not the sole casualties of adolescent sleep loss,
they consistently rank amongst the most severely impacted (Krause et al., 2017; Lunsford-
Avery et al., 2020) and impactful, since our brain’s cognitive capacities depend upon the
PFC’s extensive interconnectivity with limbic and cortical regions, including the amygdala,
hippocampus, default-mode network (DMN) and frontoparietal network (FPN) (Krause et
al., 2017; Miller and Cohen, 2001). A recent brain-wide study of adolescents compared
fMRI scans after a normal night’s sleep or a single night of acute sleep restriction performed
a week later. Following sleep restriction, abnormal activity and functional connectivity were
observed across limbic regions that connect to the PFC as well as components of the

DMN and FPN (Robinson et al., 2018). These changes may represent compensatory shifts
required to maintain normal function (Beebe et al., 2009), deleterious effects that contribute
to changes in behaviour, or most likely a combination of both. Regardless of the underlying
cause, such changes may disrupt ongoing development of prefrontal networks during the
adolescent period. This is consistent with recent work in the Adolescent Brain Cognitive
Development (ABCD) cohort, showing that unhealthy sleep in adolescents has widespread
consequences for the development of core brain networks (Brooks et al., 2022).

The DMN, which includes parts of prefrontal, parietal and cingulate cortex, supports
introspective or stimulus-independent thought and correlates with cognitive task
performance (Mason et al., 2007). Across adolescence, the DMN and FPN transition to
support greater long-range integration at the expense of local connections (Fair et al.,

2009). Consequently, resting DMN activity increases, mirroring FPN coupling (Fair et

al., 2009; Sherman et al., 2014) and cognitive performance (Spear, 2000). Changes in
functional connectivity may be linked to maturation of the underlying white matter, with
working memory performance positively correlated with DMN myelination (Nagy et al.,
2004). Similar shifts towards long-range integration are observed in rodent cortical networks
(Nabel et al., 2020) while pathways linking the rodent PFC, amygdala and hippocampus

are transiently upregulated during adolescence (Pattwell et al., 2016), mirroring elevated
axon density and myelination seen in humans (Benes, 1989; Swartz et al., 2014) (Fig.
2A,B). Adolescent changes in cortical and limbic circuitry are supported at the level of
functional connectivity (Arruda-Carvalho et al., 2017; Gee et al., 2013; Pattwell et al., 2016)
and behaviour (Bos et al., 2015; Liston et al., 2006; Luna et al., 2001), further bolstering
evidence that adolescence represents a formative period for the emergence of higher-order
cognitive networks.

Sleep and wake states are hallmarked by distinct signatures of network activity that can also
be used to measure the functional organisation of cortical networks. Sleep EEG reflects both
genetic and environmental factors (Markovic et al., 2020) and, consistent with MRI studies
described above, changes dramatically during adolescence (Tarokh et al., 2010). During
non-REM sleep, slow-waves propagate through cortical pathways that overlap considerably
with the DMN (Murphy et al., 2009). Slow-wave activity (SWA; EEG activity of 1-4.5

Hz) declines over the course of adolescence and its topography becomes weighted towards
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frontal regions as the cortex matures (Kurth et al., 2010). This correlates with strengthening
of the DMN during healthy adolescence, suggesting that links between SWA and DMN
status bear further investigation.

Sleep is an important regulator of the DMN, with DMN activity degraded following both
chronic and acute sleep restriction (De Havas et al., 2012; Krause et al., 2017; Sdmann

et al., 2010). This is not simply due to sleep loss, as studies investigating habitual sleep
patterns in adolescents and young adults suggest that sleep quality and circadian phenotype,
rather than merely sleep duration, are the primary regulators of the DMN in this population.
Poor sleep quality, but not total sleep time, in otherwise healthy adolescents correlates with
reduced resting-state DMN connectivity (Tashjian et al., 2018), while regular sleep patterns
are associated with decreased DMN path length, indicative of greater network efficiency
(Lunsford-Avery et al., 2020). Moreover, adolescents and young adults with a late circadian
phenotype show lower functional connectivity within the DMN relative to peers obtaining
similar hours of sleep but with an early circadian phenotype (Facer-Childs et al., 2019).

Importantly, patients with persistent insomnia show abnormal patterns of cortical thickness
within the DMN, which correlates with reduced executive function (Suh et al., 2016),
linking sleep loss to structural and functional abnormalities within the DMN. Related
findings are observed in rodents, where serial two-photon tomography quantifying brain-
wide projections from high-order motor cortex in early adolescence revealed reduced
structural connectivity in sleep-restricted mice, particularly for fibres projecting to limbic
regions (Billeh et al., 2016). The extent to which such structural plasticity has functional
implications and impacts different brain regions remains to be elucidated. Its dependence
on neural activity also remains unclear, however silencing cortical neurons in the cingulate
cortex during adolescence influences the refinement of long-range connections (Nabel et
al., 2020). Sleep’s influence over adolescent networks may therefore in part be linked to
changes in neural activity, a key driver of synapse formation and refinement (Andreae

and Burrone, 2014; Bitzenhofer et al., 2021; Gonzalez-Rueda et al., 2018; Pacheco et

al., 2021). This hypothesis also suggests that the distinct neuronal activity patterns and
neuromodulatory milieu present in REM and NREM sleep could differentially modulate
PFC maturation. In sensory and motor cortices REM sleep has been proposed to shape
preferentially synapse formation during early stages of development, whereas the role of
NREM sleep is still controversial (Aton et al., 2009; de Vivo et al., 2019). More studies are
needed to determine how REM and NREM sleep might differentially sculpt late maturing
brain regions such as the PFC.

Neuromodulatory systems and the HPA axis may also contribute to the adolescent brain’s
vulnerability to sleep loss. For example, preventing REM sleep for even a few hours

can increase noradrenergic tone, causing hyperactivity of the affective salience network
innervated by the locus coeruleus (Bellesi et al., 2016; Goldstein and Walker, 2014).
Chronic REM sleep restriction in adolescent rodents is associated with increased anxiety
and higher noradrenaline levels in the amygdala and hippocampus (da Silva Rocha-Lopes
et al., 2018). Reduced sleep duration also reduced PFC inhibitory control of amygdala
activity (Killgore, 2013; Krause et al., 2017) and PFC excitatory drive to the striatum
(Liu et al., 2016), functionally reversing the developmental rebalancing that occurs within
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cortico-limbic circuits during normal adolescence. Sleep’s influence over the HPA axis
is also significant given the unique susceptibility of adolescent limbic networks to stress
(McCormick and Mathews, 2007) (Appendix B).

Sleep disruption’s influence over prefrontal networks is not unique to adolescence. However,
what is distinctive is the significant maturational remodelling that occurs at this time
(Gonzalez-Burgos et al., 2015; Larsen and Luna, 2018; Petanjek et al., 2011). This raises

the question of precisely how sleep loss influences the maturation of PFC circuits and the
potential for long-term dysregulation of PFC connectivity and function by sleep. Cortical
development occurs sequentially, with lower-order sensory cortices reaching maturity prior
to higher-order areas (Gogtay et al., 2004; Takesian and Hensch, 2013), culminating in

a system that can support emergent functions. Development across the cortical hierarchy
follows a characteristic maturational timeline which culminates in “critical” or “sensitive”
periods of heightened plasticity, during which experience has unusually strong effects on
brain circuitries and behaviour (Knudsen, 2004). Such sensitive periods are associated with
numerous changes in cellular and synaptic properties, many of which occur in the adolescent
PFC (Larsen and Luna, 2018) (Fig. 2A,B), consistent with adolescence encompassing a
sensitive period for the formation of high-order cognitive circuits (Larsen and Luna, 2018).
This raises the possibility that processes, including sleep loss, which disrupt prefrontal
circuits during adolescence may cause lasting changes to network organization and function.

4 Sleep and the cellular mechanisms of circuit remodelling during

adolescence

During adolescence, the PFC ceases being a net producer of dendritic spines - the
anatomical substrate of glutamatergic synapses - and undergoes a period of synaptic pruning
(Bourgeois et al., 1994; Petanjek et al., 2011) (Fig. 2A). This reduction in synapse number
(Drzewiecki et al., 2016) has been linked to microglial and astrocytic phagocytosis (Chung
et al., 2013; Mallya et al., 2019) and is conserved across humans (Petanjek et al., 2011),
non-human primates (Anderson et al., 1995; Bourgeois et al., 1994) and rodents (Drzewiecki
et al., 2016), contributing to waning PFC thickness during adolescence (Willing and Juraska,
2015). Consistent with the late maturation of the PFC, cortical thinning occurs in caudal
(sensory) regions before frontal regions (Gogtay et al., 2004; Sowell et al., 1999).Sex
differences have been observed in PFC volume peak, thinning, and maturational coupling

in human longitudinal studies across adolescence (Lenroot et al., 2007; Raznahan et al.,
2011, 2010). These studies highlight delayed but faster rates of PFC thinning in males
compared with females, suggesting a late maturation of frontal subregions involved in
impulse control, planning, and decision making in males. Adolescent synaptic remodelling
also coincides with functional changes in synaptic proteins (Skene et al., 2017), pre-synaptic
release machinery (Counotte et al., 2010) and neurite structure (Koss et al., 2014) that also
differ between sexes and suggest a role for pubertal hormones in sex-specific adolescent
PFC refinement.

The precise influence of sleep on synapse number and strength remains controversial and
likely depends on both brain region and age (Bellesi and de Vivo, 2020; de Vivo et al.,
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2017; Zhou et al., 2020). In somatosensory cortex, spine pruning is enhanced during sleep in
adolescent, but not adult, mice and is sensitive to sleep disruption (Maret et al., 2011). Sleep
may also play dual roles in synaptic adaptations, selectively promoting the pruning of some
spines and yet permissive to the formation, or potentiation, of others (Diering et al., 2017; Li
etal., 2017). Such remodelling is predicted to enhance signal-to-noise ratios within cortical
circuits (Gonzalez-Rueda et al., 2018), potentially augmenting cognition and altering

brain wide connectivity. Sleep/wake cycles also substantially modify the phosphorylation

of synaptic proteins, affecting synaptic function and downstream regulatory networks
(Briining et al., 2019). Acute sleep deprivation in turn abolishes circadian rhythmicity in
phosphorylation. Adolescent sleep may therefore support remodelling of synapse number,
strength and the synaptic proteome within the developing PFC. Given widespread hormonal
modulation of wake/sleep states throughout life (as reviewed in (Dorsey et al., 2021)),
sexually dimorphic, sleep-dependent synaptic plasticity warrants further attention in future
studies.

Functional shifts in GABAergic inhibition accompany the maturation of prefrontal
excitatory synapses (Gonzalez-Burgos et al., 2015; Hashimoto et al., 2009) (Fig. 2A,B)
and are driven by peripubertal hormonal changes, genetic factors, neural activity and diverse
signalling cascades (Larsen and Luna, 2018; Piekarski et al., 2017). Studies to date have
largely focused on fast-spiking, soma-targeting, parvalbumin positive (PV) interneurons,
based on their association with neuropsychiatric disorders such as schizophrenia and
autism (Dienel and Lewis, 2018; Hashemi et al., 2017) and notable ability to regulate
developmental plasticity (Takesian and Hensch, 2013). PV expression, a good proxy for
interneuron maturity (Anastasiades et al., 2016), increases in the developing PFC across
species (Caballero and Tseng, 2016) (Fig. 2A) paralleling adolescent remodelling of
glutamatergic inputs onto PV cells, but not other interneurons (Wang and Gao, 2009).

A subpopulation of PV cells, termed chandelier cells, also undergoes refinement of their
characteristic axo-axonic terminals across adolescence, mirroring reductions in excitatory
synapses (Anderson et al., 1995) (Fig. 2A). As in sensory regions, the development of PV
cells is influenced by both the external environment and intrinsic factors, which include
social interaction, dopamine receptor expression and pubertal hormones (Bicks et al., 2020;
Clemens et al., 2019; Piekarski et al., 2017; Tomasella et al., 2018; Tseng and O’Donnell,
2007).

Inhibitory transmission is highly dynamic throughout the sleep wake cycle, causing
associated shifts in cortical excitation/inhibition balance (Bridi et al., 2019) and implicating
sleep in the recalibration of inhibitory circuits. However, the influence of sleep loss on
cortical inhibitory networks has been far less studied than excitatory circuits, limiting

our ability to draw definitive conclusions. Tentative evidence suggests sensitivity to the
oxidative stress-inducing effect of sleep disruption, with rats subjected to 6 and 12 hours

of sleep prevention displaying particularly elevated levels of oxidative stress markers in
PFC PV interneurons (Harkness et al., 2019). Studies of juvenile prairie voles show that
NREM sleep fragmentation and REM sleep deprivation during periods where PV levels are
normally upregulated caused persistent shifts in PV expression and social behaviour (Jones
et al., 2019). Taken in the context of PV cells role as regulators of cortical developmental
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plasticity, accumulated oxidative stress caused by chronic sleep loss could lead to long-term
impairment of network formation.

Neuromodulators are universal regulators of neural activity and plasticity during sleep and
arousal. Studies from sensory cortices indicate that neuromodulators play important roles
in regulating developmental plasticity (Takesian and Hensch, 2013; Yaeger et al., 2019).
Consequently, adolescent shifts in neuromodulatory innervation, or receptor expression,
may impact PFC development. Such changes have been studied most extensively in the
context of mesocortical dopamine, motivated by changes in adolescent impulsivity, risk-
taking, drug-taking and the emergence of neuropsychiatric disorders linked to abnormal
PFC dopamine levels, such as schizophrenia (Arnsten et al., 2017; Larsen and Luna,
2018; Walker et al., 2017). PFC dopamine signalling peaks during adolescence, driven

by exuberant ventral tegmental area axons (Rosenberg and Lewis, 1995) and transient
upregulation of dopamine receptor expression (Tseng and O’Donnell, 2007; Walker et al.,
2017). Elevated dopamine signalling during adolescence may also influence sleep-dependent
network re-balancing. VTA neurons are involved in the generation of PFC “up-states”
during anaesthesia (Tseng and O’Donnell, 2005), while dopamine has been implicated

in hippocampal SWRs (Miyawaki et al., 2014), which play a key role coordinating PFC
(and hippocampal) ensemble activity during both sleep and wakefulness. In support of
dopamine’s role in adolescent network refinement, deletion of the dopamine D2-receptor
produces specific deficits in adolescent synaptic pruning (Y.-Q. Zhang et al., 2021). Given
the observed upregulation of PFC dopamine signalling during adolescence, these findings
support a role for dopamine in PFC network maturation; sleep’s contributions to this role
should be further explored.

In summary, these findings indicate that changing glutamatergic synapse composition and
number, GABAergic connectivity, and neuromodulation converge upon the adolescent PFC,
where they underpin the refinement of PFC circuitry that occurs at this time. However,
neural circuits are also contingent upon glial partners, with microglia, astrocytes and
myelination all contributing to synaptic and circuit refinement — and all at least partially
dependent on sleep physiology and status.

Synapses are the main substrate for network level changes in both healthy aging and
disease. However, rapidly expanding evidence implicates nonneuronal cells in both network
refinement (Chung et al., 2013; Mallya et al., 2019; Sipe et al., 2016), sleep homeostasis
(Davla et al., 2020; Haydon, 2017) and disease pathology (Bernstein et al., 2015;
Rajkowska et al., 2002). Microglia and astrocytes contribute to developmental pruning

and reorganisation of excitatory synapses via phagocytosis and release of synaptogenic
molecules (Paolicelli et al., 2011; Stevens, 2008). Moreover, myelination is one of the final
steps in network development, functioning as a key “breaking factor” (Larsen and Luna,
2018). As oligodendrocytes envelop axons with myelin they not only increase conduction
velocity, but also prevent further branching and plasticity. A recent meta-analysis found that,
as observed for cortical thinning, myelination was delayed in PFC development relative

to other cortices (Sousa et al., 2018). Although the precise timeline of myelination varied
across individual axon tracts, or for different measures of myelination, it increased steadily
throughout adolescence before stabilizing during the 3 decade of life (Fig. 2A). Magnetic
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resonance studies of sexual dimorphism in myelination are mixed, reporting, on one hand,
faster white matter growth in boys than in girls (Perrin et al., 2008), and on the other hand
no significant difference in g-ratio, the ratio between axonal and fibre calibre, between sexes
(Berman et al., 2018; Cercignani et al., 2017). However, animal studies reported higher
levels of myelin basic protein and myelin proteolipid protein in female rat ventral PFC
relative to males, together with greater density of projections from the ventral PFC to the
dorsal striatum (Bayless and Daniel, 2015). These sex differences support the hypothesis
that females may develop more PFC projections to the dorsal striatum than males, which
could contribute to sex differences in inhibitory control (Bayless et al., 2013), though the
pre-pubertal actions of neonatal gonadal hormones may also shape these developmental
dimorphisms (Darling et al., 2020).

In summary, these findings indicate that changing glutamatergic synapse composition

and number, GABAergic connectivity, neuromodulation, glial synaptic remodelling, and
myelination converge upon the adolescent PFC, where they underpin the refinement of PFC
circuitry that occurs at this time. However, neural circuits are also contingent upon glial
partners, with microglia, astrocytes and myelination all contributing to synaptic and circuit
refinement — and all at least partially dependent on sleep physiology and status.

5 Potential mechanistic links between sleep-dependent PFC development

and psychiatric disorders

Glutamatergic, GABAergic, glial and neuromodulatory mechanisms are consistently
implicated in most forms of mental illness, hence their disruption may bridge adolescent
sleep to psychiatric outcomes. Deficits in glutamatergic signalling have been proposed as
a core feature of schizophrenia, with reduced PFC spine density consistently observed in
autopsy tissue from patients (Glausier and Lewis, 2013). Reduced prefrontal synapses have
also been linked to depression (Holmes et al., 2019; Kang et al., 2012). Numerous genetic
risk factors for depression and schizophrenia are expressed in cortical excitatory neurons
(Bhattacherjee et al., 2019; Skene et al., 2017), with the levels of many of these genes
dynamically up or down regulated during adolescence (Bhattacherjee et al., 2019; Skene et
al., 2017). Rodent studies also suggest that deficits in prefrontal glutamatergic signalling
may underly depressive symptoms (Joffe et al., 2020). Given the extensive glutamatergic
refinement at play in the adolescent PFC, sleep disruption’s effects on these mechanisms
warrant systematic testing.

Interneuron dysfunction is also a feature of many PFC-associated disorders (Dienel and
Lewis, 2018; Hashemi et al., 2017). Schizophrenic patients show reduced levels of glutamate
decarboxylase (GAD - the enzyme that catalyses GABA production), PV expression,
chandelier cell synapses and circulating cerebrospinal GABA levels (Dienel and Lewis,
2018). In keeping with these findings, gamma oscillations, which critically depend on the
balanced function of PV interneurons, are abnormal in schizophrenia patients (Uhlhaas and
Singer, 2010), potentially due to disrupted NMDA-R and dopamine D2 receptor signalling
(Carlén et al., 2012; Tomasella et al., 2018). Patients with major depressive disorder and
bipolar depression also show deficits in GAD, GABA and GABAg receptors, particularly

Prog Neurobiol. Author manuscript; available in PMC 2024 July 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Anastasiades et al.

Page 12

in cortico-limbic networks involving the PFC and hippocampus (Fogaga and Duman, 2019;
Luscher et al., 2011). Similar findings are observed in rodent models of depression, which
reveal marked reduction in excitatory inputs onto PV cells. Depressive symptoms could

be directly phenocopied in otherwise healthy mice by selective chemogenetic inhibition

of prefrontal PV cells, supporting a direct causal relationship (Perova et al., 2015). Sleep
deprivation increases oxidative stress on PFC PV cells (Harkness et al., 2019), again
providing evidence of mechanistic overlap between the effects of sleep disruption and the
pathophysiology of psychiatry disorders.

The activity of both glial populations is dynamic across the sleep/wake cycle and sensitive
to sleep disturbances: microglial activation and synaptic phagocytosis are elevated in the
brains of chronically sleep deprived adolescent mice (Bellesi et al., 2017), while astrocytes
promptly upregulate hundreds of transcripts to engage specific cellular programs in response
to wakefulness (Bellesi et al., 2015). Astrocyte-synapse interactions are elevated during
periods of extended wakefulness (Bellesi et al., 2015), with acute sleep loss causing
astrocytic phagocytosis of axon terminals in the adolescent mouse frontal cortex (Bellesi
et al., 2017). This persists after chronic sleep restriction and is further accompanied

by microglial activation and phagocytosis of synaptic structures (Fig. 2B,C). Thus, glial
cells may promote aberrant pruning of cortical synapses in response to insufficient sleep,
potentially mediating homeostatic removal of synaptic elements rendered dysfunctional by
increased wakefulness; once again, its late maturation may render the PFC particularly
vulnerable. These findings are consistent with reduced grey matter volume in patients
with insomnia (Suh et al., 2016), reduced dendritic spines in the PFC of patients with
schizophrenia and depression (Glausier and Lewis, 2013; Holmes et al., 2019; Kang et al.,
2012), and neuroinflammatory theories of mental health disorders (Najjar et al., 2013).

Hence, PFC microglial activation and aberrant synaptic engulfment triggered by chronic
sleep loss during adolescence might directly link adolescent disrupted sleep to dysfunctional
PFC and increased risk of developing schizophrenia and depression, as suggested for other
developmental insults (Schalbetter et al., 2022; Wohleb et al., 2018). Future studies should
test this hypothesis in animal models and consider the interaction between sex hormones
and sleep disruption in modulating microglial dependent synaptic pruning and the associated
enduring effects on cognition and mental health.

As observed for other glial cell types, oligodendrocytes respond rapidly to sleep deprivation,
downregulating genes involved in myelination and lipid turnover (Bellesi et al., 2013; Cirelli
et al., 2004). This may explain sleep’s detrimental influence over myelination status (Fig.
2B,C). In adults, a single night of acute sleep deprivation can lead to reduced measures

of white matter microstructural integrity (Elvsashagen et al., 2015), while in adolescents
variable sleep patterns correlate with reduced myelination in follow-up-scans at 18 months,
including many pathways linking prefrontal and cingulate cortices with the FPN, limbic and
thalamic regions (Telzer et al., 2015). Similar effects are observed in rodents, where chronic
sleep restriction reduced myelin thickness in adolescent mice (Bellesi et al., 2018).

Myelination levels across fronto-parietal connections are associated with resilience to some
of the negative cognitive effects of sleep deprivation (Cui et al., 2015). Combined with
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sleep’s ability to downregulate white matter integrity (Elvsashagen et al., 2015; Telzer et
al., 2015), this further suggests that adolescent networks may be particularly sensitive to
sleep loss. Not only will sleep deprivation have strong additive effects on myelination, but
adolescents may be inherently less able to buffer the negative cognitive impact due to lower
myelin levels in late-maturing prefrontal and limbic networks (Sousa et al., 2018). Sleep’s
command over myelination is also clinically significant. Hypomyelination is observed in
patients with major depressive disorder (Sacchet and Gotlib, 2017) and schizophrenia (Maas
etal., 2017), especially in axon tracts linking the PFC with cortical regions (such as the
FPN) and limbic structures (Sacchet and Gotlib, 2017). Prefrontal myelination deficits
pre-date symptoms in those at UHR of schizophrenia (Vijayakumar et al., 2016) and are
also observed in the brains of asymptotic relatives (Camchong et al., 2009). It is possible to
envisage how sleep disturbances could accentuate such pre-existing deficits, hindering the
termination of adolescent plasticity, delaying the transition to adult-like cognition and even
accelerating the advance of clinical symptoms in UHR groups.

In summary, while definitive links between sleep and mechanisms of synapse development
remain to be systematically interrogated, sleep is positioned to play important roles in
influencing the normal refinement of glutamatergic and GABAergic signalling that occurs
during adolescence (Fig. 2A-C). Such changes may disrupt prefrontal excitatory/inhibitory
balance (Bridi et al., 2019), drive abnormal synapse development, oscillatory activity and
consequently influence network function and associated cognitive processing, as observed in
adolescent disorders that impact the prefrontal cortex.

6 Enduring impacts of adolescent sleep disruption?

Early-life adversity and trauma are established risk factors in neuropsychiatry, with long-
lasting influence over mental health outcomes (Ehlert, 2013). Although less traumatic than
many other life events experienced by adolescents, reduced sleep is inherently stressful
(Appendix B), meaning sleep is one of several factors powerfully positioned to influence
the development and function of the adolescent brain at this critical time. Sleep and/or
circadian disturbances feature in almost all brain disorders, often predating symptoms in
adolescents who go on to develop generalized anxiety disorder, depression or schizophrenia
(Baglioni et al., 2011; Orchard et al., 2020). Furthermore, several sleep and circadian
metrics are under genetic influence (Dauvilliers et al., 2005), consistent with an underlying
genetic predisposition for many of the disorders that inflict upon the adolescent brain. This
is consistent with emerging evidence for some shared genetic architecture between sleep
phenotypes and psychiatric disorders (O’Connell et al., 2021).

Sleep disruption may also occur concomitantly with other risk factors, and effects of

sleep may be further compounded by complex interrelationships between the two, with
trauma and stress often reducing sleep and consequently increasing deleterious patterns

of behaviour that can expose adolescents to additional stressors or situations likely to
negatively impact their well-being. Although many of these observations emerge from
human studies and are largely correlative, they are supported by a growing body of animal
experiments probing sleep’s role in brain maturation (Bellesi et al., 2018; Li et al., 2017;
Maret et al., 2011). By integrating these findings with theories of cortical development, such
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as sensitive periods of plasticity, a framework emerges for understanding sleep’s impacts
on the adolescent brain. This framework is broadly consistent with sleep’s known ability
to influence sensitive/critical periods in other brain regions (Frank, 2017). Such a model
is directly testable in humans, with further mechanistic insight available from laboratory
animal studies.

One major prediction of this framework is that adolescent sleep disruption can culminate

in enduring impacts on the structure and function of the PFC and connected brain

regions. Proving this will require both longitudinal cohort studies integrating structural

and functional studies of the PFC with objective sleep measures, such as polysomnography
or actigraphy (Jalbrzikowski et al., 2021) and animal studies enabling high-throughput,
controlled interrogation of the cellular mechanisms that underlie any observed changes. To
date there has been relatively little research on this topic, however some studies highlight
the feasibility of this approach and provide causal evidence that adolescent insults may elicit
long-term deficits to PFC structure and function.

In rodents, adolescent — but not adult — social isolation causes reduced PFC myelin, which
fails to recover once mice are reintroduced into a normal social environment (Makinodan
et al., 2012). This effect was phenocopied by genetic manipulation of neuregulin signalling
in oligodendrocytes (Makinodan et al., 2012), exemplifying how genetic and environmental
factors may interact, for example in UHR groups discussed earlier in this review. Primates
exposed to juvenile social isolation also show working memory deficits that last into
adulthood (Sanchez et al., 1998), while rodents exposed to adolescent stressors display
increased anxiety and abnormal social behaviours as adults (Gomes and Grace, 2017). At the
circuit and systems level, adolescent PFC lesions cause increased depression-like behaviours
in rodents and reduce VTA dopamine neuron activity (Uliana et al., 2020). Selectively
silencing adolescent refinement of top-down circuits linking cingulate and visual cortices
causes deficits in adult visual attention (Nabel et al., 2020), while silencing prefrontal

PV neurons produces lifelong impact on synapse refinement and behaviour (Canetta et

al., 2021). In the latter case the authors predict that any manipulation influencing PV
activity during adolescence, such as oxidative stress (Harkness et al., 2019), would produce
long-term deficits to the PFC. This prediction is consistent with recent findings exploring
adolescent reduction in PV expression in the PFC (Caballero et al., 2020). In many of
these studies, manipulations were also applied to adults but failed to cause pronounced
deficits, consistent with our hypothesis of heightened vulnerability within the adolescent
PFC. The short developmental timeline of rodents, coupled with the ability to manipulate
the rodent brain using techniques such as chemogenetics will allow direct testing of causal
mechanisms behind the deleterious effects of adolescent sleep loss. These experiments can
also be performed in genetic models of neurodevelopmental disorders, to test how different
genetic backgrounds influence sleep-mediated effects on the adolescent PFC.

The findings discussed in this review highlight how the course of adolescence has

lifelong impact. Although there is much that remains to be discovered, reduced — and
particularly poor quality — sleep during adolescence may have enduring consequences,
given sleep’s central roles in brain maturation and mechanistic links to many of the key
developmental processes that characterize the neurobiology of adolescence. In those at risk
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for neuropsychiatric disorders, this may be sufficient to initiate a self-reinforcing cycle

that spirals towards disease. For example, it is possible to envision how sleep loss could
negatively influence mood and affect in at-risk adolescents, increasing anxiety, further
reducing sleep and ultimately triggering psychotic episodes, through combined effects on
sleep and affective status (Hennig and Lincoln, 2018; Mulligan et al., 2016b; Reeve et

al., 2018; S. Reeve et al., 2019). Additive genetic, environmental and sleep-dependent
mechanisms may therefore combine to cause significant and lifelong deficits in PFC
connectivity and function. Although we have largely focused on the manifestation of clinical
symptoms, these findings also suggest that even otherwise healthy adolescents enduring
general reduction in sleep quality or quantity may still suffer from suboptimal maturation of
the cognitive and social brain, with clear societal implications (Blakemore and Mills, 2014).

7 Conclusions and future directions

We have outlined how sleep mediates or modulates many neurodevelopmental processes
required for the adolescent refinement of PFC connectivity and function. While few
features of adolescent brain development are entirely dependent upon sleep, all benefit
from sleep and most are jeopardized by its disruption. However, the significant maturational
remodelling that occurs in the adolescent PFC and its connected regions confers heightened
vulnerability to sleep disruption. The late development of PFC and its central roles in
adaptive behaviour throughout subsequent life also mean even relatively subtle disruption
of PFC maturation may have enduring negative consequences. We have documented
possible mechanistic links between altered adolescent sleep and increased risk of developing
depression and schizophrenia, highlighting the neuronal and glial processes (a) impacted by
reduced sleep quantity and quality and (b) implicated in psychiatric etiology.

At present, adolescence remains understudied: more synaptic- and cellular-resolution studies
of adolescent brains are required to map the mechanisms of normal PFC development and
the effects of sleep disruption, though the challenges of accessing human tissue continue to
necessitate back-translation into other species; the conserved biology of adolescence makes
this viable. It will also be important to consider sex as a biological variable given numerous
sex specific differences in adolescent development, sleep and the prevalence of adolescent
mental health disorders (Shansky and Murphy, 2021).

One important consideration is the well-documented differences in the organisation of
frontal cortices across species, with rodents lacking regions found in primates (Laubach

et al., 2018; Preuss and Wise, 2021). The homologous regions shared between rodents and
humans are nonetheless of clear clinical significance (Preuss and Wise, 2021) and rodents
are powerful models for dissecting causal mechanisms of disease (Homberg et al., 2021).
Animal studies can be tightly controlled and offer detailed insight into the role of sleep
deprivation on the PFC. The shorter maturational timeline of mice and rats allows for
rapid, high-throughput testing using cutting-edge techniques to monitor and manipulate the
brain during cellular, systems and cognitive level analysis. Findings can be extended to
non-human primates to further enhance translational validity. What questions should we
therefore aim to answer with these tools?
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Firstly, it is evident that sleep does not solely impact the adolescent brain, yet the data
reviewed here make the prediction that the adolescent brain would be more susceptible to
sleep deprivation than the adult, yielding greater long-term deficits. Secondly, we would
predict that those regions undergoing heightened plasticity, including the PFC, would be
preferentially impacted by adolescent sleep disruption. Therefore, sleep disruption during
adolescence should promote greater defects in executive control, as opposed to sensory
perception or motor function. Finally, given that many of the deficits observed after sleep
loss show co-morbidity with neurodevelopmental disorders, we would predict that rodents
harbouring known mutations associated with these disorders would show greater sensitivity
to the deleterious impact of sleep loss. Such studies are of considerable importance, as sleep
and/or circadian disturbances feature in almost all brain diseases.

Sleep offers a unique window into adolescent brain development, enabling “population
neuroscience” studies in humans to complement mechanistic studies in animals.
Questionnaires and actigraphy constitute scalable and longitudinal estimates of sleep
behaviour, while scalp EEG affords non-invasive, objective metrics of the development of
neural homeostasis and prefrontal circuit activity and function. The advent and evolution of
wearable actigraphic, metabolic, EEG and “smart-home” monitoring devices stands poised
to offer substantive advances in the field, and should be used to inform standardized,
composite measures of “sleep health” that are more robust and sensitive than current
quantity/quality modalities. Combining these metrics with genetics in sizeable cohorts
allows definition of the genetic architecture of brain development, circuit function and
disease.

Sleep’s predictive power also presents important opportunities for early detection and
targeted intervention should sleep patterns or quality go awry. Pragmatic, affordable and
low-risk approaches such as CBTi may mitigate against the damage done by chronic
adolescent sleep disruption. For example, there is some evidence that parents setting
bedtimes of 10:00pm can reduce the risk of depression during later adolescence (Gangwisch
et al., 2010). “‘Generation Z’ are facing a battery of new challenges and uncertainties, which
have been further exacerbated by COVID-19 (Appendix C). Sleep is a key contributor to
their capacity for resilience, with emergent evidence indicating that PFC network integrity
— which depends on sleep quality — can be protective, while sleep disruption increases
vulnerability (Heissel et al., 2018; Miller et al., 2018).

Recent randomized control trials quantifying the effects of melatonin or CBTi-based sleep
therapies on primary measures of sleep quality and secondary measures of well-being
have demonstrated feasibility, safety and some promising beneficial effects in children

and adolescents, including those suffering ADHD, autism spectrum disorder and psychotic
experiences (Freeman et al., 2017; Schroder et al., 2019). New transdiagnostic approaches
are also currently being trialled to treat adolescent sleep disorders (Harvey, 2016). It will
be critical to establish whether early targeting of sleep quantity and/or quality produces
enduring beneficial effects, and how these therapies impinge upon the PFC mechanisms
central to cognitive maturation.
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More focused, neurobiologically-informed studies of adolescence are an absolute necessity
if we are to improve the mental health and well-being of future generations. Vital initiatives
such as NIH’s ABCD study tracking the maturation of ~12,000 10-year-olds are poised

to make critical contributions to our understanding of how adolescent brains create adult
minds. Based on the evidence presented in this review, it would be highly beneficial if

these efforts extend beyond subjective questionnaires and pay detailed attention to sleep and
sleep-dependent neural network activity.

Finally, promoting lifestyle choices that support healthy adolescent sleep, including exercise,
later school start times and reduced mobile phone and internet usage, may bring significant
benefits. Such societal shifts may facilitate the successful transition from adolescent to adult,
permitting the insights and benefits gained from good quality sleep — “nature’s soft nurse”
(Shakespeare, Henry 1V pt 2) — to last a lifetime.
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Figure 1. Changesin sleep patterns and neuropsychiatric disease onset during adolescence
A) Age of onset for different mental diagnoses highlighting the emergence of clinical

symptoms during, or shortly after the adolescent period. A spectrum of psychiatric, mood,
and affective disorders begin in the teens and early twenties, just as the body and brain is
in the process of transitioning from childhood to adulthood. Data shows median onset of
various mental disorders with boxed region indicating 25th and 75th percentiles.

B) A delay in evening sleep onset time across adolescence without a concomitant delay in
morning wake time leads to an overall reduction in the average amount of sleep received
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by adolescents between the ages of 12-18. Consequently, there is a sharp reduction in

the percentage of teenagers sleeping for at least 7 hours a night, despite typical teenagers
requiring around 9 hours of sleep. Data in A replotted from Solmi et al., 2021 and in B from
Keyes et al., 2015 and Carskadon, 2011.
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Figure 2. Adolescent network refinement and theimpact of sleep
A) Adolescence coincides with pronounced changes in multiple aspects of PFC

development. Glutamatergic synapse density is strongly reduced, while limbic connectivity
peaks during adolescence to produce a developmental phase where the limbic system has
considerable influence over the PFC. Developmental changes in inhibition, followed by
subsequent myelination lead to reduction in PFC plasticity and help stabilize PFC circuitry,
including long-range coupling with components of the DMN and FPN, as we transition

to adulthood. Sex differences manifest in PFC volume peak, thinning, and maturational
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coupling as well as in rates of neuronal apoptosis, and synaptic pruning. These sex
differences are consistent with delayed PFC maturation in males relative to females which
could in part reflect a parallel temporal shift in puberty onset (between the ages of 8 and 12
years in girls and between 9 and 14 years in boys; ~35 postnatal days in female rats, ~45 in
males).

B) Adolescent PFC maturation is characterized by refinement of intra-PFC and long-

range connectivity. These changes bring about increased limbic connectivity, increased
co-ordinated activity with other distal brain regions, such as components of the DMN and
FPN. Changes in long-range interactions are thought to be driven, at least in part, by
increases in axon myelination. At the synapse level changes in synaptic density, receptor
subunit composition and function are observed at both excitatory and inhibitory synapses.
Fast synaptic inhibition of PFC pyramidal neurons is promoted by the shift from alpha2- to
alphal-containing GABAA receptors, while chandelier synapses to the axon initial segment
are reduced. Glutamatergic synaptic reorganisation is regulated by synaptic phagocytosis
and associated pruning via astrocytes and microglia.

C) Sleep impacts many of the developmental processes that occur during adolescence.
Sleep disruption impacts glial cells, causing reduction in myelin thickness and increasing
synaptic phagocytosis. Reduced sleep also causes oxidative stress in PV interneurons,
altering PV expression levels and cellular function. Limbic and long-range connectivity are
also impaired, uncoupling the PFC and other frontal cortices from connected brain regions,
or forcing networks to work harder to maintain normal function.
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