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Sleep is an essential component of development. Developmental sleep disruption (DSD) impacts brain maturation
and has been associated with significant consequences on socio-emotional development. In humans, poor sleep
during infancy and adolescence affects neurodevelopmental outcomes and may be a risk factor for the devel-
opment of autism spectrum disorder (ASD) or other neuropsychiatric illness. Given the wide-reaching and
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Social behavior enduring consequences of DSD, identifying underlying mechanisms is critical to best inform interventions with
Plasticity translational capacity. In rodents, studies have identified some mechanisms and neural circuits by which DSD

causes later social, emotional, sensorimotor, and cognitive changes. However, these studies spanned methodo-
logical differences, including different developmental timepoints for both sleep disruption and testing, different
DSD paradigms, and even different rodent species. In this scoping review on DSD in rodents, we synthesize these
various studies into a cohesive framework to identify common neural mechanisms underlying DSD-induced
dysfunction in brain and behavior. Ultimately, this review serves the goal to inform the generation of novel
translational interventions for human developmental disorders featuring sleep disruption.

1. Purpose of this review

While it is clear that sleep is critical for normal brain development,
and several studies in rodents have examined the consequences of
developmental sleep disruption (DSD) on later life behavior, to our
knowledge, no single review has synthesized findings from DSD rodent
models across the varied developmental time points and methodologies.
Thus, we present this scoping review to synthesize common findings
across diverse paradigms and developmental timepoints to better inform
future studies. For inclusion in this scoping review, we considered par-
adigms in rodents which directly impacted or led to disrupted post-natal
sleep between birth and late adolescence, or ~2 months of age (N = 34
in total; Tables 1 and 2). This rodent developmental period roughly
corresponds to birth through the first 15 years of human life (Spear,
2000). This cohesive framework will help to identify common neural
mechanisms underlying DSD-induced changes in brain and behavior,
with the goal of generating translational interventions for human
developmental disorders.

2. Introduction: Function of normal sleep in development

Depending on the particular window of development, sleep impacts
the maturation of both brain and behavior and potentially contributes to
phenotypes seen in neurodevelopmental disorders. As the primary
objective of this review is to highlight dysfunction, we cite notable re-
views in the field to guide readers to more detailed assessments of
typical function.

2.1. How sleep changes over development

2.1.1. Human studies

Sleep is a fundamental biological process with unique importance in
development. Dynamic changes in sleep amount and features of sleep
electroencephalogram (EEG) are associated with changes in brain
maturation (Colrain and Baker, 2011). The amounts of non-rapid eye
movement (NREM) sleep and rapid eye movement (REM) sleep are at
their lifetime maximum during the first few days to weeks of life
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(Roffwarg et al., 1966), become consolidated (fewer awakenings)
around the second year of life (Paavonen et al., 2020), and subsequently
decline with age (Ohayon et al., 2004). NREM delta power, a purported
measure of homeostatic sleep drive, declines after a brief increase be-
tween age 6 to 8, and has been hypothesized to support pruning of
synapses during development as well as myelination of axons (Tarokh
and Carskadon, 2010; Feinberg and Campbell, 2013; Kurth et al., 2017).
These changes in NREM delta power or slow wave activity coincide with
structural brain growth (Buchmann et al., 2011). Normative changes in
sleep architecture and spectra over the course of development have been
shown to underlie individual differences in brain maturation, emotional
regulation, and cognition, (for detailed review of the clinical literature
(Mason et al., 2021; Tarokh et al., 2016)).

2.1.2. Rodent studies: electrophysiological signatures

While human studies have reported associations between sleep at
various developmental time points and brain maturation, socio-
emotional learning and cognition, they remain largely correlational.
Rodent models allow the ability to precisely manipulate sleep during
specific developmental windows, and attribute causality to perturba-
tions. Although some aspects of rodent sleep differ from humans, ro-
dents exhibit similar ultradian rhythms and generate NREM and REM
sleep based on similarly stereotyped EEG/electromyogram (EEG/EMG)
signals. The organization of the sleep cycle (wake-quiet sleep-active
sleep) is clearly apparent in 9 day old rat pups while delta activity ap-
pears on postnatal day 11 (P11) and theta activity at P13 (Graphical
Abstract 3a) (Seelke and Blumberg, 2008). Sleep bout durations increase
from P2 to P21 with each week of life in developing rats (Blumberg et al.,
2004). Serial EEG assessment of sleep and wake across the second
postnatal week of life in mice reveals greater consistency of EEG spectral
activity, fewer transitions in behavioral state and a decline in time spent
in REM sleep (Rensing et al., 2018) (Graphical Abstract 1a). Between
P23 and P29, wildtype (WT) mice spend less time in NREM and REM in
the dark period, and theta power in wake and REM decreases steadily
(Medina et al., 2022). Throughout this period, the brain continues to
mature, REM sleep serves to promote this maturation and plasticity in
later development (Mirmiran, 1995).

2.1.3. Rodent studies: sensorimotor development

Early life sleep contributes to the development of sensorimotor sys-
tems. A recent review conveys three conceptual frameworks for
experience-dependent development — highlighting the role of sleep in
modulating this maturation (Blumberg et al., 2022). Briefly, myoclonic
twitches that occur during REM (or active sleep) early in life promote
the development of the sensorimotor and cortico-hippocampal system
(for detailed review (Blumberg et al., 2020)). Specifically, at P8, neurons
in the primary motor cortex rely on input from forelimb twitches
occurring during sleep but this responsiveness changes to wake by P11
(Dooley and Blumberg, 2018). REM sleep enables proper circuity wiring
underlying rhythmic activity measured by coherence between barrel
cortex and hippocampus at P8 (Dooley and Blumberg, 2018; del
Rio-Bermudez et al., 2020). There is activity of non-motor regions
during sleep in developing rats as well, including prefrontal cortex,
suggesting the diffuse influence of infant sleep (Gomez et al., 2022).
Spindle bursts within the primary somatosensory cortex during the first
week of life in rats support the formation of E/I balance and rely upon
myoclonic twitching (Marcano-Reik et al., 2010). Thus, in summary, it
appears that REM sleep during specific periods in development serves to
drive muscle twitches important for proper neural circuit development.

2.2. Functions of sleep in development

2.2.1. Human studies: overview

Human infants undergo associative learning during sleep, even at
very early ages (Nelson et al., 2013). Studies have shown that early life
sleep phenotypes predicted later language development and cognition,
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and poor sleep co-occurs with mental illness and social deficits in
adolescence (Frank et al., 1998; Feng et al., 2001; Reeb-Sutherland et al.,
2011). Conversely, stable sleep-wake transitions and high REM-activity
in premature neonates showed improved cognitive and emotional
development compared to those without (Shellhaas et al., 2022; Tesler
et al., 2013). In otherwise healthy pre-term infants, both reduced night
sleep at 36 weeks gestational age measured via actigraphy and quality of
home environment via questionnaire predicted achievement of devel-
opmental milestones, suggesting that early-life sleep and environmental
factors are crucial determinants of later mental development (Veatch
et al., 2017).

2.2.2. Rodent studies: acute sleep deprivation impacts neural plasticity

Early development is characterized by excessive synapse formation,
and thus, synaptic pruning and maintenance is critical for the develop-
ment of mature and functional circuits (Graphical Abstract 3a) (Weis-
man et al., 2011; Arditi-Babchuk et al., 2009). Using in vivo tracking of
newly formed synapses over time in three week old mice, REM sleep
deprivation for 8 h reduced the amount of new spine elimination
compared to no-deprivation or NREM deprivation (Weisman et al.,
2011). The size of remaining spines increases in no-deprivation or NREM
deprivation, suggesting a role for REM sleep in maintaining newly
formed syanpses (Weisman et al., 2011). Following motor learning,
sleep in 1-month old mice supports generation of dendritic filopodia
which become spines in layer 5 pyramidal cells (Gertner et al., 2002).
Acute sleep deprivation in 1-month old mice increases synapse density
in the hippocampus and decreases spine elimination in the cortex (Li
et al., 2017; Changeux and Danchin, 1976).

During sleep, a distinct process called homeostatic down-scaling of
synaptic strength occurs, subserving higher order functions such as
learning and memory consolidation (Adler et al., 2021; Spano et al.,
2019; Zhou et al., 2020). One hypothesis is that synapses are potentiated
through wakeful experiences, while sleep serves to reduce synaptic
strength (for review (Zhou et al., 2020)). A series of studies found that
sleep modifies the structural space between the presynaptic and
post-synaptic nerve terminals, indicative of synaptic strength. Acute
sleep deprivation in two week old mice prevented synaptic renormali-
zation, the processes of synaptic downscaling (Diering et al., 2017).

One such model of sleep-dependent neuronal plasticity deserves
specific mention is monocular deprivation (MD) studies. During a sen-
sitive developmental window, one eye is occluded, and cortical reor-
ganization occurs such that the neural response in binocular cortex of
the deprived eye is decreased and increased in the open eye, known as
“ocular dominance plasticity” (ODP). Importantly, ODP depends on
prior sensory experience (de Vivo et al., 2017, 2019; Tononi and Cirelli,
2014; Frank et al., 2001). MD leads to dendritic spine loss in layer 5 of
primary visual cortex and frontal association area, respectively, in
1-month old mice, both of which effects are abolished with REM or
total-sleep deprivation (Changeux and Danchin, 1976). Consistent with
similar studies conducted in kittens (de Vivo et al., 2017), subsequent
studies in 1-month old rodents have found specific cells and layers
preferentially affected, including apical dendrites in layer 5 and layers
2/3 excitatory neurons (Changeux and Danchin, 1976; Tononi and
Cirelli, 2014). In this issue, Renouard and colleagues show sleep op-
portunity supports ODP — sleep increases activity associated with the
exposed eye and reduces activity in the deprived-eye (Tononi and Cir-
elli, 2014). In summary, these studies demonstrate that sleep in early
development promotes synaptic reorganization and neuronal plasticity.

Finally, a recent systematic review of the animal literature created a
mechanistic mathematical model and found that the function of sleep
switches from neural reorganization (synaptic maintenance and myeli-
nation) to neural repair (clearance of metabolites) estimated around 2.4
years of age in humans (Renouard et al., 2022). Maintenance of spines as
discussed above is consistent with this model in which neural reorga-
nization preferentially occurs during REM sleep prior to the human
equivalent of 2.4 years of age.
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2.3. Rodent models of developmental sleep disruption

2.3.1. Overview

With an understanding of normative sleep in development, it is
equally important to consider translational models of sleep disruption.
Rodents are useful models to characterize the relative contribution of
distinct periods of life whereby sleep underlies behavioral and brain
function (Graphical Abstract b). Because of the high overlap with phe-
notypes of neurodevelopmental disorders, the field has primarily
considered the impact of developmental sleep disruption (DSD) on so-
cial, anxiety-like, and sensorimotor behavior. Sleep loss during this
period can negatively impact prefrontal, somatosensory, midbrain and
hippocampal circuitry which dysregulates behavior. DSD and neuro-
developmental disorders show strikingly similar neuropathological
profiles, most notably alterations to synaptic plasticity (Graphical Ab-
stract 3b). This bolsters the hypothesis that human neurodevelopmental
disorders may be driven in part by DSD.

2.3.2. Acute sleep deprivation provokes a homeostatic response

Physiologically, sleep loss normally generates a homeostatic
response, which could be represented as an increase in total, NREM or
REM sleep time or continuity, and/or NREM delta power (Miyamoto
et al., 2003). These features are best provoked through additional sleep
challenges, 3-h sleep deprivation generates increased sleep time and
continuity in P12-P20 rats, though delta power only increases beginning
at P24 (Ribeiro et al., 1999). WT mice expectedly show increased sleep
across development (serially assessed between P23 — P59) following 3-h
of sleep deprivation (Medina et al., 2022). The amount of REM-rebound
following deprivation also increases with developmental age (from
2-week old to 4-week old) (Cao et al., 2020). These features are char-
acterized in acute sleep deprivation studies, conversely, chronic sleep
disruption may or may not show clear sleep rebound and is the focus of
this review.

> - BS4 BC4 BA1 1

2 . A Mirmiran et al. (1981, 1983)
Pharmacological i
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2.3.3. Methods of sleep disruption

There are four primary modalities of disrupting sleep in development
in rodents, 1) manipulation of the cage environment, 2) manipulation or
handling of the animal directly, 3) pharmacological manipulation, and
4) genetic manipulation (Fig. 1, Tables 1 and 2). Cage manipulation
includes cage-shaking using an orbital shaker (Jones et al., 2019a; Lord
et al., 2022) or insertion of novel objects to force locomotion (Li et al.,
2017). Cage manipulation presents the opportunity for potential auto-
mated disruption that is either continuous, targeting only the
light-phase (when rodents are most likely to be asleep), and/or using
closed loop delivery of disruption based on EEG/EMG activity (Jones
et al., 2019a, 2019b, 2020, 2021; Lord et al., 2022; Bian et al., 2022;
Feng et al., 2000; Nagai et al., 2021). An animal’s cage includes its light
source, the developmental chronic circadian disruption (DCCD) para-
digm mimics severe shift-work with the light cycle advances dramati-
cally every other or every fourth day (Smarr et al., 2017; Ameen et al.,
2022). Animal manipulation involves either gentle handling (Medina
etal., 2022; Weisman et al., 2011; Saré et al., 2016, 2019, 2022a; Araujo
et al., 2018; Yang et al., 2012; Murack et al., 2021) when the animal
enters a sleep state, placing the animal on a platform over water where
they are required to stay awake to avoid falling into the water (da Silva
Rocha-Lopes et al., 2018; Shaffery et al., 2006; Shaffery et al., 2002;
Chen et al., 2015), or installing a sweeping bar that moves through the
cage to enforce wakefulness (Wallace et al., 2015; Atrooz et al., 2019).
Pharmacological manipulation involves administration of a drug (e.g.
chlorimipramine (monoamine reuptake blocker)) for the purpose of
increasing wakefulness at the expense of REM and/or NREM sleep
(Mirmiran et al., 1981, 1983). The four modalities of DSD are distin-
guished in Fig. 1 and in detail in Table 1 (cage, pharmacological and
genetic manipulation) and Table 2 (animal manipulation).

While this review focused on postnatal DSD, a few notable studies of
genetic models of neurodevelopmental disorders have shown striking
parallels to findings seen in classic DSD paradigms. Genetic manipula-
tion includes creation of transgenic animals with mutant circadian clock
expression (Liu et al., 2022; Singla et al., 2022) or risk genes for
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Fig. 1. Consequences of developmental sleep disruption in rodent models, a roadmap.
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neurodevelopmental disorders, (Medina et al., 2022; Saré et al., 2017,
2022a). Circadian clock gene mutations have been implicated in ASD,
thought to contribute to sleep-wake and social dysfunction (reviewed by
(Lorsung et al., 2021)). Bmall is a master regulator of the circadian
clock; it forms a heterodimer with CLOCK and activates the transcription
of other clock genes. Bmall ™ mice demonstrated increased NREM
sleep amount with EEG/EMG recordings at 10-12 weeks of age, which
could not be rescued with restored expression of Bmal in the brain
(Christopher Ehlen et al., 2017). Notably, characterization of the sleep
phenotype in Bmall ™~ or Bmall*/~ in the context of development is
lacking. Shank3C is a mutant form of the Shank3 gene with exon 21
truncated and an established model of ASD. Shank3“¢ mice showed
reduced time asleep at juvenile (P25-41) and adolescent (P42-56)
timepoints, using a piezo home-cage monitoring system as a proxy for
sleep phenotyping (Lord et al., 2022). Using EEG/EMG recordings,
Shank3“¢ mice showed less total sleep across development with
increased amounts of REM sleep than controls at P23, P29, P59 in the
light phase, accompanied by reductions in NREM sleep (Medina et al.,
2022). When challenged with a sleep deprivation protocol, Shank3*¢
mice at P30 showed longer latency to recovery sleep, thought to be
consistent with an insomnia phenotype common in ASD. Unlike WT
development, Shank3“¢ animals did not demonstrate age-related
changes in spectral power, including no change in theta power be-
tween P23 and P59 in wake and REM sleep. Fmr1 is a human gene that is
responsible for Fragile X syndrome, which is the most common geneti-
cally encoded intellectual disability. In a mouse model of Fragile X
syndrome using Fmr1”’~ males, there are late emerging (P70 and P180)
deficits in sleep time in the light phase but not at developmental time-
point of P21 (Saré et al., 2017). Human chromosome 16p11.2 micro-
deletion is related to social and language developmental delay, a mouse
model of this abnormality showed reduced REM and NREM sleep in
early adolescence (6-7 weeks of age) (Lu et al., 2019). In summary, a
variety of genetically modified mouse models exist that lend support to
the hypothesis that a bidirectional relationship exists between sleep and
neurodevelopmental disorders. Furthermore, these studies may also
provide insight into gene-environment interactions, highlighting sleep
quality as a potential critical mediator (reviewed in-depth elsewhere
(Missig et al., 2020)).

2.3.4. Considerations of methodological variability

It is important to recognize that each of these paradigms has their
own caveats and limitations. During sleep manipulations, not all studies
validated DSD with the gold standard EEG/EMG recordings. Some
paradigms were validated based on video scoring or cage-activity,
finding differences in rest (bout) duration, but without EEG-based
sleep staging (Lord et al., 2022; Ameen et al., 2022). The timing and
duration of sleep disruption is also an important consideration in
assessing the behavioral and neuropathological consequences. Some
paradigms adhered to a specific, well-justified period of development
(Lord et al., 2022), whereas others spanned multiple stages of devel-
opment (Saré et al., 2019). When comparing different manipulations, it
will be essential to keep in mind the exact developmental window under
study (Fig. 1). Unlike adult sleep disruption paradigms reviewed else-
where (Zamore and Veasey, 2022), early-life paradigms must work in
the context of developmental constraints in a pre-weaned cage: main-
taining parental care, pup survival and physical growth, and limiting
stress. Studies that sufficiently account for these constraints, and/or
include a stress group as a control (Jones et al., 2019a; Lord et al., 2022;
Bian et al., 2022; Shaffery et al., 2006; Saré et al., 2022b), can differ-
entiate their paradigm from an early-life stress protocol and more pre-
cisely investigate the impact of early-life sleep disruption. Notably,
gentle handling has been shown to increase corticosterone levels in
young rats aged P12-P20 with as little as 70 min to 3 h of handling
according to age (Hairston et al., 2001). Evidence from adult rats sug-
gests that corticosterone levels during sleep disruption may contribute
to differential response to sleep loss (Machado et al., 2013). Metyrapone
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treatment (inhibitor of corticosterone synthesis) during four days of
REM sleep disruption reduced the number of awakenings compared to
saline injected controls and reduced slow wave activity compared to
corticosterone treated animals which dampened the expected rebound.
DSD paradigms which characterize changes in corticosterone during the
paradigm itself, or after a period of time have been noted in Tables 1 and
2 Finally, pharmacological and genetic manipulations are certain to
have off-target effects on development beyond sleep.

3. Behavioral consequences of developmental sleep disruption

A series of national and international surveys over the last few de-
cades recognize that children are not getting enough sleep which is
associated with mood disturbances, risk taking behavior, obesity, and
impaired executive function (Owens et al., 2014). Unresolved sleep
problems in children aged 5-17 tract with changes in socio-emotional
behavior and predict behavioral difficulties later in life (Wang et al.,
2016). Sleep routine is one of many changes experienced by children
because of the COVID-19 pandemic, a meta-analysis found children and
adolescents were the second most affected by sleep disturbances behind
those infected with COVID-19 (Jahrami et al., 2022).

In addition to these associations, there is a high overlap between
neurodevelopmental disorders and sleep disturbances, though the
directionality is unclear (Verhoeff et al., 2018; Veatch et al., 2021).
While ASD is diagnosed based on a set of core behavioral criteria (def-
icits in social communication/interaction and restrictive, repetitive
behavior), subjective and objective sleep disturbances have been re-
ported in both adolescents and children with ASD (Missig et al., 2020;
Diaz-Roman et al., 2018). Disturbances manifest in increased sleep la-
tency (Martinez-Cayuelas et al., 2022), reduced REM sleep time (Buck-
ley et al., 2010) and parental report of worse sleep quality (Anders et al.,
2011; MacDuffie et al., 2020), resulting in substantial consequences on
daytime functioning (Anders et al., 2012). Developmental trajectories
may also be influenced by genetic etiology or the timing of birth,
highlighting the complex pathophysiology (Heavner and Smith, 2020;
Hadaya et al., 2022). Thus, disrupting sleep at different timepoints in
development or rodent models may align with different aspects of the
progression of these disorders.

Because of the nature of clinical research, particularly in a sensitive
population like children, there is a reliance on subjective measures and
longitudinal tracking can be difficult. On the other hand, rodent studies
can directly probe this causal association with careful behavioral para-
digms. Disruption paradigms can be employed to characterize a specific
period of development with pre-determined outcomes. Our review is
organized around specific behaviors impacted by DSD (some of which
are species-specific behaviors), while highlighting different methods of
DSD and timepoints studied across development — all of which factors
may limit direct comparisons between studies.

3.1. Social behavior

To begin, social dysfunction is reviewed because of its translational
importance in neurodevelopmental disorders (Arakawa, 2020). Testing
social behaviors in rodents typically involve a multi chambered appa-
ratus where animals are free to explore and/or interact with their choice
of conspecifics or a combination of conspecifics and inanimate objects.
These tests allow researchers to examine both sociability and social
preference (including social novelty and partner preference). Sociability
is a measure of a rodent’s propensity to interact with a conspecific
(either same or opposite sex, depending on the test) over an inanimate
object or empty chamber. Social behavior can also be quantified by
reciprocal social interactions in a single chamber. Social preference, on
the other hand, measures the subject’s preference for a novel animal
compared to a “familiar” animal and requires intact social memory.
Degree of familiarity and sex of the stimulus animals can be manipulated
based on the inherent preferences of the species tested. Mice and rats are
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Table 1
Consequences of Persistent Developmental Sleep Disruption in Rodents using Cage, Pharmacological or Genetic Manipulation.
“#=Reference Animal and Sex| DSD Timepoint DSD Method Sleep Validation and Impact Behavioral Outcome in DSD group (timpoint) Neural Outcome in DSD group (timepoint) Cort Stress Validation Notes
s, i i ’ : ) g does not mimic
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- " Y activity monitoring: | | time and entries in open arms, { time to target quadrant in ineuronal complexity in mPFC, dHPC: above (prior unclear translational
‘Ameen et al. (2022) mico POF21 | DoCDahr/2daye reduced period MWM, 1 errors and latency to platform in DMS task (P90-110) | branching order and dendritic length (P90) publication) relevance
. o + dendritic spine density in PL L2/3,  immature spines in L2/3
47485283 ones etal. oo ACS: EEG/EMG: | REM time, |+ Preference for partner (P100 &), | NOR, 1 EOH intake in 2BC| oy 'y (pg0). | vGLUT in presynaptic and spine area of PL
prairie voles| P14-21 | 100 rpm for 10s (P80). | cued FC extinction: slower and less complete, | LTM v no change
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20de Vivo etal. (2016) ‘ght pl | REM 79% (P30)
ACS: random push | oo oo ang 1 SNP, INOR (P56). | sociability (P84). | novelty-dependent VTA dopaminergic Ca2+ activity, NAC
Bjan etal. (2022) mice P3542 | 4nridayinlight s 1 SNP in Shank3 InsG3680 w/ P35-42 dopamine release during social interaction. t VTA innervation of  no change
phase flupirtine/opto/chemogenetic treatment (P56). NAG, | VTA innervation of pyramidal neurons mPFC (P56)
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every 109s disrupted (P70 2 + J) (HdeIweil same
g protocol
so70ny T | exploration of center in OF, dysregulated sexual behavior: |
Mirmiran etal. rats & P821 | sponsi)orcrsemiwamne | EEG/EMG: | REM sleep | mounts , impaired differential reinforcement of low response | * ©"¢0r@! mwe"’"’:‘(c"l"“%,a"""eg ? ’"°';:‘s)' 4carebral cix
(1981,1983) rcpabe sk vatn (BT0) weight (clonidine) ( 3.5 months).
Wi ataE 019 mice & " 16p11.2 EEG/EMG: disrupted TST,| | TST, NREM and REM sleep. | theta power during night REM | | resting membrane potential and membrane resistance of
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Abbreviations:

METHOD

DCCD: Developmental Chronic Circadian Disruption (light advance)

ACS: Automated Cage Shaking

BEHAVIOR

FC: Fear Conditioning

SNP: Social Novelty Preference
MWM: Morris Water Maze
2BC: 2-Bottle Choice

NOR: Novel Object Recognition
DMS: Delay Match-To-Sample
OF: Open Field

USV: ultrasonic vocalizations

NEURAL

Ctx: Cortex

GR: Glucocorticoid receptor

IL and PL.: Infralimbic and Prelimbic Cortex
S1:. Somatosensory Cortex

VTA: Ventral Tegmental Area

ASI: axon-spine interface

typically tested with same sex animals that they have been exposed to
for 5-10 min (social novelty preference) (Kaidanovich-Beilin et al.,
2010; Moy et al., 2004), and prairie voles are typically tested with
opposite sex animals that they have co-housed with for up to 24 h
(partner preference) (Beery, 2021; Williams et al., 1992). Some re-
searchers, particularly in the context of neurodevelopment, record ul-
trasonic vocalizations at multiple timepoints to capture potential signs

of dysregulated early social communication, while others see it as a
by-product of crying (Michetti, 2012; Blumberg and Sokoloff, 2001).

3.1.1. Sociability and social interaction

We reviewed 11 studies in mice, rats, and prairie voles where so-
ciability was tested after developmental sleep disruption. While results
are mixed, the impact of DSD on sociability may depend on the
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Table 2
Consequences of Persistent Developmental Sleep Disruption in Rodents using Animal Manipulation.
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Abbreviations:

METHOD

GH: Gentle Handling

SB: Sweeping Bar

MPoW: Multiple platforms over water

BEHAVIOR

FC: Fear Conditioning

SNP: Social Novelty Preference
MWM: Morris Water Maze

2BC: 2-Bottle Choice

NOR: Novel Object Recognition
DMS: Delay Match-To-Sample
OF: OF

FS: Forced Swim

NEURAL

BDNF: Brain derived neurotrophic factor
GR: Glucocorticoid receptor

S1: Somatosensory Cortex

MBP: myelin basic protein

LFS: Low frequency stimulation

TBS: Theta Burst Stimulation

WM: White Matter

developmental timing of both sleep disruption and testing, the interval
between sleep disruption and testing, sex, and/or sleep disruption
protocol.

Studies that directly manipulated the animal did not report a change
in same-sex sociability. The sweeping bar method in of male rats for 6-8
h per day according to age, between P19-33 did not impact same-sex
sociability compared to controls when tested at P33, P60, or P90

(Atrooz et al., 2019). Gentle handling of WT male mice for 3 h a day from
P5-42 did not impact same-sex sociability based on time sniffing the
conspecific at P48 or P90 %°. In the Fmr1 model of Fragile X syndrome,
gentle handling from P5-52 also showed no change in sociability in
males at P48 and P90 (Sare et al., 2022a). Both these groups studied
males and used multiple timepoints of social testing, which may impact
outcomes after multiple rounds of testing in the same animal.
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Multiple chronic developmental sleep disruption protocols involving
automated cage shaking have been found to reduce sociability in both
mice and prairie voles when tested during adulthood. In a three-
chamber assay in the highly social wild rodent prairie vole, adult ani-
mals that underwent sleep disruption from P14-21 were tested (~P100)
and showed a reduction in overall time spent huddling with the
opposite-sex conspecifics, suggesting a deficit in sociability in both
males and females (Jones et al., 2019a). Using an identical cage shaking
protocol from P14-21 in the Shank3“C heterozygous mouse model of
ASD, Lord and colleagues show male-specific impairment in sociability
in adulthood (P70-120) compared to WT controls who underwent the
same sleep disruption (Lord et al., 2022). Importantly, these alterations
are unique to sleep disruption between P14-21, there was no deficit in
sociability when cage shaking occurred between P56-63 (Lord et al.,
2022). Bian and colleagues also found that sleep disruption using
automated cage shaking in mice (closed loop EEG) between P35-42
impaired same-sex sociability at a similar adult time point (P84) in
both males and females but found no difference in sociability when
tested shortly after disruption in young adults (P56) (Bian et al., 2022).
Consistent between Lord and Bian, is a lapse in time (>6 weeks) between
sleep disruption and changes in sociability. Future work should deter-
mine whether this is because of developmental age or the time between
sleep disruption and behavioral testing. Bian and colleagues did not find
any effect of adolescent sleep disruption on time interacting with a novel
opposite-sex conspecific, at P56, however sexual behavior was not
evaluated (Bian et al., 2022).

Circadian biology can have a marked impact on social behavior in
lieu of EEG-based sleep phenotypes. Similar same-sex sociability im-
pairments have been observed following developmental chronic circa-
dian disruption in early adulthood (P60-74). In a modified assay with
two chambers, with one containing a novel same-sex conspecific, Smarr
and colleagues find chronically shifted male and female mice showed
impaired sociability — spending less time interacting with a conspecific
(Smarr et al,, 2017). Global deletion of Bmall and heterozygous
Bmall™/~ mice lead to reduced sociability in males and females in a
three-chamber assay between P42-P56 and Bmal /=~ showed reduced
reciprocal social interactions in a single chamber’ 172 As pups (P14),
both mouse models display increased numbers of ultrasonic vocaliza-
tions when briefly separated from their mothers compared to WT con-
trols (Singla et al., 2022).

Taken together, these findings indicate developmental sleep loss at a
wide range of early life time points can impair adult sociability,
particularly when tested in older animals. Whether this is because of
older developmental age or increased time interval that has elapsed
since sleep manipulation remains to be tested. It remains possible that
the method of developmental sleep disruption plays a role in the later
development of sociability in adulthood. Both cage and genetic manip-
ulations produce more robust impairments in sociability results
compared to animal manipulation, perhaps through enhanced control of
sleep-wake states or other methodological considerations.

3.1.2. Social preference: social novelty preference and partner preference
In contrast to the sociability assays described above, social prefer-
ence testing requires subjects to choose between two conspecifics of
differing degrees of familiarity. In the socially monogamous prairie vole,
both males and females will typically display a preference to show
affiliative behavior towards a familiar opposite sex “partner” over an
unfamiliar opposite sex “stranger”. This is tested in the laboratory with
the widely used three-chambered partner preference test (Beery, 2021;
Beery et al., 2021). Early life sleep disruption using an automated
cage-shaking protocol between P14-21 in prairie voles results in
impaired partner-preference in adult (~P100) males, where they do not
show a preference to huddle with their partner (Jones et al., 2019a).
Notably, this sleep disruption protocol does not impair partner prefer-
ence behavior in female prairie voles (Jones et al., 2019a). Mice, on the
other hand, prefer social novelty and in similar 3-chambered tests will
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typically show increased interaction time, measured by either proximity
or sniffing behavior, with stranger mice compared to familiar mice (Moy
et al., 2004). Bian and colleagues found that automated sleep disruption
in mice from P35-42 reduced social novelty preference in both sexes
when testing occurred at P56, and at P84 °°, P5-52 gentle handling leads
to the absence of social novelty preference based on time sniffing the
novel conspecific in adult males at P90 >°.

The effects of developmental sleep disruption on social preference
testing when genetic modification is involved are mixed. Lord and col-
leagues found that automated cage shaking from P14-21 in Shank3“¢
mice abolished social novelty preference in female but not male mice.
However, when sleep disruption occurred at a later time point, from
P56-63, novelty preference was impaired in both males and females
when animals were tested shortly after ~ P70 *®. Bmal * but not global
deletion of Bmall in 6-8 week old C57BL/6 male and female mice
impaired social novelty preference (Liu et al., 2022; Singla et al., 2022).
Sleep bi-directionally modifies adult social behavior; in the Shank3
InsG3680 autism mouse model, selectively improving NREM sleep be-
tween P35-42 with flupirtine (which opens KCNQ2/KCNQ3 K* channels
and acts as a NMDAR antagonist) rescued impaired social novelty
preference (Bian et al., 2022).

One possible explanation for deficits in social preference testing is a
deficit in social memory. If social memory is impaired, the test animal
may not recognize the “familiar” conspecific due to acute memory loss
and the assay is non-specific for social behavior. Two of the studies
described here explicitly tested social memory in developmentally sleep
disrupted animals and both found intact social memory (Jones et al.,
2019a; Bian et al., 2022). Bian and colleagues found intact memory in a
single stimulus paradigm - sleep deprived mice lose interest in the
conspecific following 30 min wait after an initial 5 min of interaction
(Bian et al., 2022). However, they find that when a second novel stim-
ulus is tested, sleep deprived animals fail to shift attention to the second
stimulus from the first stimulus (Bian et al., 2022). Jones and colleagues
also found intact social memory in prairie voles using a modified
habituation-dishabituation paradigm. Both control and sleep disrupted
male and female voles were able to increase investigation of a novel
olfactory cue from a second animal after habituating to a first animal’s
scent (Jones et al., 2019a). Both social memory assays were conducted
several weeks after the conclusion of developmental sleep disruption. It
is important to note that it remains possible that sleep disruption results
in acute social memory impairments as sleep promotes social-memory
consolidation (Oliva et al., 2020), which may explain impaired social
preference behavior when testing is conducted shortly after DSD (Lord
et al., 2022; Saré et al., 2022b). These studies suggest sleep loss during
early life impairs expression of adult social novelty preference, a
fundamental behavior in rodents. This finding is not isolated to a single
rodent model or disruption paradigm suggesting the second to fifth week
is a sensitive window for the development of social novelty. Absence of
novelty preference can also be viewed as the preference for familiarity,
another phenotype in ASD, this association should be explored further
(Kriittner et al., 2022).

3.1.3. Sexual behavior and aggression

Another way to investigate social behavior is to place two animals in
a novel cage together — examining sexual or aggressive behavior. REM
sleep deprivation through an automated cage shaking system between
P14-21 in rats impairs adult sexual behavior and reduced offensive and
increased defensive stereotyped behavior following intermittent shock
when interacting with a conspecific rat (Feng and Ma, 2003). In this
specific protocol, there was an increase in NREM sleep in the disrupted
animals, potentially confounding the interpretation of the study. Prairie
voles who underwent sleep disruption from P14-21 report no change in
aggressive behavior towards opposite sex conspecifics in either sex
(Jones et al., 2019a). A series of pharmacological manipulation studies
from Mirmiran and colleagues shows the pharmacological suppression
of REM sleep with the drug chlorimipramine from P8-21 in rats creates
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dysfunctional sexual behavior (increased latency to mount and fewer
ejaculations) (Mirmiran et al., 1981, 1983). No studies have explored
female sexual behavior. Though few studies have comprehensively
characterized sexual and aggressive behavior following developmental
sleep disruption, it appears REM-specific disruption can modulate these
outcomes.

3.2. Sensorimotor

Sensorimotor disturbances, including restricted and repetitive
movements or aberrant reactivity to sensory inputs are common in ASD
and can be investigated in translational models (Lord et al., 2018;
Orefice, 2020). Self-grooming, either spontaneous or provoked by tactile
stimulus or marble-burying task examine stereotyped motions. One
measure of altered sensitivity is pre-pulse inhibition, which assesses
sensory gating: the decrease response to a higher-amplitude stimulus
that follows an initial lower-amplitude stimulus (pre-pulse). This can be
measured in multiple sensory modalities (e.g. tactile, auditory) or with a
single modality. Enhanced tactile pre-pulse inhibition is present in
multiple genetic models of ASD and some models show altered auditory
pre-pulse inhibition (Orefice et al., 2016).

The effects of developmental sleep disruption on sensory gating in
rodents is mixed and may depend on species and/or developmental age
at testing. Jones et al. found that prairie voles who underwent sleep
disruption between P14-21 using automatic cage shaking showed no
difference in auditory pre-pulse inhibition compared to non-sleep dis-
rupted controls when tested in adolescence at P40 (Jones et al., 2019b).
Using an identical cage shaking method of developmental sleep
disruption, Lord et al. found that Shank3“¢ male mice who underwent
P14-21 ELSD showed suppressed auditory pre-pulse inhibition at vol-
umes higher than 82 dB, meaning that pre-pulse is no longer able to
inhibit the startle response, though testing occurred in adulthood
(>P70) (Lord et al., 2022). Of note, both studies used 120 dB startle
response to measure sensory gating with pre-pulse inhibition and results
may vary with either tactile or mixed sensory modalities.

There is evidence that developmental sleep disruption modifies pain
sensitivity in adolescence but not adulthood. Araujo et al. found that
gentle handling 2hr per day from P12-21 increased tactile sensitivity,
lowering the withdrawal threshold on a hot plate at P35 in males and
females but not in adulthood (P90) (Araujo et al., 2018). Other common
sensorimotor tasks include rotarod testing which quantifies motor
learning - the duration of time an animal can last on a rotating rod, and
marble burying, an assay of repetitive behavior (Angoa-Pérez et al.,
2013). Adult (~P80) Shank3“€ male and female mice who underwent
sleep disruption using automated cage shaking from P14-P21 showed
normal behavior in the marble burying assay and rotarod test compared
to WT sleep-disrupted animals (Lord et al., 2022). Chronic gentle
handling from P5-42 found no change in rotarod testing or marbles
buried in early adulthood (P74-75) (Saré et al., 2016). Bmall KO and
heterozygous Bmall™/~ mice show increased grooming behavior,
reduced latency to fall in rotarod testing and increased number of
marbles buried, giving credence to de novo circadian clock alterations in
neurodevelopmental disorders with respect to impaired sensorimotor
behavior (Liu et al., 2022; Singla et al., 2022). The DCCD paradigm in
mice leads to increased stereotypic behavior (scored as repetitive
behavior in the EPM) in adulthood (~P60-74) (Smarr et al., 2017). Bian
and colleagues report no change in repetitive-restricted behavior
indexed by self-grooming behavior (Bian et al., 2022).

Taken together, there is insufficient evidence to suggest any major
effect of cage or animal manipulation on sensorimotor deficits. How-
ever, genetic mutation of Bmall and circadian disruption through light
advances appear to selectively impact sensorimotor function among
studies covered in this review. Considering the overlap with phenotypes
in models of ASD, repetitive behavior is a candidate behavior that all
DSD paradigms should assay in future work with species and timepoint
in mind. Considering the development of the motor cortex relies on sleep
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(particularly in the first two weeks) (Gomez et al., 2021), it is possible
that DSD paradigms that apply to pre-weaned animals as opposed to
later in development may have more impact on sensorimotor behavior.

3.3. Cognition

Changes in cognition following sleep loss in human adolescents are
well documented but relatively unexplored in rodent DSD paradigms
(Mason et al., 2021). Changes in performance on novel-object recogni-
tion, a measure of an animal’s intact memory to interact with novel
stimuli and Morris-Water Maze (MWM), which measures spatial mem-
ory is dependent on the hippocampus. Delayed match-to-sample task
involves placing a plus maze in a water bath with a hidden platform at
the end of one arm, animals are required to find the platform over trials
and days of training. Acute (24-hr for 3 days) sleep disruption in P32 but
not chronic (12-hr for 2 weeks) animal disruption beginning at P21
increased distance to the hidden platform in WMW, suggesting wors-
ened spatial working memory (Wallace et al., 2015). A week of gentle
handling between P29-35 lead to increased latency to find the platform
in the MWM in rats aged P31-44 (Yang et al., 2012). A DCCD protocol
with 8 h light shifts every other day from PO-P22 worsens performance
in the MWM task: increased latency to the platform as well as the
platform in a delayed match-to-sample task (Ameen et al., 2022).
Intermittent hypoxia (IH), a model of obstructive sleep apnea, exposure
from P10-24 in rats leads to deficits in performance in Morris Water
Maze, increased time and distance to the platform in adolescence (Row
et al., 2002). When this behavior is assessed in adulthood (4-5 month
old rats) after exposure from P10-24, exposed male rats do not exhibit
learning, neither latency to platform nor distance improve after repeated
trials (Kheirandish et al., 2005). Suppression of REM sleep from P8-21 in
rats worsened performance in a reinforcement learning task in adult-
hood (Mirmiran et al., 1981).

While novel-object recognition depends on hippocampal function,
cued-fear conditioning and extinction require amygdala and prefrontal
cortex (Klavir et al., 2017; Cohen and Stackman, 2015). Automated
shaking protocols between P14-21 in prairie voles as well as between
P35-42 in mice lead to deficits in novel object recognition at P80 and
P56 respectively (Jones et al., 2019a; Bian et al., 2022). DCCD in mice
did not lead to any difference in novel object recognition in
early-adulthood (P60-74) (Smarr et al., 2017). Early life sleep disruption
from P14-21 in male and female prairie voles also impairs cognitive
flexibility in adulthood (P90-110), animals have slower extinguishing of
their freezing response in cued-fear conditioning and showed height-
ened freezing in a long-term memory test, showing a deficit in prefrontal
cortex function (Jones et al., 2021). Though both depend on hippo-
campal function, spatial working memory is impaired in animal
manipulation studies while cage manipulation disrupts novel object
recognition.

3.4. Affective changes

Affective changes may in part explain changes in social or cognitive
behaviors through stress-induction or lowered motivation. These
changes can be assessed in a variety of behavioral assays that charac-
terize an animal’s response to a stressful situation. Rodents typically find
open or elevated spaces and brightly light areas aversive — concentrating
their time in more comfortable locations but can also explore novel
environments (Carola et al., 2002). Anxiety-like behavior is typically
quantified in rodents using either an open field, light/dark box, or
elevated plus maze. Open field testing involves placing an animal in a
novel testing apparatus, where center avoidance is considered
anxiety-like behavior. Light-dark testing involves a partition in a box
with one side enclosed creating a dark environment which is preferred
by the animal, reduced time exploring the light side is considered anx-
iety. Likewise, in an elevated plus maze, two arms of four (“+”) are
walled in while the others are open, avoiding entry or limited time in the
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open arms signifies anxiety. Depressive-like behavior can be quantified
in rodents with the forced swim test, animals are placed into a water
bath and time until immobility (considered “giving-up”) is scored.
Corticosterone is a physiological measure of stress measured in the
blood and can be assayed during the sleep disruption paradigm or at the
time of behavioral testing. Increased corticosterone during the former
would indicate the paradigm itself is stressful while the latter would
suggest long-lasting stress from developmental sleep disruption.

Gentle handling 4 h at beginning of light phase from P42-50 but not
P70-78 lead to increased immobility duration and reduced latency to
immobility in the forced swim task on the last day of the protocol in both
males and females (Murack et al., 2021). Interestingly, corticosterone
was increased in females, but not males after 30 min of restraint the day
after the end of both gentle handling protocols. The sweeping bar
method for 6-8 h per day between P19-33 in male rats also increased
immobility in the forced swim task, at P90 but not at earlier timepoints,
P33 or P60 (Atrooz et al., 2019). This protocol found reduced time in the
light chamber in the light/dark test at P33, reduced time and entries in
open arms at P33 and P60, pointing to a wide-reaching impact of early
sleep on anxiety-like behavior. Though this study characterized
neuronal stress markers (p38 MAPK phosphorylation) and
pro-inflammatory markers, both increased after sleep disruption, one
shortcoming of the study is the lack of assessment of corticosterone from
the DSD protocol. 2-hours of gentle handling from P12-21 in mice
increased corticosterone levels compared to controls and
maternal-separation group (Araujo et al., 2018).

In prairie voles, Jones and colleagues report no changes in anxiety-
like behavior with the light/dark assay in adulthood (~P90) (Jones
etal., 2019a). Bian and colleagues report no changes in anxiety based on
latency to open arm in elevated plus maze in adulthood (P70-84) (Bian
et al., 2022). Conversely, cage disruption in Shank3“C animals generates
female specific anxiety phenotypes — a maladaptive increased time in the
open arms of an elevated plus maze (Lord et al., 2022). Chronic handling
from P5-42 as well as automated-cage shaking in Shank3“¢ male mice
leads to hypoactivity in the open field in adulthood, an indicator of a
depressive-like state (Lord et al., 2022; Saré et al., 2016, 2019). Phar-
macological REM reduction in development reduces exploratory
behavior in the open field — fewer entries into the center, indicating an
anxiety-like trait (Mirmiran et al., 1981). [H exposure from P10-24 leads
to hyperactivity in the open field of 30 day old male rats (Row et al.,
2002). Bmall + mice were averse to the center of the open field, and
were hyperactive in the periphery, indicated a dysregulated response to
a novel environment (Singla et al., 2022). Multiple platforms over water
in rats between P21-42 showed reduced time and arm entries in the EPM
as well as a basal increase in corticosterone one-week after the end of the
disruption protocol (da Silva Rocha-Lopes et al., 2018). These studies
demonstrate developmental sleep disruption leads to a maladaptive
response to a novel environment.

Though the human literature on sleep loss and risk-taking behavior is
detailed, less is known about the consequences of developmental sleep
disruption. Early-life sleep disruption may impact drug-seeking
behavior as assayed by 2-bottle choice task between ethanol and
water. In prairie voles, early life sleep disruption followed by exposure
to a stressor (foot-shock) in adulthood (P80) induced increased 10%
ethanol intake but there were no differences in intake at baseline (Jones
et al., 2020). In rats who underwent automated disruption P19-33, there
was increased consumption and preference for 5% ethanol at P39
(Atrooz et al., 2022). Primarily these studies differ in the timepoint of
assessment, one in adolescence and another in adulthood.

Developmental sleep disruption shows mixed evidence on anxiety-
like behavior, effects are seen predominantly through an aversion to
exploring novel environments. Sleep disruption paradigms which
require experimenter interaction with animals (direct animal manipu-
lation) tend to increase corticosterone and may confound studies of
anxiety, while automated paradigms appear to distinguish themselves
from stress. Chronic gentle handling studies should be interpreted with
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caution considering their known stress-induction as measured by corti-
costerone (Hairston et al., 2001). Future research should continue to
explore the impact of DSD on anxiety-like behavior. It is imperative to
screen for immediate and long-term changes in corticosterone as a first
pass measure of stress. Moreover, a growing body of literature suggests
there are sex-specific ASD-like phenotypes which may have previously
been masked in females and warrant more detailed study (Wood--
Downie et al., 2021).

4. Neural consequences of developmental sleep disruption

Neurodevelopmental disorders, including ASD, are associated with
specific neuropathological hallmarks, which include changes in den-
dritic spine density and in the balance of excitation to inhibition (E/I)
across various brain regions. Overgrowth of dendritic spines and lack of
inhibition in local circuits are thought to contribute to the social deficits
and rigid, stereotyped behaviors seen in children with autism (Kim et al.,
2016). Sleep plays a major role in developmental brain patterning of
circuits, and sleep deprivation results in both impaired pruning of
dendritic spines and changes in E/I balance (Li et al., 2017).Children
with autism often manifest profound sleep disturbances beginning early
in life (Veatch et al., 2017). We and others have hypothesized that sleep
disruption in autism directly contributes to neuropathological hallmarks
of these neurodevelopmental disorders and clinical development. Ro-
dent studies provide the valuable opportunity to experimentally
manipulate sleep at various timepoints thereby establishing causality
and can elucidate the neural mechanisms underlying behavioral
dysfunction related to sleep disruption.

4.1. Spine maintenance and elimination, neuronal structure and mTOR

Changes in spine density are the most overlapping finding in devel-
opmental sleep disruption paradigms. Normal sleep functions to
modulate spine density as evidenced by acute disruption paradigms and
alterations have been seen in post-mortem tissue of individuals with ASD
(Nagai et al., 2021; de Vivo and Bellesi, 2019; de Vivo et al., 2016;
Bellesi et al., 2015; Hutsler and Zhang, 2010). It is plausible that pro-
longed disrupted sleep in development can modify and have persistent
effects on cellular composition. Functionally, dendritic spines predom-
inantly support excitatory neurotransmission, and their relative matu-
rity can be inferred from their morphology (Hering and Sheng, 2001).
An important consideration when comparing spine density findings
between studies is the developmental trajectory of a given brain region.
The timepoint of sleep disruption paradigm, and whether it overlaps
with the ordinary maturation timeline impacts the likelihood that it will
alter a given region. For instance, the rodent mPFC is a late-maturing
brain region, sensitive to experience over a wide post-natal period (for
review (Klune et al., 2021)) while visual cortex has a finite critical
period (for review (Hensch, 2005)). In the ELSD method in prairie voles,
there is increased spine density in the prelimbic region of layer 2/3 PFC
in adulthood, specifically immature spines, pointing toward persistent
effects of early-life sleep loss on late maturing cellular structures (Jones
etal., 2021). Tissue from this study was examined in adulthood (P77-80)
and there was no difference in density in deeper L5 of prelimbic or L2/3
and L5 infralimbic regions. Along with this increase in immature spines,
is a reduction of vesicular glutamate transporter 1 (vGLUT1)-labelled
terminals in both presynaptic and spine areas in ELSD voles, high-
lighting dysfunction in cortico-cortical communication. In the PFC of
male rats at P33 and P90, Atrooz and colleagues found sweeping bar
manipulation between P19-32 reduced GluA1 (AMPA receptor subunit)
and GluN2b (NMDA receptor subunit) (Atrooz et al., 2019). However,
because levels were assessed with western blotting, there is no layer
specificity. Postsynaptic density protein (PSD95) was also reduced in
sleep disrupted rats at P33 and P90. Reduced synaptic components in
these models points to extensive neurotransmission dysfunction at the
cellular level. P35-42 sleep-disruption in mice had no effect on spine
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density in VTA dopamine projecting neurons in the mPFC (Bian et al.,
2022). Early-life light advances produced lower branching order of py-
ramidal dendrites in the mPFC and dHPC, with a concomitant reduced
length of dendrites in P90-110 animals (Ameen et al., 2022). Branching
order and dendritic lengths are proxies for complexity of morphology, or
maturity (Coleman and Riesen, 1968). Developmental IH from P10-P24
decreased branching of dendrites in L5 of PFC in 5-month old male rats
(Kheirandish et al., 2005). Unlike previous studies, this is the oldest
timepoint when dendritic branching was assessed, perhaps making the
finding unique. 6-8 week old Bmall KO mice showed increased Purkinje
cell density in the cerebellum accompanied by spine density increases,
specific to immature spines (Liu et al., 2022). Although in different re-
gions and models, it is noteworthy, like Jones and colleagues, the
increased spine density appeared specific to immature spines. Devel-
opmental sleep disruption can modify neuronal complexity and neuron
to neuron communication by increasing dendritic spine density and
reducing synaptic components. These outcomes appear to span multiple
methods of disruption, with the strongest impact in protocols occurring
in the first five weeks of life.

Neuronal composition can provide additional evidence for the mo-
lecular mechanisms underlying developmental sleep disruption. Early
studies of REM deprivation using a non-specific chlorimipramine
treatment found reduced overall volume of the cerebral cortex in adult
rats, a crude measure of potential neuronal cell loss (Mirmiran et al.,
1983). Regional expression of myelin basic protein (MBP) which con-
tributes to the myelination of axons as assessed with western blotting is
reduced in the striatum of Fmrl KO male mice at P94 who underwent
gentle handling from P5-52 (Saré et al., 2022a). Chronic (4 days) sleep
restriction increased metabolic and energy demand of mitochondria and
endosomes within pyramidal cells of 1-month old mice (de Vivo et al.,
2016).

One potential mechanism for how synapses are disrupted by DSD
may be through alterations in the mammalian target of rapamycin
(mTor) pathway. The mTOR pathway is a ubiquitous regulator of syn-
aptic protein synthesis and is implicated in several neurodevelopmental
disorders (Pagani et al., 2021). Chronic gentle handling from P5-52
increased expression of phosphorylated ribosomal protein 6 (p-S6)
235/6 and 240/4 in various brain regions of adult mice which represents
downstream mTOR activity (Saré et al., 2019). Among its many func-
tions, mTOR degrades the core clock gene Bmall, and upregulated
mTOR in tuberous sclerosis complex (TSC) mice leads to heightened
Bmall levels (Lipton et al., 2017). Naturally, in the Bmall KO model,
there are increased levels of mTORC1 - S6K1, which can be normalized
with metformin treatment (Liu et al., 2022). This implies that neuro-
developmental changes related to mTOR hyperactivity may further alter
circadian phenotypes. One major consideration for these profiles of
mTOR activity is that they come from bulk tissue in each brain region,
which reduces the sensitivity of the finding as compared to single cell
comparison. mTOR pathway dysfunction is a plausible route of inves-
tigation considering the abundance of spine density changes reported
because of sleep disruption.

4.2. Network activity, E/I balance and synaptic plasticity

Network activity generated by specific cell types — excitatory,
inhibitory and interneurons is also susceptible to sleep loss in develop-
ment. Excitatory-inhibitory (E/I) balance in the cortex is modulated by
sleep-wake state, and dependent on Parvalbumin (PV)+ interneurons,
which are most active during REM sleep (Niethard et al., 2016;
Kuchibhotla et al., 2017). Modern in-vivo techniques allow for a precise
measurement of cellular activity. Using in-vivo fiber photometry, Bian
and colleagues demonstrate adolescent sleep loss in mice generates
hypoactivity of dopaminergic cells in the ventral tegmental area (VTA)
during novel social interaction and hyperactivity in the nucleus
accumbens (NAc) during social interaction, neither change with subse-
quent bouts of interaction at P56 (Bian et al., 2022). Whole cell-patch
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clamp of the VTA cells shows increased membrane resistance. Careful
tracing of this circuit reveals that sleep disruption during a critical
period generates excess projections originating from the VTA onto me-
dium spiny neurons in the NAc and diminished innervation of VTA to
pyramidal neurons in the mPFC. Further experiments show that social
novelty preference depends on activity of dopaminergic VTA cells, when
activated with Designer Receptors Exclusively Activated by Designer
Drugs (DREADDs), abolishing the behavior and when silenced, pro-
moting the behavior. In the Bmall KO model, there was an increased
density of Purkinjie cells in the cerebellum and their spontaneous
spiking rate was lower in 6-8 week old mice (Liu et al., 2022).
Cell-attached electrophysiological recordings of cerebellar Purkinje cells
showed reduced sEPSC amplitude and increased sIPSC pointing to
overall cerebellar network dysfunction.

E/I balance, and network activity can be assessed indirectly in post-
mortem tissue with the use of immunohistochemistry. DSD in prairie
voles using cage disruption leads to multiple derangements that high-
light altered E/I balance. Increased PV-interneurons in the somatosen-
sory cortex were observed in prairie voles after DSD, suggesting
increased inhibitory inputs in this region at P100 (Feng et al., 2000).
Reduced vGlutlexpression in prelimbic cortex indicate early life sleep
impacts excitatory synaptic transmission at P80 (Jones et al., 2021).
ELSD prairie voles show neuronal hyper-activity in the central and
lateral amygdala following footshock via increased cfos immunoreac-
tivity (Jones et al., 2021). Gentle handling of 6 week old mice for 8-days
increased cfos expression in the prelimbic and infralimbic regions in
males and female, though the specific cell-type is unknown (Murack
et al., 2021). Following the hot-plate test, mice who underwent sleep
disruption showed reduced cfos immunoreactivity, indicating neuronal
hypo-activity in the periaqueductal grey, which was independent of any
change in cortical thickness of the somatosensory cortex (Araujo et al.,
2018). DSD in multiple modalities creates dysfunctional circuits.

Long-term potentiation (LTP) and long-term depression (LTD) are
distinct measures of synaptic plasticity. Five to 8 week old rats deprived
of REM sleep for 7-10 days were more likely to show LTP in response to
low frequency stimulation applied to white matter fibers in the visual
cortex instead of LTD, indicating a failure to produce inhibitory tone
(Shaffery et al., 2006). REM sleep disruption in 1-month old rats extends
the expression of LTP in the visual cortex (Shaffery et al., 2002). LTP is
present beyond when it is expected developmentally, suggesting the role
of sleep in expression of synaptic plasticity. Proper inhibitory tone is
responsible for closing of critical periods, rearing in complete darkness
abolishes the developmental reduction in LTP in 5-week old rats (Kirk-
wood et al., 1995). In this issue, two-photon imaging of excitatory
neurons in primary visual cortex of 3-week old mice that underwent
monocular-deprivation shows that REM sleep disruption leads to
increased cortical firing to the deprived eye, disrupting ODP (Renouard
et al., 2022). Levels of calcium/calmodulin kinase II (CaMKII), a
recognized marker of synaptic plasticity was reduced in the PFC of P33
and P90 male rats who were sleep-disrupted between P19-32 (Atrooz
et al., 2019).

DSD also impacts neurotransmitter receptor density and the con-
centration of neuromodulators. Chronic gentle handling reduces the
number of 5-HT; 5 expressing cells in the anterior cingulate cortex (ACC)
and infralimbic cortex of 6 week old male and female mice (Murack
et al., 2021). Shaffery et al. found multiple platforms over water in rats
between P28-35 increased the concentration of thyrotropin-releasing
hormone in the hypothalamus (Shaffery et al., 2002). Early life sleep
loss can have persistent consequences on the neurobiological makeup of
the brain. Developmental IH from P10-24 in rats increased norepi-
nephrine in the mPFC of 5-month old males and females compared to
controls (Kheirandish et al., 2005). Yang and colleagues found gentle
handling in male rats reduced 5-HT and dopamine in the hypothalamus,
reduced 5-HT and norepinephrine in the midbrain, reduced dopamine in
the striatum and increased norepinephrine in the brainsteam in P36 rats
(Yang et al., 2012). Melatonin production and normal pineal gland
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activity is suppressed three-months after developmental sleep disruption
between P21-P25 in rats (Chen et al., 2015). Though no other studies
evaluated melatonin biosynthesis, there is evidence of melatonin defi-
ciency among laboratory mice (Kasahara et al., 2010), making com-
parisons between species difficult. Neurotransmitter deficits may
provide additional insight into behavioral and sleep/wake disruption.

Although neural mechanisms underlying developmental sleep
disruption are less diverse than the behavioral phenotypes, it is clear
DSD modifies normal network activity and cellular composition. When
available, future studies should incorporate in-vivo cellular recordings
which are paramount in identifying putative cell populations underlying
disrupted behavior.

5. Conclusions and future directions

Early life sleep provides the foundation for typical neural develop-
ment, while sleep disruption during sensitive developmental periods
impact normal brain development and behavior, often persisting into
adulthood. Rodent models of DSD provide an important approach with
which to explore the function of sleep in shaping socio-emotional
development. In this scoping review, we synthesized findings from 32
original research studies in rodent models of DSD across varied time
points and methods.

It is apparent that the consequences of DSD differ depending on the
specific developmental window and paradigm tested, highlighting the
fact that not all DSD paradigms are equivalent. For example, impaired
sociability was seen in mutant Bmall mouse models, prairie voles with
DSD from P14-21, and Shank3*€ mice with DSD, whereas methods that
manipulated animals directly did not impair sociability. Social prefer-
ence for a novel conspecific was impaired in DSD mice at P35-42 and
heterozygous Bmall mice, but in the socially monogamous prairie vole,
DSD impaired social preference for the familiar conspecific (e.g. the
partner). Compared to animal disruption, cage manipulation studies
were less likely to impact corticosterone levels, developmental weight or
find anxiety or depressive-like behavior, suggesting that interaction with
the experimenter may complicate interpretation of a study. These
studies highlight nuances in DSD effects on behavior and the species-
typical nature of the effect.

To date, the neural mechanisms of DSD demonstrate widespread
deficits in neurotransmission at the level of the synapse and circuit,
creating dysfunctional behavior. For example, both DSD mice and DSD
rats showed impaired ocular dominance plasticity and LTD expression at
1 month of age, indicating a robust deficit in synaptic plasticity across
species. Several regions sensitive to DSD related to impaired behavior
have been identified, including VTA (e.g., social novelty in mice), BLA
(e.g., extinction of cued fear in voles), mPFC (sensorimotor/pain and
partner preference in voles) and hippocampus (spatial working memory
in mice and rats), highlighting the widespread nature of DSD effects
across the brain. At the cellular level, a common theme that consistently
emerged across DSD studies was increased dendritic spine density and
reduced synaptic components, the essential structural components un-
derlying proper cellular transmission. These findings closely parallel the
hallmark pathology of neurodevelopmental disorders in humans, sug-
gesting that DSD may be a causal or exacerbating factor in disease
pathogenesis. Some pathways do not overlap, potentially providing
novel insights while also relating to the infancy of the field in estab-
lishing the molecular mechanisms of DSD.

In conclusion, DSD in rodents can be a powerful tool with which to
reveal both the biological function of sleep and the neural mechanisms
underlying neurodevelopmental disorders. Given that methods differ,
and reproducibility may be challenging across labs, gold standard EEG/
EMG validation of DSD is important to ensure the paradigm used is
specifically impacting sleep, and not simply rest-activity rhythms or
locomotion. Identification of how different stages of sleep are impacted
and whether animals acclimate to disruption will provide useful infor-
mation in pursuit of mechanism. Verification of the stress effects of a
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manipulation through corticosterone or weight-trajectory can ensure
the study does not unknowingly assay another condition (e.g. early life
stress). It would be useful for models to incorporate multiple timepoints
wherever possible to parse out the relative contribution of develop-
mental sleep on their behavioral or neuropathological outcome of in-
terest. Future work in genetic models could explore how mutations
modify early-life sleep phenotypes more thoroughly. Finally, it is
important to investigate both sexes in DSD studies, more than half of the
studies discussed here came from exclusively male animals. Males and
females may have different windows of vulnerability to DSD as well as in
the specific neurodevelopmental disorder of interest. Sleep studies
across three laboratory rodent species at unique developmental time-
points suggest that DSD has manifold effects on behavioral function and
overlapping neural mechanisms, indicating DSD may play a causal role
in the pathogenesis of neurodevelopmental disorders.
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