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SUMMARY

A defining feature of early infancy is the immense neural plasticity that enables animals to develop a brain that
is functionally integrated with a growing body. Early infancy is also defined as a period dominated by sleep.
Here, we describe three conceptual frameworks that vary in terms of whether and how they incorporate sleep
as a factor in the activity-dependent development of sensory and sensorimotor systems. The most widely
accepted framework is exemplified by the visual system where retinal waves seemingly occur independent
of sleep-wake states. An alternative framework is exemplified by the sensorimotor system where sensory
feedback from sleep-specific movements activates the brain. We prefer a third framework that encompasses
the first two but also captures the diverse ways in which sleep modulates activity-dependent development
throughout the nervous system. Appreciation of the third framework will spur progress toward a more
comprehensive and cohesive understanding of both typical and atypical neurodevelopment.

INTRODUCTION

An undisputed fact about early development is that it is a time of
growth and qualitative change. As a newborn’s body weight
doubles every few months (in humans) or days (in rats), the shape
and relative proportions of the body change as well. At the same
time, the infant brain also changes rapidly. Neurons are born and
die, synaptic connections are formed and eliminated, and
increasingly complex neural computations emerge. Against
this background of physical and neural transformation, the brain
becomes functionally integrated with the body, thus illustrating a
second undisputed fact about early development—it is a period
of enhanced neural plasticity.

The functional integration of body and brain is all-the-more
remarkable when considering the extraordinary diversity of ani-
mal sizes, shapes, and appendages. From the agile trunk of an
elephant to the dexterous whiskers of a rat, animals of all kinds
achieve exquisite integration of body and brain using a topo-
graphically organized system that maps neurons, muscles, and
peripheral sensors (e.g., muscle spindles, mechanoreceptors,
and photoreceptors). Given the complexity of such species-
typical systems, it is tempting to assume that evolution guaran-
tees functionality by “hardwiring” it into the brain. However,
developmental plasticity obviates the need for such guarantees,
as demonstrated by individuals born with atypical bodies (Blum-
berg, 2009). For example, people born without arms—a condi-
tion called amelia—develop the ability to use their feet and
toes like hands and fingers to type on a keyboard, play the piano,
or shuffle a deck of cards. Such novel behavioral capacities are
reflected in the development of novel topographic maps in the
somatosensory cortex (Dempsey-Jones et al., 2019). Similarly,
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people born blind develop enhanced auditory and somatosen-
sory capacities (Rauschecker et al., 1992; Roder et al., 1999)
along with novel cortical organization (Sadato et al., 1996).
Such examples of developmental plasticity do not reflect an
atypical developmental process. Rather, the process is inher-
ently the same regardless of whether the animal is typically or
atypically formed (Blumberg, 2009).

In young and adult animals, the neural plasticity that makes
learning and memory possible depends on sleep (Rasch and
Born, 2013). Might sleep also contribute to the developmental
plasticity that enables the functional integration of brain and
body? Indeed, for decades, researchers addressed similar
developmental questions by noting that early postnatal life is
the time when animals—vertebrates and invertebrates alike—
sleep the most (Blumberg and Rattenborg, 2017; Kayser and
Biron, 2016). For example, in humans and rats, rapid eye move-
ment (REM) and non-REM sleep (or active and quiet sleep,
respectively) exhibit distinct developmental profiles, with REM
sleep being more prevalent in early life than non-REM sleep (Jou-
vet-Mounier et al., 1970; Roffwarg et al., 1966) (Figure 1). In hu-
mans, REM sleep is even more prominent during the prenatal
period (Knoop et al., 2021).

The relative abundance of REM sleep in early life inspired the
ontogenetic hypothesis, which posited functional links between
REM sleep and development (Roffwarg et al., 1966). Consistent
with the ontogenetic hypothesis, a formal model using available
human data of sleep times, brain and body size, and brain and
body metabolic rate from birth to adulthood showed that REM
sleep specifically contributes to neural plasticity in early devel-
opment (Cao et al., 2020). Nonetheless, many otherwise excel-
lent recent reviews of sensory neurodevelopment largely ignore
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the role of sleep (e.g., Briscoe and Marin, 2020; Martini et al.,
2021; Molnar et al.,, 2020; and Sitko and Goodrich, 2021).
Thus, here, we aim to show how considerations of sleep enrich
our understanding of neurodevelopment and help to identify
paths to further progress. Toward this aim, we describe three
conceptual frameworks that differ in terms of whether and how
sleep contributes to the neurodevelopment of sensory and
sensorimotor systems (Figure 2).

FRAMEWORK 1: STATE-INDEPENDENT SPONTANEOUS
ACTIVITY IN THE SENSORY PERIPHERY AND CENTRAL
NEURAL CIRCUITS

The most common framework for understanding sensory neuro-
development largely ignores a possible contribution of behav-
ioral state (Figure 2A). This framework focuses on spontaneous,
intrinsic activity in the sensory periphery or downstream neural
structures (Martini et al., 2021). For example, spontaneous
bursts of activity in the cochlea are thought to contribute to the
development of auditory cortex (Meng et al., 2021), and sponta-
neous bursts of activity in the olfactory bulbs are thought to play
a similar role in olfactory cortex (Zhang et al., 2020). However, it
is the visual system that provides the prototypical example of this
framework.

Retinal waves and intrinsic brain activity in the infant
visual system

Before rod and cone photoreceptors become sensitive to light,
cells within the retina spontaneously depolarize and generate
waves of activity that propagate across the retina and are
conveyed to downstream visual-system structures (Ackman
et al., 2012; Gribizis et al., 2019; Hanganu et al., 2006). In ro-
dents, retinal waves begin before birth and continue until the
end of the 2" postnatal week, around the time when the eyes
open. The circuits responsible for generating and propagating
retinal waves change across development. In mice, retinal waves
are mediated by cholinergic circuits during the 15! postnatal
week and glutamatergic circuits during the 2" postnatal week
(Ford and Feller, 2012). Cholinergic waves are spontaneous
and exhibit a rhythmic pattern of generation that changes with
age (Maccione et al., 2014). In contrast, glutamatergic waves
occur spontaneously but can also be triggered by light
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Figure 1. Sleep permeates early life
Developmental changes in the percentage of REM
sleep (blue) in humans (left) and rats (right) in
relation to non-REM sleep (light blue) and wake
(red). The dotted line for the rat data indicates un-
certainty about the quantity of non-REM sleep
before the emergence of cortical delta activity
around postnatal day (P) 11. Adapted from Knoop
et al. (2021) and Jouvet-Mounier et al. (1970).

(Ge et al., 2021; Tiriac et al., 2018), exhib-
iting more varied rhythmicity than cholin-
ergic waves (Maccione et al., 2014).

As demonstrated in vivo in infant mice,
retinal waves are faithfully transferred to
primary visual cortex (V1) and the superior colliculus in the
midbrain (Ackman et al., 2012). Indeed, retinal waves appear to
be the primary source of activity for those structures. It is not until
the 2™ postnatal week, just before eye opening, that V1
(although not the superior colliculus) gains some independence
from retinal input (Gribizis et al., 2019). Overall, the faithful trans-
mission of sensory activity points to a critical role for the periph-
ery in driving and structuring input to the developing brain, as
must be the case if brain and body are to form an integrated func-
tional system.

Retinal waves play various roles in the development of visual
circuits. For example, in knockout mice in which cholinergic
waves are reduced by 80%, the refinement and eye-specific
segregation of downstream visual-system structures are disrup-
ted (Burbridge et al., 2014; Rossi et al., 2001). The knockouts
also exhibit reduced direction selectivity in the retina (Tiriac
et al., 2022) and superior colliculus (Wang et al., 2009) and a per-
turbed optokinetic reflex to horizontal motion (Wang et al., 2009).
In addition to such demonstrations that the amount of retinal ac-
tivity matters, disruption of the spatiotemporal patterns of retinal
waves interferes with normal binocular segregation of retinal
axons (Xu et al., 2011) and direction selectivity after eye opening
(Ge et al., 2021).

Intrinsic activity in V1 and the thalamic lateral geniculate nucleus
(LGN) and interactions between the two structures may also
contribute to the development of the visual system. Indeed, a
decade after the discovery of retinal waves, researchers showed
that activity in the LGN and V1 occurs in the absence of input from
the retina (Weliky and Katz, 1999). Using ferrets, 10 days before
eye opening, neural activity in the LGN was recorded before and
after transection of the optic nerves. Before transection, LGN neu-
rons exhibit bursts of synchronized neural activity. After transec-
tion, LGN neurons continue to burst spontaneously; moreover,
this spontaneous bursting depends on cortical feedback because
it is abolished when the ipsilateral V1 is ablated. Similarly, sponta-
neous V1 activity occurs after LGN blockade (Chiu and Weliky,
2001; Smith et al., 2018). Because LGN activity persists after the
transection of the optic nerve, these findings suggest a develop-
mental role for intrinsic LGN activity.

However, these studies also reinforce the notion that the sen-
sory periphery exerts a powerful influence on the quantity and
patterning of downstream neural activity. Specifically, the imme-
diate effect of optic-nerve transection in infant ferrets is the loss
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of all LGN activity for 50 min, with activity levels only gradually re-
turning over the next 6 h (Chiu and Weliky, 2001; Weliky and Katz,
1999). Also, the recovered LGN activity does not revert to its
original spatiotemporal pattern but instead reorganizes as a
novel pattern. The recovery of LGN activity after optic-nerve
transection may reflect a process of homeostatic plasticity, as
occurs in other systems when neural input is experimentally
altered (Turrigiano and Nelson, 2004). Finally, similar to the
downstream effect of optic-nerve transection on LGN activity,
LGN inactivation causes a 90% reduction in downstream V1 ac-
tivity (Smith et al., 2018).

Thalamic calcium waves in the somatosensory system
of fetal mice
Beyond the visual system, experiments in the whisker somato-
sensory system reveal the importance of thalamic activity in
the development of cortical somatotopy. In the whisker system,
the mechanoreceptors that transduce whisker movement
convey somatosensory input through the brainstem to the
thalamic ventral posteromedial nucleus (VPM), which, in turn,
conveys input to the whisker representation in primary somato-
sensory cortex (S1; barrel cortex). In adult mice, the layout of
the whiskers on the snout is represented by anatomical and
functional maps in VPM and S1, where distinct clusters of neu-
rons in each structure—called barreloids in VPM and barrels in
S1—represent individual whiskers. The cortical barrel structure,
evident by postnatal day (P) 4, emerges from patterned VPM
input present in fetal mice (Anton-Bolanos et al., 2019). First, us-
ing brain slices from mice at embryonic day 17.5, electrical stim-
ulation of VPM evoked calcium-mediated “thalamic waves” and
triggered downstream S1 activity. Next, knockout mice that did
not exhibit propagating calcium waves in VPM did not develop
somatotopic maps in barrel S1 due to an inability to refine thala-
mocortical axons and control cortical excitability. The authors
concluded that the early development of mouse barrel cortex re-
quires patterned input (in the form of calcium waves) arriving
from the fetal VPM.

In summary, developmental studies in the visual and somato-
sensory systems that conform with the first framework indicate
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Figure 2. Frameworks describing the
contributions of peripheral and central
neural activity to sensory neurodevelopment
(A) State-independent spontaneous activity in the
sensory periphery, thalamus, and/or cortex.

(B) State-dependent modulation (pink) of the sen-
sory periphery triggers the downstream activation
of thalamus and cortex.

(C) State-dependent modulation at multiple levels
of the sensory system (blue).

sleep-
wake

an interdependence of activity in the sen-
sory periphery, thalamus, and cortex.
Changes in the patterning of activity at
any of the three levels can lead to aberrant
developmental outcomes. However,
these studies implicitly assume that neu-
ral activity in these systems occurs inde-
pendent of behavioral state. In the next
section, we provide an example of sleep-dependent sensory ac-
tivity that profoundly activates the infant brain.

State-dependent
modulation

FRAMEWORK 2: STATE-DEPENDENT ACTIVITY IN THE
SENSORY PERIPHERY

The second framework builds on the first by adding a mecha-
nism that allows for the state-dependent modulation of periph-
eral sensors (Figure 2B). As we will see, this framework is best
illustrated by the sensorimotor system but is not necessarily
restricted to this system. For example, with regard to the visual
system, state-dependent modulation of retinal waves has not
been seriously considered. Although the optic nerve is almost
entirely a sensory nerve, it does contain axons that travel from
the brain to the retina: such retinopetal axons are few in number,
but their branches within the retina are extensive (Gastinger
et al., 2006). Moreover, there are two types of retinopetal axons:
histaminergic axons arising from the hypothalamic tuberomam-
millary nucleus (TMN) and serotonergic axons arising from the
brainstem dorsal raphe (DRN). In adult mice, increasing hista-
mine in the retina alters ganglion-cell activity (Warwick et al.,
2022), and both the TMN and DRN are strongly modulated by
sleep-wake states (Jones, 2020). However, whether retinal
waves are modulated by either structure via retinopetal projec-
tions is unknown.

Myoclonic twitches are sleep-dependent drivers of
activity in the sensorimotor system

For our discussion of the second framework and the sensori-
motor system, we focus on myoclonic twitching, a unique
behavior that occurs during REM sleep and that, similar to retinal
waves, triggers downstream neural activity. Why would REM
sleep have its own unique behavior? The answer may lie in the
specific requirements of the developing sensorimotor system.
In newborn rats and mice, retinal waves occur before eye open-
ing when the visual system has only one primary function—to
develop. In contrast, the neonatal sensorimotor system must
develop while also producing functional wake behaviors. The
sensorimotor system achieves this end using a time-sharing
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Figure 3. State-dependent time sharing in
the developing sensorimotor system but not
the visual system

Sensogimotor Wake movements HMIN| Bl NENIN |N BN N N HEN BN | BN BN Bottom row: a 20-min segment of representative
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Behavioral REM sl REM sleep (blue) and wake (red). Middle row: in
sleep ’ :

state II II l I |I .I I Il I l ll II. the sensorimotor system, the limb movements

characteristic of REM sleep (i.e., twitches) are

qualitatively different from those during wake, made possible by state-dependent time sharing of the system. Top row: no such time sharing appears to
occur in the visual system; as currently understood, retinal waves are triggered independent of sleep-wake state.

approach that entails the state-dependent modulation of the
structures that produce movement. The use of time sharing in
the sensorimotor system reflects its unique demands and con-
straints; in contrast, because retinal waves occur before eye
opening (at P15 in rats) and thus before the visual system is
used to guide behavior, that system is freed from the need to
time share (Figure 3).

Alternations between twitches and wake movements require
state-dependent modulation of the brainstem motor structures
responsible for neonatal movement (Mukherjee et al., 2018;
Del Rio-Bermudez et al., 2015). This modulation produces two
forms of movement with their own distinct features (Blumberg
et al.,, 2020a). Specifically, whereas twitches are brief and
discrete, wake movements are continuous and coordinated.
Whereas twitches are produced against a background of muscle
atonia (a second component of REM sleep), wake movements
are produced against a background of high muscle tone. Wake
movements also differ from twitches in that they are sufficiently
organized to effect such functional outcomes as locomotion
and suckling.

Twitches may not produce locomotion or achieve any self-
evident behavioral goal, but the sensory feedback arising from
tens of thousands of daily twitches does activate the neonatal
nervous system (Blumberg et al., 2020a) (Figure 4). Briefly,
when a twitch occurs, proprioceptors within the limb (and tactile
receptors if the limb contacts a surface) are stimulated and reaf-
ference is triggered. Sensory signals activate neural circuits in
the spinal cord (Inacio et al., 2016), contributing to the self-orga-
nization of spinal circuits (Blumberg et al., 2015; Granmo et al.,
2008; Petersson et al., 2003). Beyond the spinal cord, reaffer-
ence from twitches triggers a cascade of spiking activity
throughout the sensorimotor system—from the medulla to the
midbrain, cerebellum, thalamus, cortex, and hippocampus
(Blumberg et al., 2020a). All this discrete twitch-related brain ac-
tivity may be particularly important for developing and refining
sensorimotor circuits and somatotopic maps, an idea that has
received additional support from studies using computer simula-
tions and robots (Blumberg et al., 2013; Dujany et al., 2020; Mar-
ques et al., 2014).

Much more is currently known about the phenomenology of
twitching than about its functions. However, given the predomi-
nance of sleep in neonates and the abundance of twitch-related
neural activity, it is reasonable to expect twitches to play
outsized roles in the activity-dependent development, refine-
ment, and maintenance of neural circuits throughout the senso-
rimotor system. For example, neural activity is implicated in the
regulation of apoptosis (natural cell death) in the cerebral cortex.
Apoptosis exhibits two surges in mice: one around embryonic
day 14 and the other in the 15t postnatal week (Nikoli¢ et al.,

2013). During the second surge, more than 30% of cortical neu-
rons die. In S1 and primary motor cortex (M1), region-specific
levels of apoptosis are moderated by cortical activity, with
increased activity associated with decreased apoptosis (Blan-
quie et al., 2017). Given the quantity of twitch-dependent reaffer-
ence to S1.and M1 over the 15 postnatal week, it is likely that the
refinement of cortical circuits via apoptosis is at least partly
modulated by sleep.

The quantity of twitching matters, as does its patterning. For
example, in P8 rats, each individual forelimb twitch triggers ac-
tivity in a substantial percentage of neurons in the forelimb region
of M1 (Dooley and Blumberg, 2018; Glanz et al., 2021). This
pattern of activity, which becomes sparser by P12, reflects the
amplification of sensory input and dense coding, features that
may be particularly effective for enhancing synaptic activity
and somatotopic circuit formation in early development (Colonn-
ese and Phillips, 2018).

Are rapid eye movements twitches of the extraocular
muscles?

Eye movements, like limb movements, are controlled by striated
muscles. Specifically, six extraocular muscles, controlled by
several brainstem motor nuclei, enable each eye’s full range of
motion. The brainstem nuclei are controlled by a complex senso-
rimotor system that, similar to the system that controls limb
movements, is modulated in a state-dependent manner. During
wake, this system establishes the resting position of the eyes,
produces saccadic eye movements, compensates for head
and body movements, and integrates corollary discharge signals
to track self-produced eye movements (Tehovnik et al., 2021).
During REM sleep, this same system produces rapid eye
movements.

One longstanding, popular view of rapid eye movements in hu-
man adults is that they reflect the visual scanning of dreams (Le-
clair-Visonneau et al., 2010); there are reasons to question this
hypothesis (Blumberg and Plumeau, 2016). Moreover, from a
developmental perspective, rapid eye movements are most
parsimoniously interpreted as twitches of the extraocular mus-
cles (Seelke et al., 2005). In infant rats as early as P3, twitches
of the extraocular muscles occur during periods of limb twitch-
ing. However, because the eyes are not yet able to move freely
within the socket, these extraocular muscle twitches are not
yet able to produce eye movements. As eye mobility increases
with age, extraocular muscle twitches are increasingly able to
produce rapid eye movements.

We are not aware of evidence that rapid eye movements
trigger sensory feedback—a seemingly necessary condition for
their playing a role in the functional development of the neural cir-
cuits that support this system. However, in awake adult humans
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Figure 4. Diversity of twitch-related neural activity in the infant rat brain

Representative perievent histograms depicting neural activity recorded from P8 rats in relation to forelimb twitches. The background image depicts a sagittal
section of the infant brain. The production of a forelimb twitch begins in the brainstem, including the red nucleus and other motor structures within the meso-
diencephalic junction (MDJ). The forelimb movement activates proprioceptors and triggers sensory feedback (reafference) that flows to the external cuneate
nucleus (ECN) in the medulla, the ventral posterior nucleus (VP) in the thalamus, and primary somatosensory (S1) and primary motor (M1) cortex. The RN and
adjacent motor neurons also convey motor copies (corollary discharges) to the inferior olive (I0), that, in turn, projects to the deep cerebellar nuclei (DCN). For
clarity, not all structures known to exhibit twitch-related activity are shown. Arrows and histograms are color coded based on whether they reflect motor
commands (red), motor copies (blue), or sensory feedback (green). See text for references.

and rhesus macaques, oculomotor proprioception conveys in-
formation about eye position to S1 (Sun and Goldberg, 2016).
Also, in humans during REM sleep, neural activity associated
with rapid eye movements occurs not only in the visual system
but also in motor cortex and other nonvisual structures (Hong
et al., 2009). These findings suggest that rapid eye movements
play a role in developing and refining the visual system’s senso-
rimotor circuitry, analogous to their role in calibrating the adult
system (Herman and Roffwarg, 1983).

In summary, twitching provides the prototypical example of
the second framework. However, as we will see in the next sec-
tion, sleep-dependent activity in the sensory periphery repre-
sents only a fraction of the ways in which sleep shapes activity
in the developing brain.

FRAMEWORK 3: STATE-DEPENDENT MODULATION OF
SENSORY CIRCUITS

A third framework, depicted in Figure 2C, is necessary because
the first two are incomplete. For example, the first framework
(Figure 2A) is unable to account for the modulation of down-
stream brain activity that occurs after a retinal wave is triggered.
Specifically, in P5-P6 rats, retinal waves trigger thalamocorti-
cally generated spindle bursts in V1, and the rate of spindle
bursts depends in part on cholinergic input from the basal fore-
brain (Hanganu et al., 2007). Although sleep was not monitored in
that study, cholinergic neurons in the basal forebrain of adult rats
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are most active during REM sleep (Jones, 2020). Moreover, two
recent studies provide additional evidence of state-dependent
modulation of downstream visual-system structures. In P9 and
P12 rats, rhythmic bursts of V1 activity occur 30-60 s apart,
consistent with input from retinal waves (Mukherjee et al.,
2017). However, when pups wake up and move their limbs—
regardless of whether the awakening occurs spontaneously or
is experimentally evoked—V1 bursts are suppressed. This
wake-movement-related inhibition of spiking activity in V1 (and
LGN) is developmentally transient; whereas neural activity is in-
hibited by movement at P11, 2 days later, it is enhanced by
movement (Murata and Colonnese, 2018).

The second framework, depicted in Figure 2B, also cannot ac-
count for a number of observed phenomena in the sensorimotor
system. For example, because sleep is typically considered a
period of sensory isolation, it is surprising that twitch-related re-
afference so powerfully activates the sleeping infant brain. Even
more surprising, however, is the consistent failure to find—in
otherwise identical conditions—similar reafferent activation of
the brain during wake movements. In neonatal rats, this state-
dependent gating of wake-related reafferent processing occurs
in the limbs and whiskers (Dooley et al., 2020; Tiriac et al.,
2014). For the forelimbs, at least, the gating is transient, as it dis-
appears by P11 (Dooley and Blumberg, 2018). Thus, before P11,
twitch-related reafference is not only abundant, it is preferred.
This preference of the pre-P11 brain for twitch-related over
wake-related reafference requires the state-dependent
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modulation of the processing of neural activity after it has been
triggered in the sensory periphery.

The third framework incorporates the phenomena encom-
passed by the first two frameworks while also capturing the di-
versity of ways in which sleep modulates sensory processing
and activity-dependent development throughout the nervous
system. Before describing the research that illustrates this diver-
sity, we first delve more deeply into the organization and func-
tional significance of sleep-wake states, especially across early
development.

Sleep comprises components and contexts

In adult mammals, REM sleep is composed of a suite of compo-
nents: In addition to rapid eye movements, twitches, and muscle
atonia, there is irregular respiration, activated EEG, and hippo-
campal theta. In contrast, non-REM sleep is characterized by
high-amplitude slow waves and/or sleep spindles in the cortical
EEG, regular respiration, and behavioral quiescence. Although
the components of REM and non-REM sleep are tightly inte-
grated in adults, that is not the case in early development (Blum-
berg et al., 2014, 2020b). For example, in rats, soon after birth,
REM sleep is identified primarily on the basis of muscle atonia
accompanied by limb twitches. Over the first two postnatal
weeks, additional REM-sleep components are added, including
hippocampal theta, rapid eye movements, and an activated
cortical EEG. Similarly, one of the core features of non-REM
sleep—cortical slow waves—emerges only after P11. But,
even as these sleep-related components emerge over develop-
ment, it is easy to distinguish a pup that is asleep or awake based
on its behavior alone.

A focus on the components of sleep is essential for appreci-
ating the development and functions of sleep. But each sleep
state is more than just the sum of its components: Sleep is
also a context. Specifically, sleep entails the coalescence and
regulation of its components in time, involving sleep-specific
activation of a neural network that spans the neuraxis. Sleep-
dependent increases or decreases in activity occur in neural
structures, such as the locus coeruleus, raphe nuclei, and basal
forebrain, that release the plasticity-promoting neuromodulators
norepinephrine, serotonin, and acetylcholine, respectively
(Brzosko et al., 2019; Jones, 2020). Sleep also entails the differ-
ential allocation of energy to maximize vital processes such as
growth, tissue maintenance and repair, and neural network reor-
ganization (Schmidt, 2014). These modes of energy allocation
are also intimately tied to how animals differentially regulate
gene expression across the sleep-wake cycle to meet functional
needs and energy demands. Thus, beyond their local effects on
particular sensory systems, sleep-dependent neuromodulation
and energy allocation produce global effects on nervous system
function.

Itis important to keep in mind the components and contexts of
sleep when considering the ways in which researchers have
sought to assess its functions. Specifically, when researchers
deprive an animal of sleep, they are manipulating sleep as a
context and thus affecting all features of sleep at once: each in-
dividual sleep component, the sleep-generating neural network,
the system of plasticity-promoting neuromodulators, energy
allocation, and gene expression. It is also possible, however,
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to perform more targeted manipulations of sleep, such as
depriving an animal of an individual sleep component (Boyce
et al., 2016).

Empirical support for the third framework derives in large part
from studies in which total or selective sleep deprivation is used
to assess sleep’s effects on neurodevelopment. In contrast, it is
still rare to find developmental studies that use targeted manip-
ulations of sleep components or subsystems. Instead, re-
searchers have provided evidence for sleep’s developmental
functions by demonstrating that sleep provides a unique oppor-
tunity for the expression of certain behavioral or neurophysiolog-
ical phenomena (e.g., Dooley et al., 2021).

The representation of the third framework in Figure 2C is highly
simplified and symbolic of the ways in which sleep-wake modu-
lation promotes plasticity in sensory neural circuits throughout
the developing brain. In the sections that follow, we review spe-
cific examples of research findings across early development
that fit within this framework. Some examples highlight the
more global or contextual effects of sleep, including effects on
plasticity in the visual and sensorimotor systems. Other exam-
ples highlight more specific ways in which sleep-related neural
activity contributes to plasticity in early life, including the devel-
opment of internal models of movement in rats and sensorimotor
learning in songbirds. Even as these examples reveal the diver-
sity of sleep’s influences on early development, they also expose
the need for a more systematic understanding of those influ-
ences at the behavioral, neural, cellular, and molecular levels.

Sleep modulates ocular dominance plasticity in the
visual system
One effective strategy for investigating the global contributions
of sleep to development is to deprive young animals of sleep dur-
ing periods of enhanced neural plasticity —when a system is in
the midst of rapid development change. For example, in cats,
during a sensitive period of visual-system development, experi-
mental occlusion of one eye (monocular deprivation) for 2 weeks
reduces activation to downstream neurons in the LGN, causing
cells in that structure to be smaller than normal; in contrast,
LGN neurons that receive input from the unpatched eye are
larger than normal. When kittens are selectively deprived of
REM sleep for 1 week in the midst of monocular deprivation,
the disparity in LGN cell sizes is even greater, suggesting that
REM sleep provides intrinsic activation that complements the
extrinsic activation from light (Shaffery et al., 1998). Indeed, re-
searchers subsequently demonstrated that it was not the depri-
vation of REM sleep per se that produces the observed effects
but rather the loss of one component of REM sleep—namely,
the ponto-geniculo-occipital (PGO) waves that activate the
LGN (and V1) during REM sleep (Shaffery et al., 1999).
Researchers made further advances in understanding how
sleep contributes to the development of the visual system by tar-
geting the period of peak ocular dominance plasticity (Frank
et al., 2001). Using cats at ~P30, the occlusion of one eye for
as little as 6 h is sufficient to trigger a plasticity eventin V1, as de-
tected using microelectrode recordings and optical imaging.
Whereas a subsequent 6-h period of sleep enhances the cortical
plasticity induced by monocular deprivation, sleep deprivation
blocks that enhancement. In cats that are allowed to sleep after
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6 h of monocular deprivation, neurons in V1 significantly increase
their firing rates during periods of REM and non-REM sleep, but
not wake, suggesting that both sleep states contribute to the
synaptic strengthening underlying the consolidation of cortical
plasticity (Aton et al., 2009).

Because a bout of non-REM sleep typically precedes a bout of
REM sleep, itis not possible to deprive animals of non-REM sleep
selectively because REM sleep will necessarily also be affected.
Instead, the contributions of non-REM sleep to ocular dominance
plasticity after eye occlusion in cats were inferred from sleep-
dependent changes in the temporal relations among fast-spiking
interneurons and principal neuronsin V1 (Aton et al., 2013). More-
over, the magnitude of the plasticity response was related to the
magnitude of the change in the firing rate of principle neurons—
specifically during the slow waves of non-REM sleep.

The specific contribution of REM sleep to ocular dominance
plasticity has also been investigated (Dumoulin Bridi et al., 2015).
After occlusion of one eye for 6 h, researchers assessed whether
1 h of REM sleep deprivation alters the phosphorylation in V1 of
two kinases (CaMKIl and ERK) that are important for neural plas-
ticity, including synaptic long-term potentiation (LTP). REM-sleep
deprivation after eye occlusion specifically inhibits ERK phosphor-
ylation, which was previously shown to be necessary for ocular
dominance plasticity (Dumoulin et al., 2015). A subsequent study
further demonstrated that after ocular dominance plasticity is trig-
gered in cats, neurons are activated in V1 specifically during REM
sleep (Renouard et al., 2018). Moreover, at the same time that V1
neurons are activated during REM sleep, several proteins involved
in LTP—including mTOR and CREB —are expressed in visual cor-
tex in a layer-specific manner; depriving cats of REM sleep pre-
vents this layer-specific protein expression. In sum, these studies
point to specific roles for both REM and non-REM sleep ina canon-
ical form of developmental plasticity.

REM sleep modulates synaptic pruning
The pruning of synaptic connections is a foundational, activity-
dependent process in early neural development. Here too,
REM sleep is implicated as a contributing contextual factor (Li
et al., 2017). In P21 mice, researchers used two-photon micro-
scopy to quantify the rate of dendritic spine formation on pyrami-
dal neurons in M1. Compared with P30 mice, P21 mice exhibit
significantly more REM sleep and higher rates of new dendrite
formation; when P21 mice are allowed to sleep, newly formed
dendrites are pruned, but this pruning is significantly reduced
when mice are selectively deprived of REM sleep. The re-
searchers found a similar relation between REM sleep and den-
dritic pruning in M1 using P30 mice previously trained on a motor
task. Also, calcium transients on the dendrites of M1 pyramidal
cells are more likely to occur during REM sleep; when the cal-
cium transients are pharmacologically blocked, the pruning
and subsequent strengthening of new spines are reduced as
well—mimicking the effect of REM sleep deprivation. These find-
ings were subsequently extended to two other cortical areas and
experimental paradigms (i.e., ocular dominance plasticity in V1
and auditory-cued fear condition in frontal association cortex)
in 1-month-old mice (Zhou et al., 2020).

These studies are the first to directly implicate REM sleep in
synaptic pruning. However, important questions remain
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regarding this phenomenon. For example, it is not known
whether REM sleep modulates dendritic pruning at earlier ages
(although sleep more generally has been implicated in the regu-
lation of synaptic ultrastructure in 2-week-old mice; Nagai et al.,
2021). Also, the specific mechanisms by which REM sleep pro-
motes pruning have not been identified: for example, does
REM sleep exert its effects by altering the quantity or patterning
of neural activity at the synapse or via the release of plasticity-
promoting neuromodulators? Furthermore, are the cellular and
molecular mechanisms that guide REM-sleep-dependent syn-
aptic pruning similar to those involved in ocular dominance plas-
ticity? Answering such questions will help to establish the neces-
sity of REM sleep for synaptic plasticity.

REM sleep promotes functional connectivity across
distant sensorimotor structures

When neural rhythms in two distant brain structures oscillate
synchronously, we infer that they are functionally connected. In
developing rats, such coherent oscillations are particularly
evident in sensorimotor structures during REM sleep, suggesting
that REM sleep provides an important context for the early
expression of these rhythms. For example, the hippocampal
theta rhythm is a low-frequency (4-8 Hz) oscillation that, in
adults, is closely associated with neural plasticity (Boyce et al.,
2016; Puentes-Mestril et al., 2019). In the hippocampus of P8
rats, theta first emerges as brief bursts in response to twitches
(Mohns and Blumberg, 2008); by P12, hippocampal theta oscil-
lations occur continuously during periods of REM sleep. A similar
developmental pattern occurs in the red nucleus: twitch-trig-
gered theta bursts at P8 are followed by continuous theta activity
during REM sleep at P12 (Del Rio-Bermudez et al., 2017). More-
over, at P12, theta activity occurs synchronously in the hippo-
campus and red nucleus specifically during REM sleep. Thus,
REM sleep provides the initial context for the expression of theta.

In addition to theta, twitches also trigger spindle bursts in so-
matosensory cortex of infant rats (Khazipov et al., 2004) and pre-
mature human infants (Milh, 2007). Spindle bursts are brief (<1 s)
thalamocortical oscillations with a dominant frequency of
~15 Hz. Since their initial discovery in S1, spindle bursts were
detected in M1 in response to twitches (Tiriac et al., 2014) and
in V1 in response to retinal waves (Hanganu et al., 2006). Spindle
bursts, which are also called delta brushes in human infants, are
now established as reliable features of early cortical develop-
ment in mammals (Murata and Colonnese, 2019).

The period of prominent spindle-burst production overlaps
with a period when somatotopic whisker maps are being refined
(Mitrukhina et al., 2015). Moreover, during this same period,
whisker twitches are a prominent trigger for spindle bursts in bar-
rel cortex (Dooley et al., 2020). Although spindle bursts have a
dominant frequency of ~15 Hz, they actually comprise a range
of frequencies, even extending into the beta2 (20-30 Hz) and
slow gamma (30-50 Hz) bands. To determine whether one or
more of these spindle-burst frequency bands in barrel cortex
are transmitted to the dorsal hippocampus, dual recordings
were performed in the two structures in P8 rats (Del Rio-
Bermudez et al., 2020). It was found that cortico-hippocampal
coherence increases specifically in the beta2 band during REM
sleep, especially in the immediate period after a twitch.
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Moreover, when sensory feedback from the whiskers is blocked,
coherent beta2 activity disappears. Thus, as with the theta
rhythm, REM sleep provides a context that enables long-dis-
tance communication in the infant brain.

Twitch-related corollary discharge during REM sleep
and the emergence of internal models of movement

In addition to depicting the motor structures that produce twitches
and the sensory structures that receive twitch-related reafference,
Figure 4 also depicts the conveyance of twitch-related motor
copies (or corollary discharges) from brainstem motor structures
to precerebellar nuclei (Mukherjee et al., 2018). In effect, corollary
discharge alters how movement-related sensory signals are inter-
preted, enabling the distinction between self (reafference) and
other (exafference) (Crapse and Sommer, 2008). Also, in adults,
the comparison of corollary discharge and reafferent signals over
many individual movements enables animals to compute repre-
sentations—or internal models—in the cerebellum, which allows
for accurate predictions of the sensory consequences of self-
generated movements (Wolpert et al., 1998).

When researchers contemplated the developmental origins of
internal models 30 years ago (Miall et al., 1993), they surmised
that internal models develop through a learning process that en-
tails the production of self-generated movements followed by
comparisons of actual and estimated sensory feedback. They
further surmised that discrete movements would be ideal for
such a learning process. However, their suggestion was made
without reference to any particular behavior—let alone one that
occurs during sleep. But as we now know, discrete twitches and
associated neural activity are abundant in early development,
thus raising the possibility that twitches contribute to the develop-
ment of internal models.

This possibility was tested by recording from the ventral
lateral thalamic nucleus (VL) during sleep and wake in P12,
P16, and P20 rats (Dooley et al., 2021). VL receives the major
ascending output from the cerebellum and conveys that infor-
mation to M1. For VL to reflect the output of an internal model,
its activity should precisely mimic the kinematic properties of a
twitch—occurring neither before nor after the movement but
with the movement. By P20, that is exactly what was found.
In contrast to VL, the adjacent ventral posterior thalamic nu-
cleus (VP) receives only sensory input, and its neural activity
reliably follows the limb movement during a twitch. Then,
when cerebellar output is inactivated and VL no longer has ac-
cess to the internal model, neurons in VL and VP exhibit similar
sensory responses. Finally, in contrast to twitches, it was diffi-
cult to unambiguously assess the relation between wake move-
ments and VL activity, suggesting that twitches are more effec-
tive than wake movements for building internal models in the
developing brain. To demonstrate that this is the case, future
research will need to determine whether state-dependent neu-
romodulation enables the development and maintenance of in-
ternal models.

Non-REM sleep may promote sensorimotor plasticity in
human infants

We described above how sensory input from retinal waves and
twitches trigger spindle bursts in V1, S1, and M1. Although
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spindle bursts are a prominent feature of early cortical develop-
ment, their prominence is short lived. In human infants, spindle
bursts are no longer detected by the end of the 1% postnatal
month (Whitehead et al., 2018), as is also the case for rat
pups by the end of the 2" postnatal week (Colonnese and Phil-
lips, 2018). After spindle bursts fade away in human newborns,
a second thalamocortical oscillation with a similar dominant
frequency (12-15 Hz) but a specific affiliation with non-REM
sleep—called sleep spindles—emerges around 1 month of
age, becoming more frequent, robust, and clocklike over the
next several months (Sokoloff et al., 2021; Wakai and Lutter,
2016). Sleep spindles are strongly implicated in neural plas-
ticity, including sensorimotor plasticity, in early development
and across the lifespan in both humans and rodents (Fernandez
and Luthi, 2020).

Surprisingly, limb twitches in human infants are not exclusive
to REM sleep; beginning around 3 months of age, they also occur
during non-REM sleep (Sokoloff et al., 2021). Moreover, also
beginning around 3 months of age, non-REM sleep is increas-
ingly replete with sleep spindles that are expressed most prom-
inently in sensorimotor cortex. Finally, the twitches of the arms
and legs during non-REM sleep are synchronized with sleep
spindles. In other words, in addition to all that is known about
twitching during REM sleep, twitching also occurs in concert
with a plasticity-promoting EEG component of non-REM sleep.
This discovery introduces a new and unexpected form of
sleep-dependent sensorimotor plasticity.

Important questions remain. For example, we do not yet know
whether twitching during non-REM sleep persists beyond
6 months of age or whether it is unique to humans or primates.
Answering such questions will be important for determining the
functional significance of this unique form of twitching and how
it differs from its counterpart during REM sleep.

Sleep promotes sensorimotor learning in young
songbirds and visual imprinting in chicks

Although we have focused thus far on mammals, we conclude by
discussing the links between sleep and neurodevelopment in ju-
venile songbirds and newly hatched chicks. Songbirds, which
comprise about half of all avian species, learn their species-
typical songs through a complex process of memorization and
sensorimotor learning. Young birds begin their foray into singing
by producing highly variable vocalizations. Next, they memorize
a song template provided by an adult “tutor” and then gradually
improve their singing performance by comparing auditory feed-
back against the memorized template. Throughout this period of
sensorimotor learning and also after this period when songs
must be maintained, neural activity during sleep plays an impor-
tant role (for review, see Giret, 2019).

In zebra finches, male birds first begin to sing at 30 days post-
hatching and refine their song over the next 60 days. By contin-
uously recording song production from days 43 to 90, re-
searchers found that song quality (as measured against the adult
template) deteriorates overnight as the birds sleep (Derégnau-
court et al., 2005). Overnight deterioration of song quality is
most pronounced in the younger birds and disappears with
age as sound quality reaches adult levels. Surprisingly, the birds
that exhibit the most pronounced overnight deterioration exhibit
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more accurate songs by 90 days of age. Additional experiments
suggested that sleep-related unstructuring of song opens op-
portunities for plasticity and further improvements in song qual-
ity. Thus, in young birds, competition between plasticity and
consolidation may lead to the observed day-to-day variation in
song quality.

To investigate the neural substrates of songbird learning in
juvenile zebra finches, researchers recorded from the robust
nucleus of the arcopallium (RA), a premotor structure that inner-
vates the motor nucleus that controls the syrinx (the avian
singing apparatus) (Shank and Margoliash, 2009). On the first
night after daytime exposure to an adult tutor song, sponta-
neous RA bursting increases dramatically. Importantly, the
firing-rate properties of RA neurons are shaped by the specific
tutor song to which the birds are exposed, and when birds are
blocked from hearing their songs during the day, RA activity at
night is reduced. Thus, RA appears to mediate some of the
sleep-dependent plasticity that occurs during the practice
phase. An additional contributing structure to this plasticity
may be the HVC, a forebrain nucleus immediately upstream
of RA that merges song-related sensory and motor information;
song-related auditory input to HVC in juvenile birds is modu-
lated by sleep-wake state (Nick and Konishi, 2005). Also, as
measured by changes in the strength and stability of dendritic
spines, neural plasticity appears to occur in HVC (Roberts
et al., 2010).

Sleep also appears to promote the process by which newly
hatched chicks learn about—and imprint on—the visual features
of biologically relevant stimuli (Jackson et al.,, 2008). The
imprinting process occurs over several hours post-hatching,
when an increasing number of neurons in the medial mesopal-
lium (a likely homolog of mammalian cortex) are selectively
responsive to the imprinting stimulus. The size of this population
of responsive mesopallium neurons decreases when chicks’
sleep is experimentally disturbed. Because non-REM sleep is
the predominant sleep state of undisturbed chicks, the findings
suggest a specific role for non-REM sleep in the consolidation
of the imprinted memory.

Thus, in both songbirds and chicks, sleep provides an impor-
tant context for sensorimotor and visual-system plasticity,
respectively. However, even more so than with mammals, the
specific mechanisms by which sleep enables this plasticity are
largely unknown. Moving forward, comparative investigations
in mammals and birds will broaden our understanding of the
mechanisms, functions, and evolutionary history of sleep-
dependent neural plasticity in early life.

CONCLUDING COMMENTS AND FUTURE DIRECTIONS

Animals change more rapidly when they are young than at any
other time of their lives. Against this backdrop of rapid change,
sleep is a consistent presence that profoundly shapes behavior
and brain activity. At the neural level, REM sleep provides the
impetus and context for synchronized spiking activity and
coherent rhythmic activity, thus enabling its contributions to
developmental plasticity.

The three frameworks described here share the recogni-
tion that the sensory periphery provides structured input to
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enable the integration of body and brain. Whereas both
the second and third frameworks acknowledge a role for
sleep in sensory development, only the third framework is
able to capture all the ways in which sleep shapes the
development of neural circuits across the neuraxis. Accord-
ingly, we argue that the third framework should guide future
research in this domain.

At this time, the specific mechanisms by which sleep exerts its
effects on sensory neurodevelopment are only beginning to be
explored. These mechanisms include sleep-dependent molecu-
lar signaling (Abel et al., 2013) and the release of plasticity-pro-
moting neuromodulators (Jones, 2020), two domains that offer
enormous opportunities for future developmental research.
Framework 3 is meant to capture these and all other mecha-
nisms by which sleep exerts its global and specific effects.
That said, we do not expect these mechanisms to apply identi-
cally across sensory modalities. For example, we highlighted
one constraint—time sharing—that differentiates the developing
visual and sensorimotor systems (Figure 3); other constraints in
other modalities (e.g., audition, olfaction, and gustation) may
similarly determine whether and how sleep contributes to their
structural and functional development. Finally, although our
focus here has been on sleep’s contributions to sensory neuro-
development, aspects of framework 3 apply to neurodevelop-
ment more broadly.

Beyond mammals and birds, investigations in flies, worms,
and zebrafish show that they also sleep most during early
development. Accordingly, these animals offer additional and
often unique opportunities for testing hypotheses about the
developmental functions of sleep (Kayser and Biron, 2016).
For example, using larval flies, researchers identified a sleep
state that, when experimentally disrupted, significantly de-
creases neurogenesis—thus directly implicating sleep in neu-
ral stem cell proliferation (Szuperak et al., 2018). In addition,
sensory feedback from twitches in larval flies is necessary
for typical neural circuit development and behavior (Carreira-
Rosario et al., 2021; Zeng et al., 2021). Thus, invertebrates
expand the toolkit for investigating how functional neural cir-
cuits are established during early development. They may
also prove better suited to resolve such fundamental mys-
teries as why young animals sleep more than older ones (Dilley
et al., 2020).

The functional contributions of sleep are expected to change
as new sleep components emerge across development, as
bouts of sleep and wake consolidate, as circadian regulation of
sleep-wake states emerges, and as the increasing complexity
of waking experience through adolescence and adulthood intro-
duces new functional challenges. Thus, although some of the
functions of sleep may be consistent across the lifespan, others
may emerge, transform, and even disappear depending on an
animal’s life history, ecological circumstances, and behavioral
and cognitive demands.

Finally, independent of sleep, there is accelerating interest
in understanding the origins and trajectories of neurodevelop-
mental disorders (Briscoe and Marin, 2020; Molnar et al.,
2020). At the same time, the dysregulation of sleep is increas-
ingly garnering attention for its high prevalence in these disor-
ders (e.g., Kamara and Beauchaine, 2020 and MacDuffie
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et al., 2020). Thus, opportunities abound for integrating sleep
with developmental neuroscience so as to provide a more
comprehensive understanding of typical and atypical devel-
opment.
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