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Abstract
Purpose of Review To present an up-to-date review and synthesis of findings about perinatal sleep development and function. I
discuss landmark events in sleep ontogenesis, evidence that sleep promotes brain development and plasticity, and experimental
considerations in this topic.
Recent Findings Mammalian sleep undergoes dramatic changes in expression and regulation during perinatal development. This
includes a progressive decrease in rapid-eye-movement (REM) sleep time, corresponding increases in nonREM sleep and wake
time, and the appearance of mature sleep regulatory processes (homeostatic and circadian). These developmental events coincide
with periods of rapid brain maturation and heightened synaptic plasticity. The latter involve an initial experience-independent
phase, when circuit development is guided by spontaneous activity, and later occurring critical periods, when these circuits are
shaped by experience.
Summary These ontogenetic changes suggest important interactions between sleep and brain development. More specifically,
sleep may promote developmental programs of synaptogenesis and synaptic pruning and influence the opening and closing of
critical periods of brain plasticity.
Keywords Ontogeny . Brain state . Scaling . Maturation . Plasticity . Perinatal . Synaptic homeostasis

Introduction

Ontogenesis of Mammalian Sleep

In all mammalian species including humans, sleep amounts
are maximal during periods of rapid brain development [1–3].
There are also dramatic developmental changes in sleep architecture and regulation that coincide with periods of heightened
synaptic plasticity. These findings suggest that sleep plays
critical roles in the maturation and plasticity of the developing
brain. In this review, I discuss landmark events in mammalian
sleep ontogenesis and consider the evidence for different theories that relate sleep function to brain development. I focus
my discussion on nonhuman mammalian species as comparisons between human and nonhuman sleep ontogenesis have
been discussed elsewhere [4].

The ontogenesis of mammalian sleep involves striking changes in sleep architecture, brain activity, and regulation. These
events can be broadly divided into three general stages: “dissociation,” “concordance,” and “maturation” [4]. The dissociation stage of sleep ontogeny is characterized by the absence
of clear polysomnographic (e.g., electroencephalographicEEG) features of rapid-eye-movement (REM) and
non(N)REM sleep. The concordance stage represents the period when distinct, immature forms of REM and NREM sleep
are first detected based on polysomnography. The first two
stages of development generally span the in utero and the
immediate ex utero periods, although the precise timing of
each stage is determined by the degree of altriciality in each
species. The general pattern, however, appears to be similar in
precocial and altricial species, with the main difference being
that the concordance phase occurs in utero in the former [4, 5].
The third stage of development is characterized by the maturation of classic state-specific polysomnographic features of sleep
and the progressive appearance of adult-like patterns in sleep and
wake expression and regulation. The EEG in both NREM and
REM sleep increases in amplitude (Fig. 1), and stereotyped patterns of neuronal activity, such as pontine-geniculate-occipital
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Fig. 1 Maturation of vigilance
state EEGs in the ferret. Data are
representative EEG and EMG
traces from the same kit obtained
at postnatal day (P)30 (A) through
P45 (D). Note the increase in
EEG amplitude in NREM (N)
sleep, REM (R) sleep, and
wakefulness (W) across postnatal
development. Amplification and
filtering were held constant across
recording session. Reproduced
with permission from [6]

(PGO) waves in REM sleep are first observed [4]. A more adultlike sleep-wake cycle is first detected as latencies to REM sleep
increase and sleep-onset REM periods become less frequent [3,
7, 8]. Individual sleep and wake episodes (bouts) become longer,
reflecting the emergence of adult regulatory mechanisms [4].
Perhaps most striking is the progressive decrease in REM sleep
amounts and a parallel increase in NREM sleep amounts [1–3].
This appears to be a general feature of mammalian development,
as it is observed in precocial and altricial mammals [5, 6]. The
precise mechanisms governing the initial over-expression and
subsequent decline of REM sleep are unknown but may involve
increasing maturation of inhibitory circuits [9]. During this stage,
sleep also becomes more consolidated and organized across the
24-h day, reflecting the maturation of homeostatic and circadian
regulatory mechanisms.

Sleep Homeostasis
Sleep homeostasis refers to a regulatory process that increases sleep intensity or duration as a function of prior

wake time [10]. In most mammals, homeostatic regulation
of NREM sleep is best measured by changes in EEG slowwave activity (SWA, or “delta” waves) (0.5–4.0 Hz) [10].
NREM SWA increases and decreases as a function of prior
time awake. This type of sleep homeostasis is not observed
until the fourth postnatal week in rats. Postnatal day (P)12–
P20 rats, instead show compensatory changes (in response
to sleep deprivation (SD)) in sleep time and duration [11]
(Fig. 2). A similar, progressive appearance of adult-like
NREM sleep homeostasis is also reported in mice [13].
The precise appearance of REM sleep homeostasis in early
life is less clear. In contrast to NREM sleep, REM sleep
homeostasis generally manifests as compensatory increases
in REM sleep time (e.g., REM sleep “rebounds”) following
total or selective REM sleep deprivation (SD and RSD, respectively). Blumberg et al. reported that 60 min SD by
increasing electric shocks in 5-day-old rat pups, resulted
in a transient increase in myoclonic twitching (used as an
index of REM sleep in very young animals) during the first
30 min of recovery. No increases in the amounts of the state
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Fig. 2 Timeline of development of sleep homeostasis in rats. On top, age
from birth: postnatal day (P)12, P16, P20, and P24. Below, graphs of
changes in nonrapid eye movement sleep (NREMS) delta power
(Fourier-transformed EEG values from 0.5 to 4.0 Hz) after 3 h of sleep
deprivation (SD) corresponding to the different postweaning ages (P12–

P24) depicted above in developing rats. Mean ± SEM NREMS delta
power is expressed as percent of the preceding baseline 12 h mean
NREMS delta power value. Hour 0 represents the first hour of light
period. Reproduced with permission from [12]

itself, however, were reported [14]. On the other hand, two
independent laboratories report that REM sleep rebounds
are absent in the neonatal rat until approximately the third
postnatal week following SD or RSD [11, 15]. The underlying mechanisms governing this transition to mature sleep
homeostasis are not entirely clear but may involve changes
in adenosine release in the hypothalamus and the maturation
of hypothalamic nuclei [16, 17•]. They may also involve the
maturation of inhibitory circuitry during specific windows
of developmental time [18]. Collectively, these data indicate that sleep homeostasis is present very early in life but
undergoes important changes across the weaning period.

exclusive, but it is useful to consider them separately. The first
is the ontogenetic hypothesis, according to which REM sleep
provides an important source of endogenous neural activity necessary for brain maturation, circuit refinement, and the establishment of normal adult brain function [1, 27, 28]. The second is
the consolidation hypothesis, which proposes that an adult function of sleep (the consolidation of experience) emerges during
developmental periods of heightened experience-dependent
brain plasticity. The third theory is the synaptic homeostasis
hypothesis (SHY). SHY states that the main function of sleep
is to down-scale synapses (while preserving a subset) so that
after sleep there is a net reduction in synaptic strength in areas
like the cortex [29]. SHY has been recently proposed to explain
sleep function in early life, as well as in adults.

Circadian Regulation
The master clock generates 24 h rhythms in utero (as measured
by gene expression), but these do not couple to overt sleepwake cycles until the postnatal period [4, 19]. For example,
overt changes in sleep-wake organization emerge between the
second and third postnatal week in Long-Evans rats [20••].
These findings are in good agreement with an investigation in
blinded rats which reported 24 h activity rhythms by the third
postnatal week [21]. These results also agree with data from
animals reared under 12:12 light-dark schedules, where diurnal/
nocturnal differences in sleep-wake amounts, durations, or
EEG activity appeared between P16 and P28, depending on
the strain of rat [22–26]. However, in these latter investigations,
the presence of a light-dark cycle may have masked or altered
the occurrence of endogenous rhythmicity (Fig. 3).

The Ontogenetic Hypothesis

Theories of Sleep Function in Early Life

Association Studies

In this section, I review three different ideas about the role of
sleep in brain development. These ideas are not mutually

Several studies in the 1980s provided suggestive evidence that
changes in sleep or sleep phasic activity were in response to

There are three classes of findings that support the ontogenetic
hypothesis. The first are experiments that show associations or
correlations between the amount of sleep, or sleep phasic activity, and certain indices of brain development. A related
category of experiments describes patterns of neural activity
organized in ways that could guide the development of nascent circuits (i.e., “instructive” activity). The second are experiments that show that pharmacological RSD leads to abnormal brain or behavioral development. The third class of
experiments includes those that used nonpharmacological
methods of SD or RSD, or related techniques, before or after
periods of heightened brain plasticity. The latter are referred to
as “critical” developmental periods.
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maturational changes in the brain. Placing juvenile rats in
enriched environments increased brain weight and amounts
of REM sleep [30]. Similar enhancements of REM sleep were
also reported in adult animals during learning tasks (reviewed
in [31].) Associations were also reported between the frequency of REMs and subsequent eye-opening in the rat, suggesting
that the former events represent “preparatory” activation of
visual motor circuits [32]. More recent work from Blumberg
and colleagues indicates that the amount, pattern, and frequency of phasic REM sleep motor activity (myoclonic “twitches”)
shape the development of sensory/motor circuits (Fig. 4)
[33••, 34]. These myoclonic twitches engage most of the
motor/sensory circuitry in a bidirectional fashion, ranging
from brainstem nuclei to thalamus, cerebellum, and cortex.
This pattern of activation is only observed in REM sleep and
is consistent with an instructive role of this activity in brain
development [33••, 34].

Pharmacological Sleep Deprivation

Fig. 3 Appearance of ~ 12- and 24-h rhythmicity in the distribution of
wakefulness, NREMS, and REMS in the rat. a Heat maps of
periodograms obtained at 20-min increments for consecutive 4.5-day
windows illustrated for one individual rat (J14). Color-coded values
represent relative Q values of the periodogram calculated as the
difference from the level of Q at p = .01. The green through orange hues
represent test periods of significant signal. Note the significant activity in
rhythmicity in the 12- and 24-h ranges starting around postnatal day (P)22
and between P15 and P21, respectively, varying according to behavioral
state. Note that the first periodogram that could be calculated was at P14.25;
that is, the midpoint of the first 4.5-day window (P12–P16.5). b Illustration
of the precise onset times of significant 24- (blue-to-green) and 12-h (greento-brown) rhythmicity in the original de-trended recordings for wakefulness
(W), NREMS (N), and REMS (R) for rat J14. Note that scaling for sleep is
inverted to match the wakefulness signal. Note also the presence of a
distinct 12-h component in the sleep–wake distribution especially clear
between P27 and P30. Finally, onset times are plotted at midpoint of the
4.5-day sliding window and thus rhythmicity can already be observed in the
2 days prior to onset although a statistical evaluation requires more than two
cycles. c Periodogram heat maps for the distribution of wakefulness for the
four other rats (J3, J6, J16, and J17) with sufficiently long recordings for the
detection of stable (> 3 days) and significant rhythmicity. NREMS,
nonrapid eye movement sleep; REMS, rapid eye movement sleep.
Reproduced with permission from [20••]

Another class of experiments used systemically administered
drugs (e.g., anti-depressants) to suppress neonatal REM sleep
for 1–3 weeks followed by measures of behavior, and to a
lesser extent, morphological brain change. Pharmacology
was used because sleep pressure is very high in developing
rodents and days of continuous sleep suppression via mechanical means is impractical due to very high sleep pressure in
neonatal animals [11, 14]. Pharmacological RSD in neonatal
rats causes a number of neurochemical and behavioral changes in adult rats, including changes in REM sleep architecture
[35–38], circadian rhythms [39–41], anxiety and sexual behavior [42–45], alterations in neurotransmission in cholinergic
and monoaminergic systems [44, 46–48], and neuronal survival [49]. Several caveats, however, should be considered.
The reported behavioral effects are not uniform across studies
(even within the same laboratory) and vary depending on the
drug used in a given experiment [50, 51]. Gentle forms of
mechanical SD (i.e., “gentle-handling”) or RSD do not produce the suite of deficits reported after pharmacological RSD
[52–54]. More vigorous mechanical RSD is reported to produce some effects similar to drug-induced behavioral changes
[55], but the technique employed (periodic shaking of the rat
pup) likely replaces one confounding variable (non-specific
teratogenicity) with another (chronic neonatal stress). In addition, many deficits reported after pharmacological RSD are
more easily explained by chronic alterations in monoaminergic neurotransmission. For example, changes in adult sleep
architecture ascribed to pharmacological RSD are only observed following neonatal treatments with agents that alter
serotonergic neurotransmission. Postnatal treatment with
REM sleep inhibiting compounds that target different monoamines have no effect on subsequent adult sleep patterns [51].
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Fig. 4 Diagram illustrating
anatomical pathways conveying
twitch-related sensory feedback
in neonatal rats. A twitch of the
forelimb is generated in the red
nucleus during active sleep.
Sensory feedback (or reafference)
from the twitch causes a cascade
of precisely timed neural
responses in sensorimotor
structures across the neuroaxis,
including spinal cord, red
nucleus, sensorimotor cortex, and
hippocampus. Through repeated
activation of these structures,
twitches provide a unique
opportunity for the
synchronization of oscillatory
activity. Reproduced with
permission from [33••]

Depriving Sleep or Sleep Phasic Activity in Developing
Animals: Nonpharmacological Methods in the Visual System
Several studies in the 1970s–1990s reported that REM sleep
or REM sleep phasic activity may provide endogenous activity necessary for normal lateral geniculate nucleus (LGN) development. Davenne and Adrien examined changes in neuronal morphology in the LGN in kittens after lesioning pontinegeniculate-occipital (PGO) generating centers in the brainstem
[56]. Bilateral electrolytic lesions in the rostral pontine tegmentum abolished PGO waves in the neonatal cat, resulting in

smaller LGN volumes and reduced LGN soma sizes. These
findings were extended in a second study which showed that
PGO wave elimination in kittens produced much slower LGN
responses to stimulation of the optic chiasm (compared to
sham or unilaterally lesioned control cats), and also more
LGN cells with “mixed” ON-OFF responses (as opposed to
pure “ON” or “OFF” responses to an annulus of light centered
in the receptive field), and fewer X cell responses (relative to
ON-OFF responses) [57]. These morphological and functional changes in LGN cells are consistent with delayed development in the LGN [58, 59]. These findings indicate that RSD
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(or the elimination of REM sleep phasic activity) delays the
normal development of the LGN.
REM sleep may also be important for the later occurring,
critical periods of visual development. The critical period for
visual development is traditionally investigated by closing an
eye (monocular deprivation (MD)), which alters responsiveness and morphology in both subcortical and cortical neurons
(reviewed in [60, 61]). This type of plasticity is considered
physiological for the following reasons [62•]. First, it occurs
in the intact, unanesthetized brain in response to changes in
sensory input. Second, while the experimental procedure of
MD is artificial, as is the case for many laboratory manipulations, this change in visual input occurs naturally in amblyopia. Amblyopia occurs in humans (and other mammals with
binocular vision) when patterned vision is reduced in one eye
during early life or when the two eyes fail to converge. Third,
the resulting plasticity involves naturally occurring changes in
synaptic proteins and molecules as part of an adaptive response to this change in vision. Fourth, the underlying plasticity is present, with or without MD, as it governs neuronal
adjustments to visual input that normally occur during the
critical period. For these reasons, MD is recognized as a canonical method of triggering physiological plasticity in vivo
(for review, see [63–66]).
The first studies of this type of plasticity and sleep were
performed by Oksenberg et al. They found that 1 week of
RSD in kittens augmented the effects of MD on cell morphology in the binocular segment of the LGN [27]. LGN cells
innervated by the occluded eye were smaller in kittens deprived of REM sleep and vision in one eye, resulting in a
greater difference in the size of LGN cells activated by the
open and deprived eyes. A comparable increase in LGN cell
size disparity was found when MD was combined with
brainstem lesions that remove PGO waves. In this case,
LGN cells receiving input from the open eye appeared to
increase in size [67]. An additional, somewhat unusual finding
is that RSD combined with MD also reduces cell sizes in the
monocular segment of the LGN, which does not depend upon
competitive interactions between the two eyes [68]. Work
from this laboratory has also shown that RSD for 1 week
reduces immunoreactivity for the calcium binding protein
parvalbumin in GABAergic interneurons in the developing
LGN [69]. Subsequent studies using RSD (using cageshaking) for 1 week reduces immunoreactivity for the
calcium-binding protein parvalbumin in GABAergic interneurons in the developing LGN [69]. These latter findings are
particularly interesting since parvalbumin-positive
GABAergic neurons influence certain forms of synaptic plasticity [70]. In sum, these results suggest that REM sleep may
influence LGN maturation during critical periods of visual
system development, possibly via changes in the activity of
GABAergic neurons.

A role for REM sleep is also reported in a developmentally
regulated form of long-term potentiation (LTP) in situ that
coincides with the visual critical period [71]. In this type of
LTP, high-frequency white-matter stimulation in cortical
slices prepared from (postnatal (P) day 28–30 rats produces
synaptic potentiation in cortical layers II/III. This form of LTP
decreases with age (P35+) and is not observed in cortical
slices from adult rats [72]. Shaffery et al. [71] reported that
1 week of RSD (using the multiple small flower pot technique) prolonged the time window for the developmentally
regulated form of LTP. A similar extension of this window
was not seen in cortical slices from control rats that were left in
their nests or from rats placed on larger platforms (largeplatform control) that presumably permitted REM sleep.
RSD had no effect on a nondevelopmentally regulated form
of LTP evoked by layer IV stimulation. The extension of the
time window by RSD was similar to effects produced by dark
rearing, which is thought to delay the maturation of visual
circuits [71]. Subsequent studies from these investigators
showed that the induction of this plasticity could also be extended if RSD occurred near (or overlapped) the end of the
critical period [73, 74]. In addition, the effects of RSD could
be prevented by chronically infusing BDNF into the visual
cortex (prior to preparing cortical slices). This indicates that
REM sleep may normally promote BDNF synthesis [75].
BDNF in turn influences GABAergic interneurons [76], a cell
class known to strongly gate developmental brain plasticity
[77].

Consolidation of Experience-Dependent Synaptic
Plasticity
The earliest studies combining MD and sleep were designed
to test predictions of the ontogenetic hypothesis. More specifically, to determine if REM sleep influenced developmental
programs of activity-dependent brain development, a slightly
different question was addressed by Frank and colleagues,
who explored whether experience-dependent developmental
brain plasticity was consolidated during sleep [78]. This type
of plasticity (known as ocular dominance plasticity) is also
triggered by MD and results in a shift of cortical neuronal
response away from the deprived eye and towards the seeing
eye (Fig. 5). In the cat during the peak of the critical period, as
little as 6 h of sleep significantly enhances the effects of MD in
primary visual cortex (V1). This appears to be primarily via
synaptic strengthening of the open (nondeprived)-eye cortical
circuits. Both acute [80] and chronic recording [81] of single
neurons show that responses to the nondeprived eye become
stronger after sleep. In comparison, sleep has no effect on the
magnitude of depression observed in the deprived-eye pathway. Post-MD sleep also promotes the synthesis or phosphorylation of several proteins implicated in LTP [82–84] (Figs. 5
and 6).
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Fig. 5 Protein synthesis is required for sleep-dependent ocular
dominance plasticity (ODP). a In developing cats with normal vision,
most neurons in the primary visual cortex (V1) are binocular (i.e.,
equally responsive to inputs from either eye, represented as the yellow
area). b When animals are deprived of patterned visual input in one eye
(i.e., monocular deprivation), most neurons in V1 become responsive
only to stimulation of the nondeprived eye (NDE). This process is
induced very rapidly in awake cats (6 h) and is enhanced/consolidated
by subsequent sleep (6 h). To test the role of cortical protein synthesis in
sleep-dependent ODP, visual cortices are infused with vehicle or the
selective mTOR inhibitor rapamycin during the post-MD sleep period.

c Sleep-dependent ODP is intact in the vehicle-infused hemispheres and
includes a maintenance of depression of the DE visual input (dotted red
line) and potentiation of the NDE input (thick red line). d Inhibition of
protein synthesis in V1 with rapamycin during post-MD sleep blocks
sleep-dependent ODP. This reflects inhibition of both plastic changes
normally observed after MD (the weakening of the DE and the
strengthening of NDE inputs). This results in a V1 plasticity phenotype
that is normally seen after the initial 6 h of monocular deprivation only in
awake animal (compare (b) and (d)).Reproduced with permission from
[79]

The sleep-dependent plasticity is similar to what is reported
in adult forms of plasticity and learning. Sleep enhances the
initial plastic change elicited by experience (i.e., MD) and
preventing sleep [78], reversibly inactivating the sleeping
V1 [85, 86], or inhibiting V1 kinase activity during sleep

[80, 87], reduces the effects of MD. Sleep after MD also
makes the initial shift in ocular dominance resistant to further
reversal caused by subsequent sleep loss [83], V1 inactivation
[85], or NMDAR inhibition [80]. This is similar to what has
been described for the consolidation of classic, hippocampal-

Fig. 6 Cellular pathways in sleepdependent ocular dominance
plasticity. REM sleep triggers a
series of intracellular cascades
(including phosphorylation of
ERK, mTOR, cofilin, CREB) and
the synthesis of several proteins
PSD95, FOS, and ARC (in green)
that promote plasticity in visual
cortical circuits. These changes
indicate that REM sleep promotes
cortical synaptic potentiation
during the visual critical period.
Reproduced with permission
from [84]
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based memory and plasticity, particularly those forms that are
consolidated by sleep [88]. In addition, plastic changes induced during waking MD do not require protein synthesis,
but the plasticity that subsequently occurs during sleep is protein synthesis dependent [82, 87]. This is also similar to the
consolidation of short-term memory to long-term memory,
which also involves a protein-synthesis–independent stage
and a protein-synthesis–dependent stage [89].

SHY and the Developing Brain
SHY states that the main function of sleep is to scale back
synapses while sparing those that contain salient information.
Comprehensive reviews of SHY (pro and con) have been
presented elsewhere [29, 90–94]. I focus on those studies suggesting that a process predicted by SHY may occur in early
life. Surprisingly, some of the most compelling findings
supporting SHY come from developing rodents. In mice, this
corresponds approximately to the 4–5th postnatal week (postnatal days 28–35), a “juvenile” period when extragranular
layers of the cortex are exquisitely plastic (this overlaps with
the visual CP) [95]. This also marks the onset of a period of
wide-spread synaptic pruning that follows a period of rapid
synaptogenesis in the 2nd–3rd postnatal weeks [96]. These
latter processes are thought to be governed in part by developmental programs in gene expression [97].
Three morphological studies support a role for sleep in
synaptic pruning in juvenile mice. Two independent 2photon studies of layer 5 apical dendrites in juvenile mice
show a net reduction in cortical dendritic spines after sleep
vs. wake [98, 99]. This net reduction is not observed in adult
mice [98]. An electron microscopy (EM) study in juvenile
mice (approximately 30 days old at time of measurement)
further showed that subsets of excitatory cortical synapses in
cortical layers 2/3 are reduced in number (size) after a sleep
period, relative to wake [100]. Adult mice were not examined,
but other EM studies strongly suggest that similar synaptic
changes do not occur in adult mice. In older mice (approximately 56–60 days old at time of measurement), changes in
spine heads and organelle structure (in barrel cortex) are instead consistent with increases in synaptic efficacy during the
sleep phase [101, 102]. Other findings are inconclusive regarding the role of SHY in brain development [103–105] or
suggest that down-scaling does not occur during sleep in juvenile mice under certain conditions [106, 107]. The precise
role of REM and NREM sleep in this (or related processes
[108]) is also not entirely clear. Nevertheless, the EM and 2photon microscopy studies are consistent with predictions of
SHY, albeit restricted to ages when there are overall developmental programs of synaptic pruning.
A recent study, however, suggests that sleep plays a similar
role in synaptic down-scaling during developmental periods
of overall synaptogenesis [109]. This would instead indicate

that sleep-dependent down-scaling occurs throughout development. This study also provides an illustrative example of
the difficulties in exploring sleep function in developing animals. For these reasons, it requires critical inspection. DeVivo
et al. [109] attempted to repeat previous work from the same
lab in juvenile mice but now in pre-weaned (P14) mouse pups.
They report similar changes in layer 2/3 excitatory synapses
after 6 h of SD as they report for weaned (juvenile) mice
(compared to undisturbed, sleeping control mice).
Unfortunately, there are several methodological problems
with this study that make its results difficult to interpret.
The first problem concerns how different brain states were
identified in neonatal mice. Although polysomnography can
be used in P14 mice [110, 111], DeVivo et al. identified sleep
states using video records not validated with
polysomnography in age-matched animals. Video state scoring was also not performed in single, isolated pups where the
entire body was always visible; the latter is optimal if only
behavioral assessments are used to score vigilance states in
infants [34]. A telling clue that the state scoring is inaccurate
in this study is that they report that P14 mice spend about 50%
of their time awake. These values are very different than those
reported in studies using polysomnography in isolated P14/15
mice (about 20–35%) [110, 111] and isolated P14 rats (also
about 20%) [2]. They are also not due to pups being more
active in the nest, because 2-week-old rodents are less active
when they are with siblings and the dam, compared to being
isolated [112]. Consequently, a critical variable in this study
(sleep time) was imprecisely measured.
The second problem is the use of prolonged SD in preweaned animals. There are two issues to consider. The first
is that it is not clear how effective SD was in this study.
DeVivo et al. claim that they sleep deprived P14 mice for
6 h. It is improbable that this is true, based on earlier work
in developing mammals. Studies in 2–4-week-old neonatal
rats and mice show that they can withstand no more than 2–
3 h of SD via gentle handling. After this time, they rapidly
enter sleep and/or increasingly express EEG slow-wave activity during waking [11, 113, 114]. Considering that the method
of determining sleep and wake in DeVivo et al. is imprecise,
the actual amount of sleep loss between the control and SD
groups, if properly measured, might be trivial compared to
differences in other physiological parameters (e.g., stress).
The second issue is that an alternative explanation for the
results in DeVivo et al. is that they are measuring the effects of
stress, not sleep loss, on cortical synapses. Changes in circulating stress hormones (e.g., corticosterone) can profoundly
alter cortical synaptic efficacy and morphology [115]. In this
experiment, the SD group experienced at least two major
sources of acute stress compared to the undisturbed sleeping
controls. These are SD and nest disturbance/maternal separation. Six hours of SD (via gentle-handling) significantly increases stress hormones in adult mice [116] and as little as 70–
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90 min of SD increases stress hormones 3–4-fold in neonatal
Long-Evans rats [117] (a rat strain that shows patterns of sleep
ontogenesis similar to mice [2, 110, 111]). The SD procedure
used in DeVivo et al. disrupted features of the maternal-infant
interaction that reduce stress in pups [118]. Unfortunately,
circulating blood levels of stress hormones were not measured
and therefore, the role of stress remains a potential confound.
In conclusion, this study does not provide convincing evidence that sleep-dependent processes described in SHY operate before developmental periods of overall synaptic pruning.

Discussion
After more than 60 years of investigation, there is strong evidence supporting an important role for sleep in brain development. A role for sleep has been demonstrated during developmental periods of heightened synaptogenesis, synaptic
pruning, and experience-dependent plasticity. The need for
sleep in brain development may also be present in other vertebrate species [119–121] and even invertebrates [122].
Indeed, some of the strongest evidence for a role for sleep in
brain plasticity comes from studies in developing animals
[123]. This is quite remarkable as very few other theories of
sleep function enjoy such wide-ranging empirical support
[124, 125]. Nevertheless, the studies reviewed here represent
only a fraction of all sleep studies in nonhuman animal models
and much more work is needed.
One important area for future investigation is to determine
the role of sleep at ages when waking experience is negligible
and/or plays less of a role in shaping the developing brain.
Infant animals spend as much as 75–90% of their lives asleep
at ages when the brain is undergoing explosive synaptogenesis
[4]. This corresponds to ages when spontaneous activity in the
central nervous system establishes rudimentary circuits that
are then shaped by experience during later occurring critical
periods [60, 126]. Given the very low amounts of wakefulness
at this time, sleep may provide most of this endogenous activation [1]. Only a handful of studies have attempted to test this
idea (reviewed above). This is in part due to the difficulty in
manipulating sleep at these ages, as sleep pressure is exceedingly high [11, 14]. Scientists have therefore had to resort to
procedures that introduce numerous confounds, ranging from
neonatal stress to indirect effects on developing monoaminergic systems and indirect effects of brain lesions (destruction of
passing fibers). As discussed above, when these issues are not
addressed in an experimental design, the results are often inconclusive. More sophisticated approaches are needed. These
may include epiflorescent microscopy combined with
gCAMP, which would allow for activity measurements of
different types of neurons in more naturalistic conditions.
These experiments would reveal if brain activity during sleep
is organized in instructive or permissive ways. If combined

with optogenetics, then individual circuits may be activated or
inhibited during sleep (local circuit SD), avoiding the stress of
whole animal SD.
A second important area to investigate is the relation between developmental brain plasticity and ontogenetic changes
in sleep architecture and regulation. For example, is it merely
a coincidence that compensatory REM sleep rebounds and
increases in NREM SWA after SD are first detected near (or
shortly after) the onset of cortical critical periods? Or is there a
connection between the appearance of mature forms of sleep
homeostasis and experience-dependent plasticity? Perhaps
this reflects the first appearance of a sleep drive (and function)
tied to waking experience. While speculative, there is evidence indicating that neonatal sleep drive may not be tied to
waking in the same way as observed in adults. First, in altricial
and precocial species, sleep time can approach 90% of existence at ages when waking experience is negligible [4]. This
does not appear to fit a model of sleep need tied to wake time
or waking experience [29, 127]. Second, neonatal mammals
do not respond to SD in the same way as adults and compensatory responses are less finely regulated. This could mean
that sleep need is less connected to wake time or experience
very early in life, but this changes when animals began engaging the external world (e.g., during critical periods). Third,
recent modeling and computational studies suggest that there
is a dramatic change in sleep function during perinatal development that coincides with the steep decline in REM sleep.
This supports the idea that sleep very early in life may be
serving different functions than in adults [128]. Similarly,
does the dramatic decline in REM sleep amounts influence
the opening and closing of cortical critical periods [28]? If
so, then what are the underlying mechanisms that explain this
influence? Could they be related to changes in inhibitory circuits which play key roles in opening and closing critical
periods [129] and appear to be differentially activated during
REM sleep [130] and altered by RSD in early life [69]?

Concluding Remarks
Sleep ontogenesis is a remarkably conserved feature of mammalian sleep. From cats to humans to rodents, the appearance
of polysomnographically identified sleep, its subsequent maturation, and the development of mature regulatory mechanisms appear to follow similar developmental programs [4,
5]. Much less is known about sleep function in early life, but
a preponderance of evidence indicates that sleep plays essential roles in brain development. Nevertheless, we lack a complete understanding of sleep regulation and function across
development at the molecular, circuit, and behavioral level.
There are real-world consequences for this ignorance. Sleep
disturbance is a common feature of many neurodevelopmental
disorders, including autism and various forms of mental

Author's personal copy
Curr Sleep Medicine Rep
6.

retardation [12]. It is not clear if these disturbances are only
outputs of an underlying disorder or contribute to the disorder
itself. In addition, the use of psychoactive drugs that suppress
sleep is increasingly common in children [131–134]. An understanding of the role of sleep in the developing brain is
needed if we are to also understand the potential long-term
consequences of these interventions.
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