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Summary

A ubiquitous feature of active (REM) sleep in mammals and birds is its relative abundance in early 

development. In rat pups across the first two postnatal weeks, active sleep promotes the expression 

of synchronized oscillatory activity within and between cortical and subcortical sensorimotor 

structures. Sensory feedback from self-generated myoclonic twitches—which are produced 

exclusively during active sleep—also triggers neural oscillations in those structures. We have 

proposed that one of the functions of active sleep in early infancy is to provide a context for 

synchronizing developing structures. Specifically, neural oscillations contribute to a variety of 

neurodevelopmental processes, including synapse formation, neuronal differentiation and 

migration, apoptosis, and the refinement of topographic maps. In addition, synchronized 

oscillations promote functional connectivity between distant brain areas. Consequently, any 

condition or manipulation that restricts active sleep can, in turn, deprive the infant animal of 

substantial sensory experience, resulting in atypical developmental trajectories.
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1. Introduction

Complex behavioral and cognitive skills are supported by precisely timed interactions 

between distant neural networks. These long-range interactions depend on the temporal 

coupling of neural oscillations, or brain rhythms[1,2]. Neural oscillations are the result of 

synchronized activity within large populations of neurons and exhibit specific 

spatiotemporal features depending on brain area, behavioral state, and age.
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The functional roles of neural oscillations have been predominantly examined in the adult 

forebrain, although brain rhythms are present throughout the neuraxis and emerge in early 

development[3-17]. In the cerebral cortex of humans and rodents, the earliest neural activity 

is characterized by the presence of brief oscillatory bursts interposed with periods of silence; 

this pattern of fragmented activity is referred to as discontinuous. Although different from 

the continuous oscillatory patterns of adults, these early oscillations appear to have 

important functions for the development of the nervous system[3,18-20]. In addition, temporal 

coupling or coactivation of brief oscillatory events is indicative of connectivity among 

functionally related neural structures[3,6,7,9,21].

Early oscillatory dynamics in rats have often been described using in vitro preparations or 

under anesthetic conditions in vivo that preclude the normal expression of sleep-wake 

cycles. Based on such studies, one might conclude that the expression of brain rhythms is 

independent of experience or behavioral state. Within the developing sensorimotor system, 

however, early neural oscillations are largely triggered by sensory input arising from 

external stimulation (exafference) or sensory feedback arising from self-generated 

movements (reafference)[9,22].

The opportunities for reafferent stimulation in the developing sensorimotor system are not 

restricted to periods of wakefulness. In the perinatal period when sleep is the predominant 

behavioral state, myoclonic twitching during active sleep is one of the most abundant of all 

behaviors[23-25]. Twitches are brief, discrete jerky movements that occur against a 

background of muscle atonia and are generated by brainstem motor structures, including the 

red nucleus[26,27]. Unlike wake-related movements, twitches are ideally suited for the 

efficient transmission of peripheral sensory feedback and provide a major source of neural 

activation to the infant’s plastic brain (for review, see [28,29]). Moreover, sensory feedback 

from twitches reliably triggers synchronized neural oscillations across the neuraxis, 

suggesting that these oscillations also contribute to the development of long-range network 

connectivity. More broadly, independently of twitching, active sleep may provide a context 

that promotes functional connectivity in the sensorimotor system including, as recently 

shown in 12-day-old rats, highly synchronized oscillatory activity between the hippocampus 

and red nucleus[9].

These and other findings regarding active sleep and the early expression of coupled 

oscillatory activity have important methodological and clinical implications. From a 

methodological perspective, any testing condition (e.g., anesthesia) that interferes with the 

normal expression of sleep-wake cycles will also interfere with the normal expression of 

oscillatory activity. From a clinical standpoint, disruption or deprivation of active sleep in 

early infancy is likely to interfere with the typical development of network interactions in the 

sensorimotor system; indeed, prolonged disruptions of perinatal sleep may help to explain 

the sensorimotor deficits that characterize such neurodevelopmental disorders as autism and 

schizophrenia.
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2. Synchronized oscillations orchestrate the development of neuronal 

networks

Early oscillatory activity in vivo has been most extensively—but not exclusively [9,14]—

described in the cortex and hippocampus[3,4,6-8,10-12,15,17,30-32]. In these forebrain 

structures, fragmented oscillatory activity is thought to assist in the development of local 

neuronal networks, with effects on synapse formation, neuronal differentiation and 

migration, programmed cell death (apoptosis), and formation and refinement of topographic 

maps[3,18-20,33-35].

During the first postnatal week in rats, sensory feedback from whiskers drives two distinct 

oscillatory patterns of activity in the whisker “barrel” cortex: spindle bursts (5-30 Hz with 

components in the theta, alpha, and beta bands) and early gamma oscillations (EGOs; 30-50 

Hz)[10,36]. Both spindle bursts and EGOs originate in cortical layer 4 and are highly 

dependent on thalamic input. Between birth and 3 days of age, spindle bursts and EGOs are 

both enabled by gap junctions; by the end of the first postnatal week, such oscillatory 

patterns are primarily generated by glutamatergic currents and involve the recruitment of 

cortical interneurons. In the hippocampus by the end of the first postnatal week, brief 

oscillatory events at theta (4-14 Hz) and gamma (~20-100 Hz) frequencies become 

apparent[11,15], likely reflecting the proliferation of hippocampal interneurons[37]. In 

addition, the emergence of theta oscillations reflects the strengthening of cholinergic and 

GABAergic projections from the medial septum[38].

Perhaps the most direct, causal evidence for a role of oscillations in brain development 

comes from studies assessing their involvement in apoptosis [18,34]. Apoptosis is the 

physiological process through which neurons and other cells die. This death is a normal 

process that complements the over-production of neurons that characterizes early 

development; accordingly, apoptosis is a key contributor to the anatomical and functional 

development of the nervous system[39]. Notably, in rat pups, oscillatory activity appears to 

determine the rate of apoptosis in sensorimotor cortex [18]. Specifically, area-specific levels 

of neuronal activity inversely correlate with the number of apoptotic neurons detected in 

local networks. Importantly, selective manipulation of neuronal activity affects the rate of 

apoptosis in sensory and motor cortices. In support of this finding, the amount of alcohol-

induced suppression of early oscillatory bursts correlates with the amount of apoptosis 

detected in somatosensory cortex[34]. These findings demonstrate that alteration of 

oscillatory activity in early development is detrimental to typical cortical development and 

can mediate the detrimental effects associated with early exposure to teratogens. These 

findings may have translational value: In premature human infants, the amount of early 

oscillatory cortical activity correlates with subsequent brain growth[40] and later mental 

development[41].

As noted above, most of our knowledge about early brain oscillations in vivo comes from 

studies that have not examined oscillatory dynamics across the sleep-wake cycle. When 

behavioral state is taken into consideration, it is evident that neural oscillations in the 

developing sensorimotor system are predominantly expressed during active sleep[9,11,12,32].
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3. Spontaneous motor activity during active sleep drives early oscillatory 

activity within local cortical and subcortical sensorimotor networks

Rodents rely heavily on the whisker system to navigate and explore their world[42]. For this 

reason, the whisker system has proven extremely valuable for understanding how complex 

sensorimotor systems develop[43,44]. In rat pups, deprivation of whisker-related sensory 

experience during sensitive periods—including the first postnatal week—disrupts anatomical 

and functional development of whisker-related brain areas, including somatosensory 

cortex[45-47]. Such studies demonstrate how typical development of this system relies 

heavily on sensory experience.

In developing brain areas that process whisker-related sensory information (such as the 

ventral posterolateral thalamus and barrel cortex), twitching of the whiskers during active 

sleep is a prominent source of sensory experience[43]. Sensory feedback from twitching 

elsewhere in the body, such as the limbs, drives neural activity in somatotopically related 

brain areas (i.e., areas that specifically map to parts of the body; see Table 1 and Figure 1). 

In rat pups through the first two postnatal weeks, twitches drive oscillatory events with 

distinct spatiotemporal features depending on the brain area. For example, in the newborn rat 

sensorimotor cortex, twitch-related reafference triggers spindle bursts[12,13,48]. Spindle 

bursts are thought to contribute to the anatomical and functional development of the 

cortex[33,36,49,50]. Although spindle bursts can be generated endogenously, their occurrence 

decreases threefold (i.e., only ~30% of spindles remain) in the absence of peripheral sensory 

input [13]. Moreover, the occurrence of spindle bursts in intact rat pups is markedly higher 

during periods of twitching in relation to wakefulness[12,48]. In the neonatal rat 

hippocampus, periods of twitching are also associated with the emergence and maximal 

expression of two prominent rhythms that synchronize hippocampal networks: theta and 

gamma[9,11,32]. All together, these results highlight the contribution of active sleep and 

twitch-related sensory feedback to the generation of early oscillatory activity within local 

circuits in the neonatal cortex and hippocampus.

As illustrated in Table 1, the role of twitch-related sensory feedback in the generation of 

brain rhythms is not restricted to cortical and hippocampal circuits. Using rat pups, we 

showed that the red nucleus, a brainstem structure that plays an important role in the 

production of infant motor behavior[26], exhibits theta oscillations predominantly during 

active sleep[9]. Indeed, in 8-day-old rats, brief, discontinuous theta oscillations were most 

prominently associated with twitches. Just four days later, theta oscillations in the red 

nucleus were expressed continuously during active sleep while also exhibiting enhanced 

amplitude during periods of twitching. The discovery of state-dependent theta oscillations in 

the developing brainstem raises a host of new questions. For example, do oscillations play a 

similar developmental role in the brainstem as they do in the forebrain? What are the 

mechanisms that promote sleep-dependent oscillations in the brainstem? What cognitive and 

behavioral functions are supported by oscillatory coupling between brainstem and forebrain 

areas? These and other questions can be answered now that we have overcome the technical 

barriers to recording brain activity in the neonatal brainstem[51].
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4. Oscillations during active sleep promote neuronal synchrony across 

distant sensorimotor structures in early development

So far, we have discussed the role of twitching during active sleep in the generation of early 

oscillatory activity within local sensorimotor networks. In addition, coupled oscillatory 

activity across neuronal structures is a hallmark of long-range functional connectivity in 

both the infant and adult nervous system[1,6,7,9,52]. In the developing prefrontal-hippocampal 

network, for instance, synchronized oscillatory activity in the ventral hippocampus drives 

oscillatory activity in prefrontal cortex[7]. Because twitches drive precisely timed oscillatory 

activity across the neuraxis, including the hippocampus (Figure 1), twitching may optimize 

the probability of early synchronization of sensorimotor networks during active sleep. 

Indeed, even within the neonatal spinal cord, reafference from spontaneous self-generated 

movements (including wake-related movements and twitches) coordinates neuronal activity 

between motor and sensory zones[14,53]. Dorsal rhizotomy, which prevents sensory input to 

the spinal cord, uncouples this neural activity, thus demonstrating a role for early sensory 

feedback in neuronal synchrony in intrasegmental spinal circuits[14]. Such disruptions of 

spinal processing can have functional consequences; for example, genetically altered 

newborn mice that lack muscle spindles—which provide proprioceptive input to the spinal 

cord—fail to develop the monosynaptic stretch reflex [54].

Future research will assess the relative role of twitch-related sensory feedback in the 

coupling of oscillatory activity in higher-order sensorimotor networks. For example, twitch-

related activation of hippocampal circuits depends on sensory input from somatosensory 

cortex via entorhinal pathways[55]. In support of a role for twitching in promoting such 

cortico-hippocampal communication, twitching of the whiskers during active sleep 

specifically promotes oscillatory coupling between barrel cortex and dorsal CA1 in 

hippocampus[56]. Figure 2 provides a representative example of the oscillatory dynamics in 

the barrel field and hippocampus of an 8-day-old rat following whisker twitches during 

active sleep. As shown in Figure 2A, sensory feedback from whisker twitches reliably 

triggers 20-30 Hz oscillations in both structures. Spectral coherence (a measure of 

synchrony) across behavioral states reveals enhanced cortico-hippocampal synchrony at 

20-30 Hz following twitches but not during active wake (AW) or behavioral quiescence (BQ; 

Figure 2B).

Independent of twitching, the state of active sleep facilitates the emergence and expression 

of early functional connectivity in the sensorimotor system. Using P11-13 rats, we addressed 

this question by characterizing state-dependent oscillatory coupling between the red nucleus 

and the hippocampus[9]. When continuous theta oscillations in the red nucleus emerged 

around P11, they were coherent (i.e., synchronous) and co-modulated (i.e., their amplitudes 

vary in lockstep) with theta oscillations in the hippocampus. Crucially, synchronization of 

theta rhythms between the hippocampus and red nucleus occurred almost exclusively during 

periods of active sleep; twitching enhanced the amplitude of these oscillations. Whereas 

pharmacological inactivation of the medial septum abolished sleep-dependent theta activity 

in both structures, twitch-dependent theta was still preserved, suggesting that these two 

forms of theta arise from two independent pathways. Altogether, these results indicate that 
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active sleep is necessary for the expression of functional connectivity upon the emergence of 

continuous oscillatory activity in networks involving both forebrain and brainstem 

structures.

5. State-dependent functional connectivity and the origins of 

neurodevelopmental disorders

Aberrant network connectivity can be detected very early in development and appears to 

presage cognitive and sensorimotor impairments[57]. In humans, atypical connectivity 

patterns are present in individuals diagnosed with ADHD [58], autism [59], and 

schizophrenia[60].

Importantly, connectivity and neural synchrony in healthy infants and adults varies across 

the sleep-wake cycle[9,61-63]. Unfortunately, the majority of studies assessing early 

functional connectivity in neurodevelopmental disorders have not examined state-dependent 

network interactions. When behavioral state is taken into account, however, it becomes clear 

that sleep affects the expression of synchronized oscillatory activity in young and adult 

individuals diagnosed with autism[64,65]. Thus, analyses of state-dependent connectivity may 

provide novel insights into the etiology and mechanisms underlying a variety of 

neurocognitive symptoms, and could be used as an early marker for atypical 

development[66].

6. A causal role of active-sleep disruption in atypical development

Early perturbations to the sensorimotor system, specifically during sensitive periods, can 

trigger irreversible developmental consequences[45-47]. Given the role of active sleep in brain 

development, early active-sleep disruption or deprivation can be one such perturbation. 

Consistent with this idea, sleep deprivation affects synaptic plasticity in such sensorimotor 

structures as motor cortex[67], hippocampus[68], and cerebellum[69]. In addition, because 

sensory feedback from twitching is a major source of stimulation to the neonatal brain, 

active sleep restriction or deprivation can be also conceptualized as a form of sensory 

deprivation during critical periods for brain development. If active sleep indeed contributes 

to the early expression of coupled oscillatory activity between distant sensorimotor 

structures, active-sleep restriction may underlie the sensorimotor deficits present in a variety 

of neurodevelopmental disorders. Indeed, decreased active sleep is a prevalent symptom in 

neurodevelopmental disorders characterized by sensorimotor deficits, including autism, Rett 

Syndrome, Fragile X Syndrome, Angelman Syndrome, Williams Syndrome, and Down 

Syndrome[70].

7. Conclusions and future directions

Synchronized neural oscillations are a hallmark of coordinated activity in developing and 

adult cortical and subcortical networks[1,3,6-9,19,52]. We have reviewed evidence here that 

one of the functions of active sleep in early infancy is to facilitate the expression of neuronal 

oscillations and oscillatory coupling in the sensorimotor system. Specifically, the evidence 

thus far indicates that sensory feedback from sleep-related twitches drives precisely timed 
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oscillatory activity across the sensorimotor system, thereby contributing to that system’s 

activity-dependent development.

Until now, the importance of active sleep in development and plasticity has been supported 

by showing the negative impact of sleep deprivation[71,72]. The methods used to deprive 

animals of sleep, however, often entail nonspecific side-effects that make it difficult to 

identify the specific contributions of sleep to developmental outcomes. Also, the motor 

centers that generate twitching in early development also support wake-related movements 
[26]; because methods that disable these motor structures affect all motor activity, they 

cannot distinguish the relative contributions of twitching to brain development. Recent 

methodological advances with optogenetics, however, now enable the rapid expression of 

opsins during the first two postnatal weeks, which allows direct manipulation of neonatal 

networks with high temporal precision and cell specificity[73,74]. In addition, as recently 

demonstrated in adult mice[75], optogenetics can be used to selectively manipulate active-

sleep-dependent oscillations and assess their specific roles in behavior and cognition. 

Accordingly, it may soon be possible to selectively enhance or block sensory input and 

motor output to evaluate the role of twitch-related reafference in the activity-dependent 

development of sensorimotor structures.
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Figure 1. 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 neuraxis, 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. See text 

for further discussion.

Rio-Bermudez and M. S. Page 11

Bioessays. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Twitches during active sleep promote coherent oscillations in developing sensorimotor 
networks.
A: Representative twitch-triggered time-frequency spectrogram in the barrel field of 

somatosensory cortex (S1-BF, top) and hippocampal CA1 (Hipp CA1, bottom) of an 8-day-

old rat. Note the increase in power at ~25 Hz in both structures after twitch onset. B: 

Representative coherence spectra between S1-BF and Hipp CA1 following twitches during 

active sleep (restricted to the 500-ms period after twitch onset; blue), active wake (AW; 

orange), and behavioral quiescence (BQ; green).
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