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Abstract

During adulthood electroencephalographic (EEG) recordings are used to distinguish wake, non 

rapid eye movement (NREM) sleep, and rapid eye movement (REM) sleep. However, the close 

association between behavioral states and EEG rhythms is reached only late during development, 

after birth in humans and by the end of the second postnatal week in rats and mice. This critical 

time is also when cortical activity switches from a discontinuous to a continuous pattern, and we 

will review the major cellular and network changes that can account for this transition. After this 

close link is established, new evidence suggests that the slow waves of NREM sleep may function 

as markers to track cortical development. Before the EEG can be used to identify behavioral 

states, however, two distinct sleep phases – quiet sleep and active sleep – are identified based on 

behavioral criteria and muscle activity. During this early phase of development cortical activity is 

far from being disorganized, despite the presence of long periods of neuronal silence and the poor 

modulation by behavioral states. Specific EEG patterns such as spindle bursts and gamma 

oscillations have been identified very early on, and are believed to play a significant role in the 

refinement of brain circuits. Since most early EEG patterns do not map to a specific behavioral 

state, their contribution to the presumptive role of sleep in brain maturation remains to be 

established, and should be a major focus for future research.
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Dissociation between cortical rhythms and sleep/wake behavior in early 

development

In the adult mammalian brain specific cortical EEG patterns are used to define behavioral 

states. The wake EEG is dominated by low-voltage fast-activity in the beta (16–30 Hz) and 
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gamma (>30 Hz) range (“activated” EEG). During NREM sleep instead, the EEG mainly 

shows waxing and waning oscillations at around 12–15 Hz called sleep spindles, and slow 

(delta) waves of large amplitude. Slow wave activity (SWA) - the EEG power in the 0.5–4.5 

Hz - is a convenient way to assess number and amplitude of slow waves and is a marker of 

NREM sleep intensity, i.e. arousal thresholds during sleep are higher when SWA is higher 

(1). SWA is also an established marker of sleep pressure, since its value reflects the duration 

of prior wake, peaking at sleep onset, further increasing after acute sleep deprivation, and 

declining in the course of sleep (2). Thus, the number and amplitude of slow waves in the 

adult brain reflect both the need for sleep and its depth. REM sleep is characterized by a 

wake-like, tonically activated EEG, but can be distinguished from wake due to the presence 

of phasic events (e.g. rapid eye movements and twitches of the limbs) and tonic phenomena 

(e.g. loss of tone in antigravitary muscles).

The close association between specific cortical EEG patterns and behavioral states starts 

only after the cerebral cortex has completed most of its anatomical development. In rodents, 

this occurs by the end of the second week after birth, at around postnatal days P11–P12. 

Between P0 and P10, a period during which the rat cortex shows explosive growth, cortical 

oscillations are instead only weakly modulated by behavioral states and EEG activity is 

discontinuous, with long periods of neuronal silence interrupted by spindle bursts, evoked 

gamma oscillations and other short-lasting EEG patterns (Fig. 1). Since rodents are altricial - 

born in a far less mature condition than humans - the cortical maturity of the rat during the 

first postnatal week corresponds to that of the young premature human brain (3) (4, 5). 

Rodents are therefore good models to study the development of the sleep/wake cycle and its 

EEG rhythms, because more immature stages of these processes can be studied in postnatal 

life when they are more experimentally accessible. Here we will focus on studies in rats and 

mice because the development of the sleep/wake cycle, the maturation of EEG rhythms, and 

their underlying cellular mechanisms are best characterized in these species.

Development of the rodent cortex

The development of the rat brain has been subdivided into four stages (6). Briefly, in the 

fetal period cell division produces 94–97% of all brain cells. The first postnatal phase (P0–

P10) is characterized by explosive growth: at P0 the brain is only 15% of its final size, but 

by P10 most growth of cells, and especially of axons and dendrites, has been completed (7–

9). In the third phase (P11–P20) the rate of growth is much reduced, the extracellular space 

decreases significantly, blood vessels grow, mature astrocytes and oligodendrocytes are 

easily found, and myelinization starts (10, 11). After weaning (usually at P21 in mice and 

rats) growth is very slow (fourth phase). As described in detail in the Supplemental 

Discussion, the second week represents a pivotal point in the transition from immature to 

mature cortex: number of synapses and overall connectivity increase, silent synapses almost 

disappear, GABA A signaling becomes hyperpolarizing, and the rules of synaptic plasticity 

change.
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Development of the sleep/wake cycle in rodents

Several studies in rodent pups have described how specific behaviors emerge and evolve 

during the first postnatal weeks, concurrent with the profound anatomical changes occurring 

in cortex. For instance in an early study, Bolles and Woods provide a detailed behavioral 

observation of wake and sleep activities in rat litters and their mothers from birth to P26 

(12). They describe sleep as “very fitful” in the first few days, constantly interrupted by 

“convulsion-like spasms”, attempts to find the preferred sleeping position, and movements 

from siblings. At P1 movements during sleep are described as gentle fluttering often 

involving the whole body, while twitching becomes more localized to the limbs and tail 

starting at P4, increases in frequency and strength until P9, and becomes more “peaceful” in 

the next 10 days. Pups were estimated to spend >80% of total time “sleeping or resting”. 

According to the authors, however, this was probably an overestimation due to two reasons: 

1) the inability to clearly see the pups when lying under the mother, and 2) the use of visual 

observation as the only criterion to define sleep.

More recent studies have identified sleep by combining visual observation with 

measurements of muscle activity and EEG recordings (e.g. (13–15)). Using this approach 

some authors have suggested that sleep starts as a disorganized mixed state (16, 17). 

However, recent evidence is more consistent with the presence from birth of two distinct 

sleep phases, quiet sleep and active sleep, which represent early forms of what later, by the 

end of the second postnatal week, are recognizable as NREM sleep and REM sleep, 

respectively (14, 18, 19). Quiet sleep is a state of behavioral immobility and reduced muscle 

tone sometimes interrupted by startles. Startles are among the first behavioral events 

recorded in human fetuses and neonatal rats and consist of sudden, spontaneous and 

simultaneous contractions of muscles throughout the body. Although rare (1–2/min) startles 

occur in all behavioral states, and thus are not a unique feature of quiet sleep (20). Active 

sleep, by contrast, is uniquely characterized by frequent myoclonic twitches of isolated 

muscles that occur on a background of muscle atonia. Several pontine and medullary areas 

that mediate muscle atonia and twitches during REM sleep in adults are also involved in the 

generation of these REM sleep components in infants, consistent with the view that infant 

sleep is qualitatively similar to adult sleep (21, 22).

During the second postnatal week EEG activity becomes continuous and strongly modulated 

by behavioral states. Specifically, the total power in the cortical EEG signal in all behavioral 

states increases after P9 (13), consistent with P10 being a crucial step in cortical maturation 

and synaptogenesis (23) (24). Neuronal firing in the rat visual cortex also increases sharply 

in both quiet and active sleep at P11–P12 (25). After P12 the total power in the EEG signal 

during quiet sleep is consistently higher than in wake and active sleep, due to the fact that 

slow waves start to be detected from the scalp (13–15). After the appearance of slow waves, 

which map into quiet sleep exclusively, this state can be unambiguously identified as NREM 

sleep. Spindles start appearing during NREM sleep at P14, and by P18 the EEG is adult-like 

(13). At the same time, during the second postnatal week the frequency of twitches during 

active sleep declines sharply, the EEG becomes tonically activated, and active sleep can be 

unambiguously identified with REM sleep (14, 18) (26). It is important to point out that 

there isn’t a single discrete event occurring after P11–P12 that dramatically changes the 
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structure of sleep and wake. Rather, by the end of the second postnatal week the distinction 

across the three behavioral states as defined in adults becomes obvious, due to the 

appearance of slow waves in the scalp EEG and the progressive evolution of EEG activity 

from discontinuous to continuous.

It was generally assumed that in newborn pups most if not all sleep is active sleep. In fact, 

the estimates for time spent in each sleep phase differ widely in early studies, perhaps in part 

because of differences in the duration of the recordings and their precise timing during the 

day. According to one report (27) quiet sleep is not present during the first postnatal week, 

and pups are either awake or, more often, in active sleep (60–70% of the time). By contrast, 

two other studies reported that at least 30% of total sleep is quiet sleep (28, 29). The 

discrepancy may be due to the fact that in the study that failed to identify quiet sleep in the 

first postnatal week this behavioral state was defined as a period of at least 30 sec of 

behavioral quiescence (27). This is a very conservative criterion, since quiescent periods in 

rats are often less than 2 sec long in the first postnatal week, and the mean duration of quiet 

sleep bouts exceeds 30 sec only by P13 (14, 22).

Still, the amount of quiet sleep in early development remains unclear. At P11 and P13 active 

and quiet sleep each account for ~35% of total recording time when sleep scoring is based 

only on muscle activity and absence/presence of twitches (14). However, when the EEG is 

used as an additional scoring criterion the percentages change to 50% for quiet sleep and 

20% for active sleep (14). This suggests that even before P11 the time spent in quiet sleep 

may have been underestimated.

The single most important feature that distinguishes sleep from quiet wake is the presence of 

an increased arousal threshold, i.e. a reduced ability to respond to stimuli. Assessing arousal 

thresholds is difficult in infant rodents, because sleep bouts are very short and most sensory 

systems are immature at birth. Thus, there is still little direct evidence that the state of 

hypotonia/atonia that we call infant sleep is indeed not just rest. One seminal study, 

however, found that at P8 the threshold to exhibit polypnea in response to an olfactory 

stimulus is higher in active sleep relative to wake, consistent with an increased sensory 

threshold during sleep (30). To our knowledge there are no data about arousal thresholds in 

sleep during the first postnatal week, or in quiet sleep specifically.

Another important feature of sleep is the presence of homeostatic mechanisms that trigger 

changes in sleep duration and intensity after sleep loss. Infant sleep is already 

homeostatically regulated during the first two postnatal weeks. Specifically, in both P2 and 

P8 rat pups, sleep deprivation for 30 min increases sleep pressure, indicated by the 

progressive increase in the number of arousal stimuli needed to keep the animals awake, and 

is followed by an increase in sleep duration (31). Between the third and forth postnatal week 

young rats and mice also start showing changes in sleep intensity after extended wake, i.e. 

SWA at sleep onset is higher after sleep deprivation relative to baseline. Of note, the SWA 

rebound is not immediately apparent around the end of second week, when slow waves first 

appear in the sleep EEG, most likely because of a ceiling effect due to their very high 

amplitude (32). Indeed, in rats (33), mice (34) and humans (35–37) SWA during 

development follows an inverted U-shape that is believed to reflect cortical synaptic 
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changes, first increasing and peaking due to synaptogenesis, and then declining through 

adolescence into adulthood due to refinement and/or pruning of synaptic connections (33, 

34, 38).

General features of early patterned activity

Cortical activity during early development is already very structured, but has unique features 

relative to the one seen in the adult brain. The presence of long periods of electric silence is 

one of the main differences between neonatal and adult activity. With maturation, these 

periods of inactivity become progressively shorter (from many seconds to 200–500 msecs), 

confined to one behavioral state (OFF periods of NREM sleep), and tend to occur 

synchronously in many areas, although they are rarely global (39). Many factors may 

account for the discontinuity of early cortical activity, including the paucity of synaptic 

connections, the presence of silent NMDA synapses, the scarcity of thalamocortical 

connections and long-range intracortical connections, and the intrinsic neuronal properties 

(40, 41). Immature neurons, for instance, are very sensitive to synaptic inputs due to their 

high input resistance but fire few action potentials, probably because they express few 

voltage-gated channels.

Another main difference between immature and mature cortical activity is that the former is 

not strongly modulated even by the most obvious changes in behavior, i.e. the cycling 

between sleep and wake. As we have seen, in the infant pup sleep/wake behaviors are 

defined by changes in muscle activity, which are driven by brainstem and spinal cord 

circuits. Early on, therefore, cortex and subcortical areas may function independent of each 

other. One reason may be the weak effects of ascending projections from the arousal 

systems to the cortex. The adult pattern of noradrenergic innervation in rat visual and motor 

cortex is reached only by P14, and by the end of the third week the density of noradrenergic 

fibers is at adult-like levels (42). Many noradrenergic neurons in the rat locus coeruleus are 

not spontaneously active during the first postnatal week, and adult-like rates of tonic firing 

are only reached at ~P20 (43). Similarly, cholinergic fibers grow significantly in the 

supragranular layers only during the second postnatal week (44), and a mature cholinergic 

innervation is reached only between the third and fourth week (45). These findings suggest 

that it is only when subcortical areas “take full control” of the maturing cortex that behavior 

(sleep/wake) and cortical activity no longer dissociate.

Early cortical patterns in vivo

Early cortical activity is also heterogeneous, with different patterns occurring in different 

cortical areas. Due to space limitations we will focus on spindle bursts, the best 

characterized early oscillations in vivo, and gamma activity, but a discussion of other 

patterns, including in the hippocampus, can be found in the Supplemental Discussion.

During the first postnatal week spindle bursts represent the dominant pattern of spontaneous 

organized activity in rat primary sensory (46, 47) and motor (48, 49) areas. They consist of 

spindle-shaped bursts of network activity in the alpha-beta frequency range (8–25 Hz) 

associated with rhythmic unit discharges (46) (Fig. 1). Their name reflects the many 

similarities they share with the spindles recorded in the adult brain during NREM sleep, with 
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three important differences: spindle bursts tend to be spatially confined within a few 

hundred micron wide “column” and do not often spread from one cortical area to another, 

occur also in waking, and are in most cases triggered by movements or sensory stimulation 

(46). Despite the name, spindle bursts are actually nested in an envelope of delta waves (1–4 

Hz) that becomes evident using full-band depth EEG (46) (50, 51). For this reason they 

closely resemble delta brushes, spindle-like activity superimposed on slow/delta waves (0.3–

1.5 Hz) that are detected in humans starting from the seventh month of gestation (52). 

Spindle bursts in rodents decline during the second postnatal week, when they can still be 

observed but are obscured by the continuous ongoing activity. Similarly, delta brushes in 

humans are replaced by more continuous EEG activity around the time of normal birth (40).

Spindle bursts in rat somatosensory cortex (S1)

In S1 spindle bursts can be detected at P1, when they last ~ 1–2 sec and occur every 20–30 

sec, interrupting long periods of silence. They become more frequent (one every ~10 sec) 

and larger during the first postnatal week (53), peak at P8 and then decline over the next 

week (26). Roughly 25% of spindle bursts persist after sensory deafferentation, indicating 

that they are self-organized endogenous patterns, probably of thalamocortical or cortical 

origin (46). In the intact brain, however, their frequency is strongly modulated by the high 

rate of spontaneous movements triggered by stochastic bursts in the spinal cord network 

(46). Video recordings in freely moving pups show that these movements include not only 

the isolated twitches observed during active sleep, but also wake-related movements such as 

whole-body startles, crawling, and sucking (46). Thus, although quantitative data for all 

behavioral states are missing, it seems that spindle bursts in S1 occur independent of sleep 

and wake states. Delta brushes in the somatosensory cortex of premature human neonates 

also occur in all behavioral states, can be triggered by sensory feedback from spontaneous 

movements (in ~30% of cases during sleep), but in most cases occur in the absence of overt 

movements, consistent with the idea that like spindle bursts, they are endogenous network 

patterns (54).

Studies in barrel cortex demonstrate that spindle bursts are driven by activation of 

glutamatergic synapses. The fast spindle-like activity is mainly dependent on AMPA 

receptor activation, while associated delta waves are driven by both NMDA and AMPA 

receptors (50, 51). GABAergic synapses are not crucial for the generation of spindle bursts, 

but are essential for their confinement to restricted cortical domains (50). Glutamatergic 

synapses on cortical neurons are provided by intracortical connections, and/or by 

thalamocortical inputs. Thus, during the first postnatal week spindle bursts have been 

ascribed a crucial role in shaping thalamocortical connections and cortical maps (46). 

Consistent with this idea, blockade of glutamate receptors during the first postnatal weeks 

disrupts the refinement of thalamocortical as well as intracortical connectivity (55, 56). For 

instance, blocking both NMDA and non-NMDA receptors in S1 during the first two 

postnatal weeks does not prevent the clustering of thalamocortical axons in a vibrissae-

related pattern, but impairs the elimination of inappropriate connections between thalamus 

and layer IV neurons, and between layer IV neurons and neurons in supragranular layers of 

neighboring barrels, resulting in inappropriate cortical responses to stimulation of the 

principal vibrissa (55, 56). More direct evidence for the crucial role of spindle bursts in rat 
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cortical development was revealed by the selective ablation of S1 subplate neurons at P0. 

This intervention not only causes the almost complete disappearance of spindle bursts, but 

also prevents the strengthening of thalamocortical connections and the formation of a 

normal barrel pattern (57).

Calcium imaging of large ensemble of neurons in layers II/III of mouse barrel cortex also 

shows highly correlated bursts of firing among neurons located within 100um of each other 

during the first postnatal week. This highly synchronous bursting activity, reminiscent of 

spindle bursts, is substituted by mainly decorrelated activity after P12, despite no major 

changes in average firing rates (58). Whole-cell recordings suggest that the decorrelation in 

the activity of pyramidal neurons may be due to a decrease in intrinsic excitability and an 

increase in inhibitory inputs, both of which occur during the second postnatal week; 

decorrelation instead does not depend on sensory experience, since it still occurs after 

whisker plucking (58).

Spindle bursts, short bursts, and SATs in rat primary visual cortex (V1)

In pups anesthetized with urethane or deep ice-cooling anesthesia spindle bursts in V1 

appear at P2 and increase in frequency in the first postnatal week (47). They share many 

similarities with spindle bursts recorded in S1 in non-anesthetized pups (46): 1) they have 

similar dominant frequency, shape and duration; 2) they are mainly local events, associated 

with cortical multi-unit activity in deep cortical layers; 3) they are endogenous, i.e. they 

persist after block of action potential propagation in the optic nerve or removal of the retina, 

although they cannot be triggered by cortical stimulation (59); 4) they are often triggered by 

peripheral stimuli and specifically, in V1, by spontaneous retinal waves that propagate from 

the retina to the lateral geniculate nucleus and then to cortex. These similarities suggest that 

the fundamental features of these early oscillations are not significantly affected either by 

the presence/absence of anesthesia, or by the specific type of anesthetic agent.

A recent study in non-anesthetized pups described the relationship between spindle bursts 

and visual evoked responses in V1 (60). During the first postnatal week spindle bursts 

cannot be evoked by light flashes because rod- and cone-mediated visual signaling is not 

functional (negative phototaxis mediated by melanopsin-expressing retinal ganglion cells is 

instead already present (61)). Starting at P8 light flashes produce an early visual evoked 

response followed by an evoked spindle burst. During the first part of the second week, 

however, the spontaneous EEG still includes long periods of neuronal silence, and 

spontaneous activity is poorly modulated by sleep and wake (“bursting period”). By 

contrast, starting around P12 light flashes result in adult-like visual evoked responses that 

are no longer followed by evoked spindle bursts, and the EEG is strongly modulated by 

behavioral state and more continuous, presumably because cortical horizontal connections 

develop by the end of the second week (“acuity period”). The transition from the bursting to 

the acuity period is rapid, occurring within 12 hours in each individual pup, and depends at 

least in part on the activity of arousal systems such as the noradrenergic neurons of the locus 

coeruleus (60). This switch precedes eye opening by 2 days and does not depend on 

experience, since it happens also with dark rearing or with forced eye opening at P7. The 

switch is associated with changes in intracolumnar processing: during the bursting period 
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light stimulation induces a multilayer burst with no lag, and even minimal stimulation 

produces large, all-or-none responses. By contrast, during the acuity period the visual 

evoked response follows the typical columnar flow, with a sink in layer IV followed by 

spreading to layers II/III. Thus, until P12 cortical activity in V1 is dominated by spindle 

bursts and mostly reflects the maturation of cortical circuits, while after P12 it relies more 

heavily on experience triggered by exposure to the external world.

Slow activity transients (SATs) were originally identified as a primary feature of the EEG in 

premature human neonates (62). In a recent study that used direct-coupled (DC) EEG 

recordings SATs were also detected in rat V1, where they appear as infra-slow negative 

potentials (8–16 secs long) that include multiple spindle bursts separated by quiet periods 

(63). Consistent with the results summarized above (47), DC recordings found that during 

the first postnatal week spindle bursts/SATs represent the main form of correlated 

spontaneous activity. It was also found that SATs disappear after enucleation, strongly 

suggesting that they represent the cortical response to a retinal input (retinal waves) (63). 

Crucially, however, starting at P9 DC recordings also found additional simple field negative 

shifts that occur independent of spindle bursts/SATs. These short bursts (<1 sec) are 

associated with relatively slow activity (<10 Hz) and not, like spindle bursts, with alpha/beta 

oscillations. They are linked to strong cortical multi-unit activity and by P13 they represent 

most of cortical spontaneous events, resembling the slow waves of NREM sleep, while 

SATs become less consistent and are difficult to separate from the ongoing cortical activity 

(63). The opposite developmental profile and the fact that the occurrence of short bursts 

increases, rather than decreases, after enucleation, suggest that spindle bursts and short 

bursts represent different forms of cortical activity, the former driven from the periphery, the 

latter intrinsically generated in the cortex.

Gamma activity in S1

During the first postnatal week two other patterns of spontaneous oscillatory activity exist in 

S1, fast and frequent gamma oscillations (~ 38Hz, every 10sec, lasting 0.2sec) that occur 

only in the barrel field, and rare, long oscillations (~ 13Hz, every 20min, lasting >1min) that 

can spread across the entire cortex (53). Like spindle bursts, both types of oscillations are 

spontaneous but can be triggered by sensory stimulation (53). Indeed, starting as early as 

P0–P1 the deflection of the principal whisker triggers gamma activity in the ventral posterior 

medial nucleus of the thalamus, followed by gamma bursts and then spindle bursts in the 

granular layer of the corresponding barrel cortex (64, 65) (Fig. 1). This sensory-evoked 

“vertical” gamma activity results from excitatory inputs to granular cells with little 

involvement of inhibitory postsynaptic currents, and abruptly declines by P8. During the 

second postnatal week, when horizontal connections start forming, vertical gamma 

oscillations are gradually replaced by “horizontal” ones that are maximal in supragranular 

layers and spread across neighboring columns (64). It is unknown whether gamma 

oscillations are simply a marker of the ongoing maturation of cortical circuits or have any 

specific function. Since in vitro stimulation mimicking the early sensory-evoked gamma 

activity results in the potentiation of thalamocortical EPSPs (while spindle bursts cause 

depression of the same synapses), it has been suggested that gamma oscillations play a 

crucial role in the early refinement of thalamocortical circuits (64). Of note, similarly to 
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spindle bursts, this early gamma activity is not modulated by behavioral state, i.e. it can 

occur during both sleep and wake. Thus, its putative role in promoting growth and synaptic 

potentiation of thalamocortical circuits may not be confined to sleep.

Spindle bursts in rat motor cortex (M1)

Simultaneous recordings of forepaw movements and cortical activity in S1 and M1 in P3–P5 

pups under urethane anesthesia show that tactile forepaw stimulation triggers spindle bursts 

in S1, followed 5–20 msec later by gamma and spindle bursts in M1 (48). Analysis of 

spontaneous activity also shows that at this age most (~2/3) spontaneous gamma and spindle 

bursts in M1 are motor-related, either following or, less frequently, preceding forepaw 

movements; they are also temporally correlated with spindle bursts in S1, consistent with the 

idea that gamma and spindle bursts in M1 are important for development and maintenance 

of sensorimotor maps (48). The remaining 30% of spontaneous spindle bursts in M1, smaller 

and of shorter duration, are uncorrelated to movements. Local injection of lidocaine in the 

forepaw abolishes all cortical responses normally evoked in S1 and M1 by mechanical 

stimulation of the forepaw, as well as all spontaneous forepaw movements. By contrast, 

spontaneous gamma and spindle activity in M1 is reduced (by ~50%) but not abolished, 

indicating that a considerable fraction of burst activity in M1 is generated within the cortex 

itself, as it is the case in S1 and V1 (48). Another study suggests that the ability of 

spontaneous movements to trigger spindle bursts in M1 depends on behavioral state (49). 

Thus, recordings in M1 of P8 to P10 non-anesthetized pups found that manual flexion of the 

hindlimb triggers an increase in M1 unit activity and spindle bursts during both wake and 

sleep. Spontaneous hindlimb movements, instead, do not trigger M1 activity during wake, 

but do so during active sleep, especially in association with twitches, which are followed by 

spindle bursts with a latency of at least 100msecs (49). Overall, these results are consistent 

with the idea that via proprioceptive feedback fetal movements during the third trimester of 

gestation, like spontaneous movements in premature neonates, may play an important role in 

the maturation of cortical sensorimotor maps (54).

Oscillations in prefrontal cortex

Under urethane anesthesia, discontinuous spindle-like activity is present in prefrontal cortex 

starting at P3. It resembles spindle bursts, but its frequency is lower, in the theta range (66). 

Starting at P5, some spindle bursts, mainly in the prelimbic cortex, have nested gamma 

oscillations, while “simple” spindle bursts are more frequent in the cingulate cortex. 

Occurrence, duration, amplitude, and dominant frequency of both spindle bursts and nested 

gamma spindle bursts increase with age, until oscillatory activity rapidly switches to 

continuous activity at P10–P11. At that time the sparse unit activity (~0.7 Hz) observed in 

prefrontal cortex during the first postnatal week also switches to much higher levels. Thus, 

the emergence of discontinuous spindle bursts is delayed in prefrontal cortex, but the switch 

to continuous activity occurs at the same time as in primary sensory areas.

Conclusions

Starting immediately after birth distinct oscillatory patterns have been identified in different 

cortical areas in rodents. It has been suggested that until P7–P8 spindle bursts/SATs and 
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gamma bursts play an important role in promoting the refinement of thalamocortical 

connectivity in primary sensory areas. Specifically, spindle bursts in somatosensory and 

motor cortex have been proposed to be important for the formation of the body map (40, 46, 

48, 49). However, spindle bursts/SATs and gamma bursts are not confined to sleep during 

early development, and thus there is no strong evidence that sleep is required for their 

putative functions. Hippocampal theta bursts, on the other hand, have been involved in the 

refinement of prefrontal cortex connectivity (66) and there is a strong link between 

hippocampal theta activity and active sleep (67) (68), although even in this case theta bouts 

can occur outside of this state (see Supplemental Discussion). More causal experiments are 

needed to determine whether interfering with specific cortical or hippocampal patterns 

affects the maturation of brain circuits, whether the effects are irreversible, and to what 

extent they depend on behavioral state.

S1 and V1 are the cortical areas that have been best characterized. In these regions a similar 

developmental switch in the pattern of neuronal activity seems to occur, from the 

discontinuous EEG dominated by synchronous bursts triggered by movements or retinal 

waves during the first postnatal week, to the continuous and more decorrelated EEG activity 

present by the end of the second postnatal week. In both areas the switch occurs quite 

abruptly starting at P8, once cortical synapses “explode” in number and cortical horizontal 

connections start forming. In both areas early bursting activity and late decorrelated activity 

have a different origin, the former mainly reflecting activation coming from the periphery 

via the thalamus, the second representing intrinsic activity generated in cortex itself. It is 

after this switch that distinct cortical EEG patterns can be used to identify sleep and wake 

states. Thus, it is only after the cortex becomes able to generate its own oscillatory rhythms, 

independent of sensory stimulation, that distinct patterns of activity become associated with 

different behavioral states. The switch also roughly corresponds to the time when the pups 

start exploring and walking and open their eyes. At the same time the cortical rules of 

plasticity change, switching from a strong bias towards synaptic potentiation to a finer 

balance between potentiation and depression; this coincides with the time when plasticity 

switches from being mainly driven by spontaneous activity to being strongly dependent on 

experience caused by direct exposure to the external world. Thus, one could speculate that 

during the first week the goal of neural activity is to refine cortical circuits, by pruning and 

synaptic potentiation, and this process seems to occur at all times, in wake and sleep. By the 

end of the second week, instead, the cortex is mature enough to sustain its activity 

independent of peripheral events. Cortical activity also becomes strongly modulated by 

behavioral states: during wake the subject is poised to adapt to an ever-changing 

environment, while during sleep he is disconnected from the external world.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representations of cortical EEG recordings in a rat pup. During the first postnatal 

week transient events such as spindle bursts and evoked gamma oscillations can be 

observed, but EEG activity is mainly independent of behavioral states (see text for details). 

Traces are redrawn from (46) (spindle bursts), (64) (evoked gamma), and (13) (sleep/wake 

traces). Behavioral states during the first postnatal week were defined based on behavioral 

observation (respiration pattern, body, vibrissae, and tail movements, eyes open/closed).
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