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a b s t r a c t

Early development of somatotopic cortical maps occurs during the fetal period in humans and during the
postnatal period in rodents. During this period, the sensorimotor cortex expresses transient patterns of
correlated neuronal activity including delta waves, gamma- and spindle-burst oscillations. These early
activity patterns are largely driven by the thalamus and triggered, in a topographic manner, by sensory
feedback resulting from spontaneous movements. Early cortical activities are instrumental for compet-
itive interactions between sensory inputs for the cortical territories, they prevent cortical neurons from
eywords:
eonate
lectroencelography
euronal networks
evelopment
etal movements

apoptosis and their alteration may lead to disturbances in cortical network development in a number of
neurodevelopmental diseases.
ensorimotor cortex

ontents
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. Introduction

During the early stages of development, cortical neuronal net-
orks display unique activity patterns. The first organized activity
atterns, notably delta waves and delta-brushes in human preterm
eonates, and homologues delta waves and spindle/gamma-bursts

n rodents are expressed during the period of the most intense
eriod of neuronal growth and synaptogenesis, the so-called “brain
purt” occurring during the second half of gestation in humans and
uring the postnatal period (from the postnatal days P0 to P10) in
odents. There are several reviews describing the features of the
arly cortical activity patterns and their developmental roles in the
ctivity-dependent wiring of cortical neuronal networks includ-
ng circuit development [1,2], network mechanisms and synaptic
lasticity [3–15], methodological aspects of recording early brain
ctivity [16–19], development in the state-dependence of the brain
ctivity [20,21] and emergence of consciousness [22]. This review
ocuses on the most recent advance in the mechanisms underlying
he early activity patterns obtained in the developing sensorimotor
ystem of rodents and on the relevance of these findings to human
etal development.

. Early activity in the fetal human cortex: an overview

Most of our knowledge of the cortical activity during the fetal
tages of development in humans is based on scalp EEG recordings
rom preterm neonates. These studies revealed two remarkable
eatures of early cortical activity during the fetal developmental
eriod: (i) discontinuous temporal organization, characterized by

ntermittent bursts of activity separated by periods of suppression
f activity that tend to become shorter with maturation and (ii)
ge-specific electrographic characteristics of the early intermittent
ctivity patterns, that are often organized in oscillations. The ear-
iest recordings of activity performed at a gestational age of 24–25
ostmenstrual weeks revealed intermittent “smooth” delta waves
hat barely contain any rapid (theta/alpha) rhythmic component
nd occur at the background of electrical silence (so-called trace
iscontinu) [23]. With development, there is an evolution of this
rimordial delta wave activity towards “delta-brushes”, a predom-

nant electrographic pattern during the period from the seventh
onth of gestation to near term, consisting of intermittent bursts of

ctivity lasting for 0.5–3 s organized in rapid alpha-beta (and even-
ually gamma) oscillations that are nested in an envelope of the
elta wave. The last trimester is also characterized by an increase

n the background activity between the delta-brushes and a trans-
ormation of the trace discontinu to trace alternant. Delta-brushes

ay be organized in groups; summation of the slow potentials dur-
ng such complex events produces large slow activity transients
SATs) of up to millivolts in amplitude which are most prominent
n the occipital cortex [24,25]. Delta-brushes are abundant in the
entral, temporal and occipital areas and they disappear first in
entral cortical areas and lastly in the occipital cortex just before
erm.

While delta-brushes have long been considered as a sponta-
eous activity pattern, several observations indicate that in the
ensory areas, they are driven by signals from the sensory periph-
ry. In the somatosensory cortex, delta-brushes can be efficiently
voked in a topographic manner by the somatosensory stimula-
ion of different parts of the body [26–29]. Delta-brushes are also
eliably evoked by light flashes in the occipital cortex and by audi-
ory stimuli in temporal cortical regions [28,30,31]. Interestingly,

he fetus possesses mechanisms for self-activation of the sensory
nputs to trigger cortical delta-brushes in a topographic manner.
or example, spontaneous movements in the form of twitches
aka physiological myoclonies) characteristic of immaturity, reli-
ably trigger delta-brushes in the somatosensory cortex, with the
topographic activation of delta brushes in the hand-representing
area of the somatosensory cortex following twitches in the con-
tralateral hand and in the foot-representing areas following the
twitches [27]. Consistent with these findings, positive blood oxy-
gen level-dependent functional responses in the contralateral (left)
primary somatosensory and motor cortices were observed follow-
ing both induced and spontaneous right wrist movements [32]
Whether similar mechanisms operate in other sensory systems
remains unknown. However, the results obtained in animal mod-
els suggest that spontaneous activity at the sensory periphery may
play similar roles in the visual cortex, where delta-brushes and SATs
are driven by the retinal waves [33–38](for review, [39,40]). Similar
drive by the sensory periphery can also be provided in the audi-
tory system, where delta-brushes may be driven by spontaneous
activity in the cochlea, although this remains to be experimen-
tally demonstrated [41,42] (for review, [43]). Because the sensory
stimuli from the external world hardly reach the fetus in utero,
such mechanisms of endogenous stimulation could be important
for coordinated activity at the sensory periphery and cortex of the
fetus to support construction of the topographically aligned circuits
including formation of the somatotopic, retinotopic and tonotopic
cortical sensory maps. On the other hand, a preterm newborn is
exposed to the external world prematurely and the environmen-
tal sensory stimuli may interfere with the developmental program
based on endogenously generated activity patterns. This interfer-
ence may lead to malformations in the developing networks and
contribute to the neurobehavioral deficits frequently observed in
preterm born patients. This has been elegantly demonstrated in
the mouse visual system, where optogenetic manipulation of reti-
nal activity before onset of vision disrupted the development and
maintenance of visual maps [37]. Therefore, understanding the
mechanisms underlying the generative mechanisms of the early
activity patterns and their roles in developmental plasticity is criti-
cal not only for the understanding of the physiological mechanisms
underlying early brain development, but also for an improvement
of care and prevention of the neurodevelopmental deficits in the
vulnerable group of the preterm born patients.

3. Early cortical activity patterns in animal models

Studies in animal models have provided insights into the mech-
anisms underlying the generation of early activity patterns in the
developing cortex during the corresponding fetal stages in humans.
In the most frequently used animal models, such as rats and mice,
the neonatal period from birth (postnatal day P0) to P10 approx-
imately corresponds to the second half of gestation in humans.
Initial EEG studies only revealed delta-oscillations during quiet
sleep as the first organized activity pattern which could be observed
starting from P8 onwards [44]. However, intracortical recordings
from head-restrained animals revealed organized activity already
at birth (that roughly corresponds to mid-gestation in humans).
The electrographic features of this activity and their developmen-
tal evolution during the postnatal period showed a developmental
profile very similar to that in humans during the second half of
gestation including developmental transformations in temporal
organization of activity and the sequence of the activity patterns.
A combination of various recording techniques including multisite
silicone probe recordings of the local field potentials and multiple
units across different layers in the cortex and subcortical structures,

patch-clamp recordings from neurons in different cortical layers,
voltage-sensitive dye and intrinsic optical signal imaging, dynamic
biphoton imaging of intracellular calcium transients, and phar-
macological manipulations and optogenetics enabled the detailed



c
p

3
c

t
b
g
w
t
d
b
d
c
b
t
r
d
t
c
t
c
t
h
c
a
p
i
s

i
i
d
g
g
m
f
l
t
fi
s
c
a
(
c
i
t
w
r
t
i
b
t
L
P
i
s
t
i
w
i
d

d

haracterization of the generative mechanisms of the early cortical
atterns.

.1. Delta waves: the first organized activity pattern in the S1
ortex

Similarly to the human cortex, the earliest activity patterns in
he somatosensory rat barrel cortex during the first two days after
irth (P0-1) are the intermittent delta waves occurring on the back-
round of an almost completely flat baseline [45,46]. Early delta
aves are smooth or contain gamma and spindle-burst oscilla-

ory components that become ample two days after birth, just as
elta waves in humans show a developmental transition to delta-
rushes during the seventh month of gestation. In the barrel cortex,
elta waves are local events that are restricted in space to a corti-
al territory of approximately 500 �m in diameter as evidenced
y mutishank recordings and voltage sensitive dye imaging and
hey are evoked in a topographic manner by stimulation of the cor-
esponding whiskers at the snout of the rat pup. Current source
ensity analysis of the delta waves across the cortical depth iden-
ified the main sink of delta waves at the inner part of the dense
ortical plate suggesting that they are generated by thalamic inputs
o the future L4 neurons, not yet differentiated from the dense
ortical plate (see also [47]). This signal is strongly attenuated at
he cortical surface and it is likely that the delta waves in preterm
uman scalp EEGs are also generated by thalamic input to the corti-
al plate. In addition, thalamic input to the pyramidal cells in layer 6
nd to the subplate neurons may also contribute to the delta waves,
articularly in humans where the subplate is much thicker than

n rodents [48], but at present, a contribution of the thalamic to
ubplate connections to the EEG signals remains hypothetical.

At the cellular level, delta waves are associated with depolar-
zation and firing of cells (likely future Layer 4 neurons) in the
nner dense cortical plate [45]. This neuronal depolarization during
elta waves is primarily driven by the summation of glutamater-
ic synaptic currents. Several lines of evidence indicate that these
lutamatergic currents are of thalamic origin, including the above
entioned current-source density profile of delta waves and the

act that they can be evoked by sensory stimulation, and the tha-
amocortical responses that are already present at birth in the
halamocortical slices [47]. Consistent with this, thalamic neurons
re ahead of cortical neurons and ablation of thalamus completely
uppresses cortical units [46]. It could be suggested that recurrent
onnections between the L4 cells, which account for about 85% of
ll excitatory inputs to the excitatory L4 neurons in the adult cortex
with only 15% of excitatory inputs of thalamic origin) [49–51] also
ontribute to the neonatal delta waves. However, as revealed dur-
ng dual patch-clamp recordings from slices of the barrel cortex,
he first few glutamatergic connections between the L4 neurons
ere found at P6-7 and not before. This suggests that a recur-

ent excitatory L4 network is poorly developed at birth and that
hese connections have little contribution to the delta waves dur-
ng the first days after birth [52]. In addition, electrical connectivity
etween L4 cells displays a bell-shaped developmental profile with
he maximal (35%) probability of electrical coupling between the
4 neurons attained at P5 but only 5% electrical coupling found at
4 (ibid). Although data from younger animals are not available,
n keeping with this bell-shaped developmental profile it could be
uggested that electrical synapses are also unlikely to contribute
o the delta waves in rodents at birth. Altogether, these findings
ndicate that the most primitive organized activity pattern of delta

aves in the cerebral cortex is primarily generated by thalamic

nputs to the neurons in the dense cortical plate, which further
ifferentiates to L4.

It is worth noting that the discussed above primitive pattern of
elta waves in neonatal rats and preterm infants (and the mecha-
nistically similar delta-component of delta-brushes and rodents’
spindle/EGO bursts) is cardinally different in generative mecha-
nisms and network function from the delta waves in adults. In
adults, delta waves reflect a collective transition of cortical neurons
from the UP to Down state observed during slow-wave activity and
following sensory-evoked responses during sleep, quiet wakeful-
ness or under anaesthesia, and in cortical slices in vitro [53,54].
Adult delta waves are a primarily cortical phenomenon present
in isolated cortical slices or cortical slabs [55]. In contrast, neona-
tal delta waves reflect collective excitation of cortical neurons by
thalamic input as described above.

3.2. Early gamma oscillations and spindle-bursts

The developmental transition from delta waves to delta-brushes
in humans during the seventh month of gestation is paralleled in
rats by an emergence, two days after birth although the exact onset
may vary ([45,46,56]), of rapid short-living oscillations at 5–25 Hz
(spindle-bursts) and 30–60 Hz (EGOs) nested in delta waves. These
oscillatory activity patterns have been described in the somatosen-
sory (barrel and body representation), motor, visual, and prefrontal
cortices. The general features and the underlying network mech-
anisms of these early oscillatory patterns have been extensively
reviewed [4–7,10,11,14,19,57–60]; see Ref. [15] for the most recent
update on the activity patterns in the developing barrel cortex, and
their main features can be summarized as following:

1) EGOs and spindle-bursts are internally generated patterns
that persist after deafferentation, although at lower frequency,
[61–63]. In the intact animal, EGOs and spindle-bursts are
triggered by input from the sensory periphery, provided by
spontaneous movements in the sensorimotor cortex and retinal
waves in the visual cortex [33–35,61,63–65].

2) Both patterns are local events reliably evoked by afferent stim-
ulation in a topographic manner [46,56,61,66]. While EGOs
are time-locked to the stimulus, spindle-bursts are not. Also,
EGOs occupy smaller cortical territories than spindle-bursts
and in the whisker-barrel cortex, EGOs are mainly restricted
to one barrel [62]. EGOs typically occur at the onset of
the stimulus-evoked response and spindle-bursts follow. An
EGO/spindle-burst sequence can also be evoked by light in the
neonatal rat visual cortex [30].

3) The main sinks of EGOs and spindle-bursts are located at layer
4 and coincide with the sink of the delta wave nesting them
[46,56,62,67,68]. Thalamic input is critical for the generation of
both patterns as silencing the relay thalamus completely sup-
presses them [46]. This also indicates that cortical circuits are
too poorly developed to support self-generated activity at this
stage.

4) EGOs are primarily generated by gamma-rhythmic glutamater-
gic excitatory currents of thalamic origin [9,56]. The engagement
of inhibitory currents to EGOs is age dependent with little partic-
ipation of interneurons in EGOs before P5, and their recruitment
to EGOs by P5-7, which is consistent with the delayed develop-
ment of the feedforward inhibition [56,69] and inhibition-based
gamma-rhythmogenesis [70]. Blockade of cortical GABA(A)
receptors does not affect EGOs at P2-4, but strongly reduces
them in older animals. Spindle-bursts are generated by gluta-
matergic currents but are also patterned by interneurons, and
blockade of cortical GABA(A) receptors enhances spindle-bursts
and enlarges the size of cortical territories synchronized by

spindle-burst oscillations [9,61]. Glutamatergic input from the
thalamus is also at the origin of the delta wave envelope of
spindle-bursts and EGOs, generated through a summation of the
glutamatergic currents with an important contribution of NMDA
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receptor currents which summate particularly well due to their
long kinetics [67,71,72].

. Early spontaneous movements and sensory feedback

.1. Spinal cord

Previous studies emphasized the importance of the signals aris-
ng at the sensory periphery in driving the early cortical activity
atterns. How are these periphery signals generated and how are
hese inputs organized to drive the thalamocortical activity pat-
erns? In the somatosensory system this question was addressed
sing extracellular silicone probe recordings of activity in the
otor and sensory zones of the spinal cord lumbar segments

73]. The activity in motor zones was characterized by recurrent
hort-duration and long-duration bursts that generated hindlimb
witches and more long-lasting complex movements, respectively.
hese movement-generating bursts in motor zones were followed
y activity bursts in sensory zones suggesting that sensory feed-
ack from movements maybe instrumental in driving sensory
eurons. Consistent with this hypothesis, transection of the dorsal
oots, which did not affect activity in motor zones or movements,
uppressed activity bursts in sensory zones and resulted in sensori-
otor uncoupling. Interestingly, in the isolated spinal cord in vitro

ensory and motor zones also display bursting activity [74–77],
ut the correlation between the sensory and motor neurons is
uch weaker than in vivo and even inversed, with the sensory

eurons leading the activity of motor neurons. [73]. Together,
hese findings showed that sensory feedback resulting from spon-
aneous movements appears to be instrumental for coordination
f activity in developing sensorimotor spinal cord circuits. Sensory
eedback from movements also creates conditions for a reversed-
ype of Hebbian learning, with the activity in movement-generating
etworks preceding the afferent input in agreement with the
chouenborg’s model of motor directed somatosensory imprinting
78].

These findings also provide important information on the role
f sensory feedback in the generation of thalamocortical oscilla-
ions. The twitch- and sensory- evoked spinal cord sensory bursts
ast on average only about 70 ms and they are not organized in
amma or spindle-burst oscillations. Therefore, sensory output
rom the spinal cord triggers, but does not drive thalamocortical
GOs and spindle-burst oscillations, which have a duration of up to
s [61–63]. This is also consistent with the findings that spindle-
ursts persist in the corresponding cortical areas, although at lower
requency, after spinalization at mid-thoracic level, which com-
letely eliminates input from the secondary sensory neurons to S1
indlimb area [61] and after infraorbital lesion, which eliminates

nput to the primary sensory neurons [63].

.2. Top-down control of spontaneous movements

Spinal cord circuits are capable of generating spontaneous
ctivity in motor zones, including both twitching- and complex
ovement- generating patterns as evidenced by the persistence

f electrical activity in motor zones in the isolated spinal cord
reparation (see above) and the persistence of movements after
ecerebration [79,80]. However, in the intact animal, the early
ovement patterns are influenced by the top-down mechanisms,

ome of which have been identified. The red nucleus, the source
f the rubrospinal tract, is one such structure.Recordings of units

n the red nucleus of neonatal rats revealed that neurons in this
tructure fired before movements of the contralateral forelimb [81].
ome red nucleus neurons fired after the movement onset also
uggesting their activation by sensory feedback. Pharmacological
inhibition of the red nucleus evoked complex biphasic response
including an initial transient increase followed by suppression of
movements. Together, these results suggested that red nucleus is
involved in the top-down control of the activity in ventral spinal
cord and early motor activity [82]. Moreover, the activity in the red
nucleus was found to be controlled by cerebellar networks. Indeed,
the twitch-related activity in the cerebellar interpositus nucleus
and the red nucleus, were found to be highly correlated [83], and
inactivation of the interpositus nucleus decreased activity in the
red nucleus, although the twitch-related activity in the red nucleus
was preserved after the interpositus nucleus inactivation [84,85].

4.3. Motor cortex

The primary motor cortex of neonatal rats is also activated
during early motor activity but it mainly follows spontaneous
movements. Voltage sensitive dye imaging of the hindlimb and
tail areas of the sensorimotor cortex of P4-6 rats revealed that
the hindlimb/tail twitches are followed by bursts of depolariza-
tion first in the corresponding S1 cortical areas followed by their
spread towards the motor cortex [86]. These findings are consis-
tent with the fMRI positive BOLD-responses in the contralaterla
sensorimotor cortical areas following both induced and sponta-
neous right wrist movements in human preterm neonates [87].
Similar findings were obtained during electrophysiological explo-
ration of the activity in the motor cortex of P8-10 rat pups, where
active sleep-related hindlimb twitches triggered spindle-bursts
in the hindlimb primary motor cortex [65]. Interestingly, during
wake-related “complex” movements, activity in the motor cor-
tex was nearly absent suggesting that complex movements are
generated in the subcortical circutis and that the sensory feed-
back from wake movements is suppressed by corollary discharge
[65]. Further exploration of this phenomenon revealed that the
movement-dependent sensory gating during wake occurs ar the
external cuneate nucleus, as pharmacological disinhibition of the
external cuneate nucleus unmasked wake-related reafference [88].

These data suggest that during the neonatal period in rats
and fetal stages in human, the motor cortex is essentially oper-
ating in the « sensory » mode, driven by sensory feedback from
the active sleep − related twitches.The motor cortex may oper-
ate not only as a sensor but also as a driver of movements in
neonatal rats, however. In agreement with the findings described
above, voltage-sensitive dye imaging and intracortical recordings
from the somatosensory and motor cortices of P3-5 rats in the
forelimb areas revealed that the majority of EGOs and spindle-
bursts in the motor cortex occur after the forelimb movements’
onset according to the mainstream activation pattern: spontaneous
movement → sensory feedback → somatosensory cortex → motor
cortex [89]. On the other hand, approximately one-fourth of the
activity bursts in the primary motor cortex preceded the move-
ments, and local blockade of activity in motor cortex caused a
reduction in occurrence of the forelimb movements. These data
suggest that at least part of spontaneous movements are driven by
the activity bursts in motor cortex [89].

4.4. Sensory input to the S1 cortex under naturalistic conditions

While the neonatal rats possess self-generated mechanisms of
sensory stimulation based on sensory reafference from sponta-
neous twitching, in the natural environment these endogenous
mechanisms cooperate with passive stimulation by the mother
and littermates. Relative contributions of these two sources of

sensory input have been explored in the whisker-related bar-
rel cortex [63,64]. Explorative rapid active whisking emerges at
around P12 [90–92]. However, non-skeletal whisker system of
neonatal rodents displays a wide variety of primitive intermittent
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hisker and mystacial pad movement patterns similar to sponta-
eous movements of skeletal muscles [63,64], These include brief
witchy and more complex whisker movements with the predomi-
ance of collective protraction and retraction of adjacent whiskers
63,64], which also characterizes whisker movements in adult ani-

als [90,93,94].
Simultanous recordings of whisker movements and electrical

ctivity in the corresponding cortical barrels under condi-
ions mimicking natural environment revealed that spontaneous
hisker movements and passive stimulation by the littermates

ooperate in driving cortical activity bursts. In the nest, rat pups
pend most of the time in contact with the littermates and mother.
odelling this situation in the head restrained animals revealed

hat tactile signals arising from spontaneous whisker movements
ith touch were more efficient than free movements in trigger-

ng cortical activity bursts. Also, tactile stimulation of the whiskers
y the littermates’ movements was very efficient in activating
hisker-barrel cortex. Tactile signals arising from the whisker
ovements with touch and stimulation by the littermates, sup-

orted a twofold higher level of cortical activity than in the isolated
nimal, and a threefold higher level of activity than in the deaffer-
nted animal after the infraorbital nerve cut. Together, these results
ndicated that endogenous (self-generated movements) and exoge-
ous (stimulation by the littermates and also likely by the mother)
echanisms cooperate in driving cortical activity in newborn rats

nd point to the importance of the environment in shaping cortical
ctivity during the neonatal period [63].

.5. Interspecies and intersystems comparisons

Dependence of the activity in the somatosensory system on
he signals from the environment involving passive stimulation
y the littermates and mother and tactile contact during move-
ents clearly differentiates the somatosensory system from the

isual and auditory systems in rodents and other altricious animals.
n contrast to the somatosensory system, corresponding stages of
evelopment in the visual and auditory systems are character-

zed by insensitivity to the external stimuli (so-called physiological
lindness and deafness of immaturity). Interestinbly, this lack of
isual and auditory functions is due to the immaturity of sensory
eriphery whereas the core connections along the visual and audi-
ory pathways from the sensory periphery to cortex are already in
lace at birth. During the neonatal period of blindness and deafness,
unction of visual and auditory systems is primarily driven by spon-
aneous activity at the sensory periphery − by the retinal waves
nd the cochlear nucleus bursts, respectively (for reviews, see
10,40,43,59,95,96]). This raises hypothesis that insensitivity to the
xternal stimuli in these two systems is a natural mechanism devel-
ped in the altricious animals on purpose to protect the process
f construction of the early cortical sensory maps from the exter-
al noise. This hypothesis is indirectly supported by sensitivity to
he visual and auditory stimuli of human fetus/preterm newborn
lready at mid-festation, but natural isolation of the human fetus
rom these external stimuli in utero. Thus, both neonatal altricious
nimals and human fetus are well isolated from the external visual
nd auditory signals during the early period of development of
isual and auditory cortical maps, although this gating is achived
hrough different mechanisms: peripheral insensitivity to exter-
al stimuli in the case of altricious animals and protection from
he external stimuli by the womb in human. Somatosensory sen-
itivity of the neonatal rodents, which is present already at brith,
s an exception from this rule, likely because somatosensation is a

ecessary condition for the sensorimotor integration through the
ensory feedback from movements, and, secondly, because in the
ltricioius animal, somatosensation is a vital function required for
eeding and avoidance of the noxious stimuli.
The human fetus in utero is well protected by the womb from
the passive tactile stimulation and therefore it is exposed to
somatosensory environmental signals to a much smaller extent
than the neonatal rat. Therefore, in humans, the relative contri-
bution of passive stimulation in triggering thalamocortical activity
bursts is likely less important than in the neonatal rodent. This
is clearly an advantage for the development of the somatosen-
sory system in human fetus, because this process is protected
from the noisy input from environment and it entirely relies on
spontaneous fetal movements and the resulting somatosensory
feedback. Thus, in human, early function of all three sensory sys-
tems (visual, auditory and somatosensory) primarily relies on
spontaneous, self-generated in the fetus activity, without an excep-
tion for the somatosensory system, which is found in the altricioius
rodents. However, this situation dramatically changes if the fetus
is born prematurely. Preterm newborn is immediately exposed to
all external sensory inputs, which start to compete and interfere
with the natural spontaneous activities in building neuronal cir-
cuits. For example, in the visual system, light evokes synchronous
responses in both eyes whereas asynchronous in the two eyes
retinal waves provide binocular segregation of activity [37]. Sim-
ilarly, sensorimotor tuning by sensory feedback from movements
in the developing sensorimotor systems maybe interfered by pas-
sive stimulation. Also, preterm neonates have more freedom and
less tactile feedback during their movements than the fetus in utero
that in keeping with the observations in neonatal rats suggests that
these free movements would less efficiently trigger thalamocortical
activity bursts in the preterm babies. To what exent these environ-
mental factors influence the development of sensory systems and
contribute to the neurodevelopmental and learning deficits that
are frequently observed in preterm infants, even in the absence
of visible cerebral lesions, and whether these deficits can be pre-
vented by mimicking natural in utero − like conditions for the
preterm newborn are important questions for the future clinical
investigations.

5. Physiological roles of the early activity patterns

5.1. Formation of thalamocortical maps

The first postnatal week in rodents is known as a critical
period for the activity-dependent formation of the topographic
thalamocortical maps in the somatosensory cortex (for reviews,
[2,97–100]). During this period, the barrel cortex displays enhanced
plasticity (long-term depression and potentiation) at thalamocor-
tical synapses [101–104] and sensory deprivation or alteration
in central activity results in dramatic changes to map organi-
zation [105], indicating that the sensory-driven activity patterns
described above are instrumental to somatosensory map forma-
tion. Experimental evidence suggests a two-stage model for the
activity-dependent somatosensory map formation during the crit-
ical period: stage 1 of the «columnar segregation» and stage 2 of the
map «consolidation».

In the rat barrel cortex, stage 1 occurs during the first postnatal
days (P0-2/3) and it is characterized by the formation of thalam-
ocortical barrels from the initially partly overlapping pattern of
thalamocortical connectivity through competition of whiskers for
the cortical territories using delta waves as an instrument of such
competition. Extracellular, whole-cell and voltage-sensitive dye
recordings from the barrel cortex of newborn rat pups revealed a
certain level of precision already in the innate whisker «protomap»

at birth. At this very early stage of the thalamocortical synapto-
genesis, stimulation of one whisker evoked maximal response at
the cortical site within the prospective barrel cortex with a gradual
decrease throught the neighonouring cortical territories [45,46].
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owever, the level of tuning to the principal whisker was relatively
ow at birth, with multiple adjacent whiskers evoking delta waves
ssociated with excitatory postsynaptic currents and spikes in cor-
ical neurons [45]. This functional protomap refined during the
rst postnatal days, and starting from P2–3, segregated functional
hisker map emerged, coinciding with emergence of the anatomi-

al barrel map. Several mechanisms contribute to the development
f the cortical whisker maps. This includes organization of the tha-
amic axons into barrel-shaped patches [106–108] and dendritic
rientation of L4 cells toward the talamocortical axonal termi-
al patches through NMDA receptor dependent pruning of the
ranches extending to neighboring barrels [109]. Thus, the bar-
el map develops from a state with a relatively crude topography
f the sub-columnar level of precision. Further refinement of map
recision to columnar level occurs during the first 2–3 postnatal
ays, and this process is characterized by competitive interactions
etween whiskers for the cortical target territories, with overlap-
ing whisker-evoked delta waves instrumental to such columnar
egregation.

Stage 2 of thalamocortical consolidation occurs during the
eriod from P2 to P7 and consists of strengthening of the topo-
raphic input to layer 4 through an increase in the number
nd LTP-dependent stabilization of the topographic thalamocor-
ical synapses. This is supported by the early oscillatory activity
atterns, which enable thalamocortical synchronization and mul-
iple replay of sensory input at the thalamocortical synapses.
uring this period, there is a growth spurt in the branching of

he thalamocortical axon terminals in L4, dendritic differentia-
ion of L4 cells and formation of the topographic thalamocortical
ynapses in L4 [110–113] aimed to establish highly convergent
nd numerous thalamic inputs to the cortex [114]. Consolida-
ion of the topographic thalamocortical connectivity involves
xperience-dependent strengthening and stabilization of thalamo-
ortical synapses through LTP resulting in a developmental increase
n the number of postsynaptic L4 neurons contacted by a single tha-
amic neuron [113]. Early oscillatory patterns, notably EGOs, have
een shown to create Hebbian conditions for the LTP at thalamocor-
ical synapses by synchronizing, on the millisecond scale, activity
f the topographically aligned thalamic and cortical neurons, and
y providing multiple replay of the sensory-driven thalamocorti-
al activation [46,56]. Mimicking EGOs in thalamocortical slices
esulted in LTP of the thalamocortical EPSCs in L4 neurons [56].
lso, the consolidation stage is characterized by development of
urround inhibition [9,67] and feedforward cortical inhibitory cir-
uits which are engaged in the processing of thalamic inputs and
eneration of EGOs by the end of the critical period [56,69].

.2. Developmental apoptosis

The critical period of the activity-dependent plasticity in
omatosensory cortical maps overlaps with another critical period
f enhanced vulnerability to neuroapoptosis-promoting agents
uch as ethanol, blockers of NMDA receptors, antiepileptic agents
nd general anesthetics [15,115–117]. Considerable evidence indi-
ates that suppression of neuronal activity and blockade of calcium
ntry into neurons through the voltage-gated calcium and NMDA
eceptor channels is the main pathogenic event triggering apopo-
osis during this period [5,57,118,119]. The early activity patterns
f spindle-bursts and EGOs are associated with calcium tran-
ients in the cortical neurons via voltage-gated calcium channels
120–122] and activation of NMDA receptors [9,67] and thus pro-
ide a neuroprotective shield against apoptosis. Suppression of the

arly activities stimulates apoptosis, in some cases causing massive
euronal death and considerable loss in the number of surviving
eurons with life-long neurobehavioral sequelae. To date, all of the
rugs known to induce neuroapoptosis in neonatal rodents, tested
so far exerted powerful inhibitory effects on early activity pat-
terns, including spontaneous and sensory-evoked spindle-bursts
and EGOs in somatosensory cortex, with the level of inhibition cor-
relating with drug-induced apoptosis including ethanol [123–125],
general anesthetic isoflurane [126,127], ketamine-midazolam mix-
ture [128–130], benzodiazepines and barbiturates [9,121,125].
Importantly, inhibition of activity in somatosensory cortex by
ethanol and isoflurane is particularly robust in the most imma-
ture animals, where these drugs almost completely suppress EEG
signals and neuronal firing [123,126]. Thus, the early activity pat-
terns not only contribute to the activity-dependent formation of
neuronal circuits, but they also promote neuronal survival through
prevention of developmental apoptosis, whose physiological role
is probably to eliminate those neurons that are not efficiently
recruited to the network at a critical developmental check-point.

5.3. Neurodevelopmental disorders

If the early activity patterns are so important for the wiring of
neurons during development, one may ask whether alterations in
the early brain activities will result in malformations in the neu-
ronal circuits, some of which perhaps persisting into adulthood
and manifesting as neurological and behavioral deficits. Supported
by a correlation between the EEG activity in preterm neonates
with brain growth and mental development [131,132], this hypoth-
esis has been discussed in relation to a number of diseases of
the central nervous system including epilepsy [133,134], brain
hypoxia [135–137], neurobehavioral sequlae of the early life stress
[138], schizophrenia [139] and neurobehavioral deficits induced
by fetal exposure to various drugs not necessarily promoting
apoptosis, but affecting early network functions and affecting phys-
iological development of neural networks. Indeed, drugs routinely
used in neonatal intensive care units (phenobarbital, fentanyl,
theophilline) affect early brain activity in preterm infants [140].
Also, prenatal exposure to antiepileptic drugs which is associated
with an increased risk of cognitive dysfunction at early school age
was found to affect early neonatal neurological status and several
features of early cortical activity in the neonates [141].

Abnormalities in EEG parameters were also observed in
neonates whose mothers received serotonin reuptake inhibitors
during pregnancy [142]. The case of serotonin reuptake inhibitors
is particularly interesting as it illustrates that the effects of drugs in
the fetal brain may mechanistically differ from their effects in adult
brain. Indeed, in rodents, excessive serotonin, acting through presy-
naptic 5HT–1B serotonin receptors, transiently expressed during
development, exerts age-specific depression of thalamocortical
synapses, and the early activity patterns of EGOs and spindle-bursts
in the somatosensory cortex of neonatal rodents. In adolescent and
adult animals however, the inhibitory effects of excessive sero-
tonin on thalamocortical responses and cortical activity are absent
[143–145]. On the other hand, an increase in extracellular sero-
tonin levels during the critical period through a pharmacological
or genetic blockade of serotonin transporters, as well as through
genetic deletion of monoamine oxidase A prevents formation of the
whisker-related barrel patterns ([146–149]; for review, see [150]).

Early epilepsy is probably the most illustrative condition in
which abnormal electrical activity could negatively interfere with
early developmental patterns. In humans, epilepsy that onsets in
infancy is associated with a high risk of developmental delay (up
to 40%) and learning difficulties (up to 70%). Prospective, popu-
lation based studies revealed that age of onset of epilepsy is one
of the most important risk factor, beside aetiology and treatments

[151–153]. Even if occurrence of seizures in a developing brain may
have a deleterious effect on developmental processes, the correla-
tion between seizure onset/number/duration and development is
not trivial the correlation in focal structural epilepsies [154], absent
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n Dravet syndrome, a genetic epilepsy due to mutations in gene
CN1A that encodes for NaV1-1 [155,156]. In an animal model of
CNQ2 related epilepsy, the mutation of KCNQ2 leads to alteration

n early patterns of cortical activity (spindle-bursts, see above),
ven before the first seizure occurs [157]. The restoration of these
atterns prevents the occurrence of cognitive disorders in adult
ice, whereas the treatment of seizures only, has no positive effect

n the cognitive disorders. Thus, not only seizures, but also less vis-
ble alterations of spatial and temporal properties of early patterns
f cortical activity caused by the aetiology of epilepsy (structural
bnormality, genetic mutation, and acquired brain lesion) may
xert negative effects on developmental processes.

These findings support the idea that the early activity patterns
re implicated in normal brain development but they also indi-
ate that drugs altering the normal brain activity during the critical
eriods through age-specific mechanisms may be hazardous to the
eveloping brain. Seemingly safe drugs may exert adverse effects at
ifferent and often unpredictable levels. For example, the diuretic
KCC1 chloride co-transporter antagonist bumetanide, which min-

mally affects spontaneous and sensory-evoked activity patterns
n the somatosensory and visual cortex of neonatal rats [9,30],
nduced hearing loss in newborn babies treated against seizures
158] that is consistent with the damage in the inner ear and deaf-
ess in NKCC1 knock-out animals [159]. The authors of this trial
roposed that: «These results highlight the risk associated with off
label usage of drugs in newborn babies before safety assessment

n controlled trials» [160]. These risks are also evidently present
nd should be considered during pregnancy.

. Conclusions and perspectives

Thus, the developing sensorimotor cortex expresses intermit-
ent activity bursts that are organized in oscillations to support
ynchronization and plasticity in the developing circuits. It is
ecoming clearer that the generative mechanisms of these early
scillations may intrinsically differ from the oscillations at the
ame frequency bands in the adult cortex. Activity in the imma-
ure sensorimotor cortex is largely driven by the thalamic input
rovided by sensory feedback resulting from spontaneous move-
ents and passive tactile stimulation by the littermates or mother.

he intracortical circuits and arousal systems are poorly developed
t these stages to support internally organized activities. There-
ore, the operation of the immature cortex is mainly reflexological.
cquisition of sustained neuronal firing patterns and development
f the excitatory and inhibitory circuits conditions a switch to the
dult-like mode of cortical function, which is primarily based on
nternally generated activities with the external inputs playing only
modulatory role,

While the pivotal roles of the thalamic input in the generation of
he early cortical activity are well established, the immature cor-
ex is far from being just a passive listener of the music coming
rom thalamus. Indeed, the infragranular cortical layers start estab-
ishing horizontal and top-down connections early in development
161,162] and in the visual cortex, excitatory corticothalamic feed-
ack supports the retinal-wave driven oscillations [163]. However,

n these early thalamocortical interactions the thalamus leads
hile the cortex plays only modulatory roles as evidenced by the

lmost complete silencing of the cortex after thalamic ablation and
nly moderate change in thalamic activity after silencing cortex
46]. Also, transient excitatory and inhibitory networks may pat-
ern the early cortical activities including subplate [62,164–167],

nd dense but transient innervation of infragranular somatostatin
nterneurons by thalamocortical afferents essential for the develop-

ent of feedfordward inhibition on rodent’s somatosensory cortex
168,169]. In future studies, it would be of interest to determine
the exact roles of these transient circuits in the generation of early
cortical activities. In relation to this question, it also remains to
elucidate the postsynaptic actions of GABA and the validity of the
concept of excitatory actions of GABA during development that is
mainly based on the results obtained in vitro [170]. While sup-
ported by the developmental changes in the expression of the
chloride co-transporters both in humans and rodents [171–174],
this hypothesis has been questioned in neonatal rodents in vivo,
[9,67,121,175]. Finally, it would be important to pursue work on
the evaluation of the diagnostic value of early activity patterns in
various pathologies.
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