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Abstract—The developing barrel cortex reveals a rich reper-

toire of neuronal activity patterns, which have been also

found in other sensory neocortical areas and in other spe-

cies including the somatosensory cortex of preterm human

infants. The earliest stage is characterized by asyn-

chronous, sparse single-cell firing at low frequencies. Dur-

ing the second stage neurons show correlated firing,

which is initially mediated by electrical synapses and subse-

quently transforms into network bursts depending on chem-

ical synapses. Activity patterns during this second stage are

synchronous plateau assemblies, delta waves, spindle

bursts and early gamma oscillations (EGOs). In newborn

rodents spindle bursts and EGOs occur spontaneously or

can be elicited by sensory stimulation and synchronize the

activity in a barrel-related columnar network with topo-

graphic organization at the day of birth. Interfering with this

early activity causes a disturbance in the development of the

cortical architecture, indicating that spindle bursts and

EGOs influence the formation of cortical columns. Early

neuronal activity also controls the rate of programed cell

death in the developing barrel cortex, suggesting that spin-

dle bursts and EGOs are physiological activity patterns par-

ticularly suited to suppress apoptosis. It remains to be

studied in more detail how these different neocortical activ-

ity patterns control early developmental processes such as

formation of synapses, microcircuits, topographic maps

and large-scale networks.

This article is part of a Special Issue entitled: Barrel Cor-

tex. � 2017 IBRO. Published by Elsevier Ltd. All rights

reserved.
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INTRODUCTION

It is well accepted that electrical activity plays a very

important role in the developing brain. During so-called

critical periods brain regions processing sensory

information (specific brainstem and thalamic nuclei,

sensory neocortical areas) undergo substantial

structural and functional modifications based on the

electrical activity arising from the sensory periphery (for

review Erzurumlu and Gaspar, 2012; Espinosa and

Stryker, 2012; Kral, 2013). These experience-dependent

modifications occur at the synaptic as well as at the

large-scale network level. It is often ignored that the brain

reveals complex electrical activity patterns during prenatal

and early postnatal development, clearly before sensory

experience gained through the exploration modifies neu-

ronal circuits during the critical periods. Although the con-

cept for the existence of a precritical period has emerged

over the last decade (for review Feller and Scanziani,

2005; Khazipov and Luhmann, 2006; Blankenship and

Feller, 2010), the complexity and the role of spontaneous

and evoked activity patterns during earliest stages of

brain development has been addressed in detail only

more recently. In the spinal cord and in supraspinal cir-

cuits electrical activity is evident from the beginning of

development and controls cell generation versus cell

death, differentiation, axonal guidance, synapse forma-

tion, neurotransmitter specification, and the development

of early circuits (for review Sanes and Lichtman, 1999;

Schouenborg, 2004; Borodinsky et al., 2012; Blumberg

et al., 2013; Spitzer, 2015). In the visual system, sponta-

neous retinal activity (‘‘retinal waves”) triggers cortical

activity and controls the formation of retinotopic maps

before eye opening (Hanganu et al., 2006; Colonnese

and Khazipov, 2010; Colonnese et al., 2010; Ackman

et al., 2012; Xu et al., 2015). In the auditory system, spon-

taneous activity is present in the cochlea at early stages

before hearing onset (Tritsch et al., 2007; Johnson

et al., 2011; Wang et al., 2015) and controls the develop-

ment of central auditory pathways. An important role of

early spontaneous and evoked activity patterns has been

also demonstrated in the developing somatosensory tha-

lamocortical system and it becomes more and more evi-

dent that synchronized electrical activity is an important

regulator of various ontogenetic processes during earliest

stages of sensory system development (for review

Hanganu-Opatz, 2010; Kilb et al., 2011; Sieben et al.,

2013; Luhmann et al., 2016).

Since spontaneous and evoked activity patterns can

be also observed in the cerebral cortex of preterm

human babies even before the cortex has gained its

http://dx.doi.org/10.1016/j.neuroscience.2017.05.025
mailto:luhmann@uni-mainz.de
http://dx.doi.org/10.1016/j.neuroscience.2017.05.025
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characteristic six-layered organization (Vanhatalo et al.,

2002; Milh et al., 2007; Tolonen et al., 2007; Chipaux

et al., 2013; Omidvarnia et al., 2014) (for review

Colonnese and Khazipov, 2012), it is also of pivotal clini-

cal interest to understand the mechanisms underlying the

generation of early activity patterns and their functional

role during early development. The relevance of these

questions becomes even more obvious with recent clini-

cal reports demonstrating that fetal antiepileptic drug

exposure or exposure to drugs, which are routinely used

in neonatal intensive care, have a prominent impact on

spontaneous activity (Malk et al., 2014; Videman et al.,

2014). Furthermore, increased neuronal activity in pre-

terms correlates with a faster growth of brain structures

during subsequent months (Benders et al., 2015) and

changes in the pattern of spontaneous activity can be

used to predict the clinical outcome of extremely preterm

infants (Iyer et al., 2015).

The aim of this paper is to provide an overview on our

current understanding of the development, the generation

and the functional role of early neocortical activity

patterns in rodents. Although we will focus on a

structurally and functionally well defined subregion of

the somatosensory cortex, the barrel cortex (for review

Petersen, 2007; Feldmeyer et al., 2013), we will also

emphasize the role of subcortical structures and the

motor system in the generation of activity patterns in the

barrel cortex. Specifically we will address the following

questions: (1) What types of spontaneous and evoked

activity patterns can be observed in the developing rodent

barrel cortex? What do we know about the molecular, cel-

lular and network mechanisms underlying the generation

of these different patterns? (2) What is the role of these

activity patterns in the formation of early networks and

topographic maps? (3) How does electrical activity control

programed cell death during early neocortical

development?
Fig. 1. Sequence of spontaneous and sensory-evoked activity

patterns in the developing cerebral cortex. Glutamatergic neurons

in red, GABAergic interneurons in blue. (i) Stage of asynchronous,

sparse single-cell firing in non-connected neurons. (ii) Stage of

correlated firing mediated by electrical synapses. (iii) Stage of local

bursts driven by early synaptic connections with thalamocortical and

sensory driven inputs. (iv) Emergence and maturation of ‘‘adult-like”

activity patterns.
1. DEVELOPMENTAL SEQUENCE OF
DIFFERENT ACTIVITY PATTERNS IN EARLY

NEOCORTICAL DEVELOPMENT

Many brain structures in different species, in vertebrates

as well as in invertebrates, show a similar temporal

sequence in the early development of spontaneous and

evoked electrical activity patterns. In rodent barrel

cortex, four distinct developmental stages can be

differentiated depending on the temporal and spatial

organization of activity, including its local/large scale

and vertical/horizontal synchronization, generative

mechanisms, involvement of subcortical and intracortical

connections, and physiological functions (Fig. 1). (i) The

stage of asynchronous, sparse single-cell firing. (ii) The

stage of correlated firing mediated by electrical

synapses. (iii) The stage of local bursts driven by early

synaptic connections. (iv) The stage of the emergence

and maturation of the ‘‘adult-like” activity patterns,

undergoing experience-dependent modifications during

the critical periods of the different sensory systems (for

review Khazipov and Luhmann, 2006; Erzurumlu and

Gaspar, 2012; Espinosa and Stryker, 2012; Hübener
and Bonhoeffer, 2014). It has been recently shown that

highly synchronized spontaneous calcium waves are pre-

sent in sensory thalamic nuclei of the mouse already at

embryonic day (E) 16.5 (Moreno-Juan et al., 2017).

These prenatal thalamic waves propagate among

sensory-modality thalamic nuclei and may provide

activity-dependent cues to the cortical anlage. Stages i-

iii in the cerebral cortex are characterized by different

spontaneous and sensory-evoked activity patterns and

can be considered as ‘‘vegetative states”. Transition to
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stage iv is marked by an emergence of explorative behav-

iors, active whisking, and onset of vision and hearing, that

has been described in details previously (for review

Colonnese and Khazipov, 2012). Since different neuronal

elements (nuclei, areas, layers, neurons) may differ in

their functional maturation level at a given stage of early

development, different activity patterns may be present

simultaneously. Here we will give an overview of these

four stages in the developing barrel cortex.

(i) The stage of asynchronous, sparse single cell
firing

Before sodium-dependent fast action potentials can be

recorded for the first time in developing neocortical

neurons of rodents, spontaneous slow intracellular

calcium transients can be observed with imaging

techniques at embryonic stages (for review Moody and

Bosma, 2005; Uhlen et al., 2015). Neurogenesis

(Owens and Kriegstein, 1998; Weissman et al., 2004),

neuronal migration (Bando et al., 2016) and cellular differ-

entiation (Lohmann et al., 2005) all depend on the spatio-

temporal dynamics of intracellular calcium transients.

Voltage-dependent sodium and potassium channels

gradually appear during embryonic development (Maric

et al., 1998) (for review Moody and Bosma, 2005) and

at birth (=postnatal day [P] 0) immature pyramidal neu-

rons in rat somatosensory cortex can discharge upon

depolarizing current injection only with a few action poten-

tials at low frequency (Luhmann et al., 2000). With further

development action potentials become faster and neu-

rons are capable to fire repetitive discharge at higher fre-

quencies. Two distinct transient neuronal populations

show relatively mature functional properties already at

birth. These are the early generated Cajal-Retzius neu-

rons in the marginal zone/future layer 1 and subplate neu-

rons located at the border to the white matter (for review

Luhmann et al., 2009; Kanold and Luhmann, 2010;

Luhmann, 2013; Kirischuk et al., 2014). Cajal-Retzius

neurons play an important role in the development of

the neocortical layering (for review Kilb and Firotscher,

2016) and subplate neurons regulate the correct ingrowth

of thalamocortical axons and the formation of cortical col-

umns including barrels (for review Li and Crair, 2011;

Hoerder-Suabedissen and Molnar, 2015). Both cell types

can fire repetitive action potentials exceeding 30 Hz and

receive synaptic inputs at early stages (for review

Luhmann et al., 2014). The functional role of subplate

neurons will be discussed in more detail in section ii.

Once glutamatergic pyramidal and GABAergic non-

pyramidal neurons have terminated their migration and

reached their final position in the developing cerebral

cortex (layer 6 to layer 2 according to the inside first –

outside last ontogenetic pattern), single neurons fire

slow action potentials in a random and non-synchronous

manner. At this early stage, neurons are mostly isolated

and are not connected, neither by electrical nor by

chemical synapses. The gradual increase in the number

of spiking neurons, firing rate and synchronized burst

discharge can be nicely observed and quantified when

neurons develop in vitro on multi-electrode arrays

(MEAs) (Sun et al., 2010). With the increasing expression
of connexins forming electrical synapses between neigh-

boring sparsely firing neurons (for review Elias and

Kriegstein, 2008), the first local networks develop and

neighboring neurons generate synchronized bursts,

which are local and non-propagating. Slow spontaneous

calcium transients, which are sensitive to the gap junction

blockers octanol and heptanol, have been demonstrated

in late embryonic and early postnatal mouse cortex with

a clear peak in synchronicity at P0 (Corlew et al., 2004).

(ii) The stage of correlated firing mediated by
electrical synapses

Electrical synapses between excitatory neurons are the

first ontogenetic mechanism supporting the earliest

forms of correlated neuronal activity during late

embryonic and early postnatal age. A bell-shaped

developmental profile of the transient coupling via

electrical synapses, which mainly connect ‘‘sister” cells

derived from the same progenitor attains a peak of

nearly 40–70% during the first postnatal week (Connors

et al., 1983; Yu et al., 2012; Valiullina et al., 2016). These

early electrical synapses are mainly formed by connexin-

36 containing gap-junctions (Nadarajah et al., 1997;

Dupont et al., 2006; Hanganu et al., 2009). Gap junctions

between excitatory neurons are eliminated after the first

postnatal week and the mode of communication between

the excitatory cells switches to chemical (glutamatergic)

synapses (Connors et al., 1983; Yu et al., 2012;

Valiullina et al., 2016). Lineage-dependent transient elec-

trical coupling between pyramidal cortical neurons

appears to guide the formation of excitatory synapses,

serving as a template of the intracortical glutamatergic

connectivity within an ontogenetic column (Yu et al.,

2012). However, interneurons seem to follow a different

developmental program. Parvalbumin-positive fast spik-

ing (FS) interneurons are initially poorly connected and

connections to pyramidal cells (via chemical synapses)

and to other FS interneurons (via chemical and electrical

synapses) co-develop during the second postnatal week

(Yang et al., 2014).

Several correlated activity patterns, synchronized

through gap junctions, have been described in slices of

the developing cortex in vitro, including correlated

calcium waves, neuronal domains, spontaneous plateau

assemblies, and carbachol-induced beta oscillations

(Yuste et al., 1992; Kandler and Katz, 1998; Peinado,

2000, 2001; Kilb and Luhmann, 2003; Corlew et al.,

2004; Dupont et al., 2006; Crepel et al., 2007; Crépel

et al., 2007; Allène et al., 2008). One of such patterns

emerges in the neocortex and hippocampus at birth in

the form of synchronous plateau assemblies (SPAs)

(Crépel et al., 2007; Allène et al., 2008). SPAs involve

small groups of neurons producing synchronous calcium

plateaus associated with sustained intrinsic membrane

potential oscillations. Cortical SPAs are not synapse dri-

ven since they are not affected by blocking ionotropic glu-

tamate and GABA receptors, but they are in contrast

blocked by sodium and L-type calcium channel antago-

nists. Interestingly, the emergence of SPAs is controlled

by signaling molecules involved during delivery since

treatment with oxytocin causes an almost twofold
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increase in the fraction of SPA cells (Crépel et al., 2007).

The effect of oxytocin on SPAs directly results from the

action of the hormone on GABAergic transmission

(Tyzio et al., 2006) since SPAs were shown to be favored

by an inhibitory GABA polarity, for example produced by

NKCC1 blockade (Crépel et al., 2007). Electrical coupling

supports not only intermittent SPA-like events, but also

oscillatory patterns of synchronized activity in the neona-

tal cerebral cortex. In the intact in vitro preparation of the

immature rodent cerebral cortex cholinergic agonists

evoke propagating network oscillations in the beta fre-

quency range (Kilb and Luhmann, 2003). In the newborn

mouse, this activity requires an intact subplate and is

strongly synchronized within a cortical column by gap

junctions. With the developmental disappearance of the

subplate at the end of the first postnatal week, activation

of NMDA receptors in the immature cortical network is

essential to generate this columnar activity pattern

(Dupont et al., 2006).

(iii) The stage of local bursts and waves driven by
early synaptic connections

While the earliest cortical activity patterns described

above during stages i and ii have been so far mostly

documented in in vitro preparations, subsequent

patterns of synchronized activity have been described

both in vivo and in vitro. While some of the in vitro

activity patterns share certain electrographic and

generative network similarity with the in vivo patterns,

others do not. Also, some of the in vivo and in vitro

patterns may significantly differ in their generative

mechanisms despite of a similarity in their

electrographic or imaging appearance. Evidently, those

patterns that are supported by intracortical circuits

should be in theory present both in vitro and in vivo.
Yet, it is more problematic to find in a slice preparation

a pattern requiring other structures that are not present

in the in vitro preparation. Here, we will discuss the

in vivo neocortical activity patterns in rodents with a

reference to their likely in vitro counterparts.

Delta-waves. The most immature activity pattern

observed during the first two days after birth (P0-1) in

rodent cerebral cortex, are delta-waves that may

occasionally organize in groups of 2–3 successive delta-

waves. These early delta-waves often contain rapid

oscillatory components consisting of early gamma

oscillations (EGOs) and spindle-bursts (Yang et al.,

2009, 2013) or may be ‘‘smooth” lacking any rapid oscilla-

tory component (Mitrukhina et al., 2015). Regardless of

the presence or absence of the rapid component, the sink

of the delta-wave/spindle burst activity is located in the

inner layer of the dense cortical plate (future layer 4)

and in the subplate (Yang et al., 2009; Mitrukhina et al.,

2015). Spontaneous activity is extremely discontinuous

at this period. Sensory-evoked responses are character-

ized by particularly robust refractoriness and virtually all

neuronal firing is synchronized in delta-waves (Yang

et al., 2009, 2013; Mitrukhina et al., 2015). Whole-cell

recordings from cortical neurons revealed that gluta-

matergic currents are the main driver of the delta-wave
activity (Mitrukhina et al., 2015). These glutamatergic cur-

rents most likely originate from the thalamus and from the

subplate as glutamatergic synapses between L4 neurons

are not existent at birth (Valiullina et al., 2016). GABAer-

gic currents during delta-waves are either absent or

sparse, reflecting a delayed maturation of neocortical

GABAergic circuits (Daw et al., 2007; Minlebaev et al.,

2011). Delta waves are also a characteristic fingerprint

of the EEG activity in preterm human neonates aged

<25 gestational weeks, corresponding to the rodent cere-

bral cortex near term (Higashi et al., 2002; Kostovic and

Judas, 2010; Andre et al., 2010).

Sensory-evoked responses are surprisingly ample at

birth (Yang et al., 2009, 2013; Mitrukhina et al., 2015),

despite the fact that the initial thalamocortical synapses

are weak and limited in number, and that their vast major-

ity are pure NMDA-receptor-based ‘‘silent” synapses at

resting membrane potential (for review Feldman et al.,

1999; Hanse et al., 2013). Generation of such robust

responses at birth likely involves powerful temporal sum-

mation of slow NMDA and kainate receptor-mediated cur-

rents at the immature thalamocortical synapses (Kidd and

Isaac, 1999; Minlebaev et al., 2007, 2009b; Hirsch and

Luhmann, 2008), which elicit extensive depolarization in

immature neurons, with very high (in the gigaohms range)

membrane resistance (LoTurco et al., 1991; Luhmann

et al., 2000; Valiullina et al., 2016). Another factor con-

tributing to robust responses at birth is a lack of feedfor-

ward inhibition and large (indefinite in cells lacking

GABAergic inputs) temporal window for integration of

excitatory inputs (Daw et al., 2007; Minlebaev et al.,

2011).

In terms of spatial organization, the activity in barrel

cortex at birth shows a remarkable level of topographic

organization of the whisker-related somatosensory maps

well before the anatomical barrels are formed at around

P3. During this pre-barrel epoch, which is also a critical

period of the ‘‘anatomical” plasticity in the barrel cortex,

stimulation of a single whisker evokes a delta-wave/

spindle burst, a prominent voltage-sensitive dye (VSD)

response, neuronal firing and polysynaptic, mainly

glutamate receptor mediated currents during whole-cell

recordings (Yang et al., 2013; Mitrukhina et al., 2015).

At this age single whisker stimulation elicits mostly a local

response in one or two columnar networks as revealed by

VSD imaging and multi-electrode array recording (Yang

et al., 2013), demonstrating the existence of a topo-

graphic and columnar representation in the rodent barrel

cortex already at birth.

This innate protomap is refined during the first

postnatal days through an improvement in the

topographic precision of the cortical projection fields of a

single whisker and of the receptive fields of cortical

neurons (Mitrukhina et al., 2015). This functional refine-

ment of the protomap during the first 2–3 days after birth

coincides with the formation of anatomical barrels includ-

ing maturation and segregation of their pre- and postsy-

naptic elements. At the presynaptic level, formation of

the barrel pattern by the thalamocortical axons organized

into barrel-shaped bundles in layer 4 occurs between P2

and P4 (Erzurumlu and Jhaveri, 1990; Agmon et al.,
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1995). At the postsynaptic level, cytoarchitectonic barrel

formation and the differentiation of layer 4 start at around

P3 (Rice, 1985; Jhaveri et al., 1991; Blue et al., 1991).

Layer 4 cells of the barrel cortex do not show dendritic ori-

entation at birth. During the first postnatal week dendrites

gradually orient themselves around the thalamocortical

terminal patches, accompanied by NMDA-receptor-

dependent pruning of the dendritic branches extending

to neighboring barrels (Espinosa et al., 2009). In addition,

feedforward inhibition, which sets a temporal window of

integration of thalamic inputs and contributes to surround

inhibition, is absent during the first postnatal days (Daw

et al., 2007; Minlebaev et al., 2011). Finally, a large num-

ber of pure NMDA receptor-based ‘‘silent” thalamocortical

synapses (for review Feldman et al., 1999; Hanse et al.,

2013), in conjunction with the high affinity of NMDA-Rs

to glutamate (Patneau and Mayer, 1990) and a large

extracellular space (Thomas et al., 2011), may lead to

spill-over and paracrine actions of glutamate released

from thalamic axons and growth cones at distant sites

(for review Kullmann and Asztely, 1998). All of the above

anatomical and functional properties are subject to rapid

developmental changes contributing to the refinement of

the innate protomap during the first postnatal days.

The functional investigation of the spatial organization

of activity in the neonatal barrel cortex indicates that

development of the barrel map involves initial formation

of the basic protomap at around birth via innate

mechanisms followed by its activity-dependent

refinement (Rakic, 1976) (for review Katz and Shatz,

1996; López-Bendito and Molnár, 2003; O’Leary and

Sahara, 2008; Rakic et al., 2009; Erzurumlu and

Gaspar, 2012). Refinement of the barrel map precision

during the first 2 to 3 postnatal days is characterized by

competitive interactions between whiskers for their corti-

cal territories through early activity patterns, that may be

instrumental for the barrel map refinement. Once somato-

topic correspondence is established by P2-P3, topo-

graphic thalamocortical synapses may further mature

through synaptic plasticity supported by the rapid oscilla-

tory patterns.

In slices of somatosensory cortex in vitro, cortical

early network oscillations (cENOs) represent a

synaptically organized activity pattern expressed during

the first days after birth (Garaschuk et al., 2000; Corlew

et al., 2004; McCabe et al., 2006; Allène et al., 2008).

cENOs are low-frequency oscillations (�0.01 Hz) display-

ing slow kinetics that gradually involve the entire network

regardless of the anatomical boundaries between the

structures. cENOs involve activation of NMDA receptors

at intracortical synapses, but also extrasynaptic NMDA

receptors activated by glutamate spill-over or its release

from growth cones. cENOs in vitro and delta waves

in vivo both primarily involve glutamatergic mechanisms

in their generation. However, these two patterns differ in

the spatiotemporal dynamics and in the origin of the glu-

tamatergic synapses – corticocortical in the case of

cENOs and thalamocortical in the case of the delta

waves. Surprisingly, neither early delta waves nor EGOs

and spindle bursts are observed in neonatal thalamocorti-

cal slices despite the preserved integrity between the bar-
reloids and barrels and an ability of this preparation

generating sleep spindle-like events later in development

(McCormick et al., 1995; Warren and Jones, 1997; Evrard

and Ropert, 2009).
EGOs and spindle bursts. The dominant in vivo

oscillatory activity patterns in the barrel cortex during

neonatal development are spatially confined spindle

bursts and EGOs (for review Khazipov et al., 2013;

Blumberg et al., 2013; Cirelli and Tononi, 2015; Yang

et al., 2016; Luhmann et al., 2016; Luhmann, 2017)

(Fig. 2). Spindle bursts are local network oscillations in

a frequency range of 5–25 Hz and with a duration of

0.5–3 s. They can be elicited by whisker stimulation or

appear spontaneously every �10 s (Khazipov et al.,

2004; Minlebaev et al., 2007; Yang et al., 2009).

Kummer et al. (2016) recently demonstrated with three-

dimensional two-photon calcium imaging in P3-P4 mouse

visual cortex in vivo that spindle bursts represent the elec-

trophysiological correlate of a local columnar network.

The second prominent pattern in the barrel cortex (and

other neocortical areas) of neonatal rodents are local

EGOs in a frequency range of 30–50 Hz and with a dura-

tion of 100–300 ms. These two oscillatory patterns may

co-exist within a given activity burst, but they may also

occur independently (Fig. 2A, B). During sensory evoked

responses, the activity bursts typically start with EGOs

and end with spindle burst (Fig. 2C). Also, troughs of spin-

dle bursts may nest few EGO cycles. Whole-cell patch-

clamp recordings from different neuronal populations in

newborn mouse S1 cortex in vitro and analyzing their

responsiveness to sinusoidal current injection of varying

frequency could not reveal any intrinsic membrane reso-

nance to the typical frequencies of spindle bursts and

EGOs (Sun et al., 2012, 2014). These data indicate that

both activity patterns result from network interactions.

There are many similarities between these two

oscillatory patterns suggesting a mechanistic link

between them. EGOs and spindle bursts are nested in a

delta-wave during DC recordings (Marcano-Reik and

Blumberg, 2008; Minlebaev et al., 2009a). Current source

density analysis indicates maximal sinks of both oscilla-

tions located in layer 4 suggesting thalamic involvement.

Also, both are triggered by thalamic stimulation and are

completely suppressed by thalamic ablation (Yang

et al., 2013). Although both patterns are local, spindle

bursts tend to activate larger cortical territories (200–

400 mm) than EGOs, that are mostly located in one

barrel-related column (�200 mm) (Yang et al., 2009).

EGOs and spindle bursts are developmentally transient

activity patterns that disappear in barrel cortex at around

P7-P8 (Colonnese et al., 2010). Between P0 and P3 spin-

dle bursts require electrical synapses, probably via

connexin-36 containing gap junctions (Dupont et al.,

2006). With further development spindle bursts and

EGOs are primarily dependent on glutamatergic synaptic

transmission and they are completely suppressed by the

application of ionotropic glutamate receptor antagonists

(Dupont et al., 2006; Minlebaev et al., 2007). At the cellu-

lar level, glutamatergic currents are the main drivers of

EGOs and spindle burst oscillations whereas GABAergic



Fig. 2. Prominent activity patterns in barrel cortex of newborn rodents in vivo. (A) Field potential

recording in a P3 rat displaying spindle burst activity (s) and EGOs (g). (B) Spindle burst and EGO

shown at expanded timescale (see red box in A). (C) Simultaneous voltage-sensitive dye imaging

(VSDI) and local field potential (FP) response to single mechanical whisker stimulation recorded in

barrel cortex of a P1 rat. Wavelet spectogram of the FP response below shows gamma component

at 50-60-Hz and 10-20-Hz spindle activity. A, B from (Yang et al., 2009), C from (Yang et al., 2013).
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synaptic currents show age-dependent involvement

(Minlebaev et al., 2007, 2009a,b, 2011; Mitrukhina

et al., 2015). Both patterns are internally generated pat-

terns persisting after sensory deprivation, although their

occurrence is reduced after deprivation (Khazipov et al.,

2004; Yang et al., 2009; Akhmetshina et al., 2016). During

whisker stimulation, EGOs are best observed after a brief

deflection of a single principal whisker but they are less

prominent during responses evoked by stimulation of mul-

tiple whiskers, during which spindle bursts dominate the

activity (Minlebaev et al., 2007, 2009b; Colonnese et al.,

2010). EGOs have generative mechanisms that cardinally

differ from adult gamma oscillations (for reviewed

Khazipov et al., 2013; Luhmann et al., 2016). While adult

gamma oscillations are generated through gamma-

rhythmic perisomatic inhibition (for review Wang, 2010),

EGOs in newborn rodent cerebral cortex are primarily dri-

ven through feedforward gamma-rhythmic excitatory input

from the thalamus (Minlebaev et al., 2011; Yang et al.,

2013), a mechanism recently attributed to the narrow

band gamma oscillations in adult visual cortex (Saleem

et al., 2017). The recruitment of cortical interneurons to

EGOs was observed by the end of the first postnatal week
along with the emergence of feedfor-

ward inhibition (Daw et al., 2007;

Minlebaev et al., 2011).

Network mechanisms of spindle

burst generation are less well

understood. There are several

arguments to argue that spindle

bursts are generated differently than

sleep spindles in adults. Firstly,

sleep spindle-like events are not

observed in thalamic slices of mice

until P12 and ferrets until P33

(McCormick et al., 1995; Warren and

Jones, 1997). Secondly, in human

neonates, there is a two-month gap

between delta-brushes (a human

homologue of the spindle bursts),

which disappear at around term and

sleep spindles, which emerge one to

two months after birth (Ellingson,

1982; Andre et al., 2010). Finally,

sleep spindles are synchronized over

large territories through intracortical

and corticothalamic connections

(Contreras et al., 1996, 1997)

whereas spindle bursts are local

events. Thus, the generation of spin-

dle bursts in neonatal cortex is proba-

bly mechanistically different from the

sleep spindles in adult cortex, but

the exact mechanisms remain to be

elucidated. While EGOs are not

reproduced in any in vitro model and

do not match any existing in vitro pat-

tern of the early synchronized activity,

spindle bursts show some electro-

graphic and pharmacological similar-

ity with the carbachol induced NMDA

receptor-dependent beta oscillations
in the intact neonatal cortex in vitro (Kilb and Luhmann,

2003; Dupont et al., 2006; Minlebaev et al., 2007), sug-

gesting the involvement of a similar circuit. This is also

in agreement with the muscarinic cholinergic modulation

of spindle bursts in barrel cortex (Hanganu et al., 2009)

as well as in the visual cortex (Hanganu et al., 2007).

As mentioned above, EGOs and spindle bursts persist

after sensory deprivation. However, both activity patterns

are reliably evoked by external sensory stimulation and by

sensory feedback from self-generated whisker move-

ments. While rapid active whisking starts together with

explorative behavior at around P12 (Landers and Philip,

2006; Grant et al., 2012) a wide diversity of other whisker

and mystacial pad movement patterns exist during neona-

tal period (Tiriac et al., 2012; Akhmetshina et al., 2016).

Although the origin of these spontaneous whisker move-

ments is at present unknown, it may involve spontaneous

activity of the follicular complex under control of brainstem

and motor cortex as described in skeletal muscles

(Khazipov et al., 2004; Nguyen et al., 2004; An et al.,

2014; Rio-Bermudez et al., 2015; Inacio et al., 2016)

(for review Luhmann et al., 2016). Similar to adult animals
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(Bermejo et al., 2002; Hill et al., 2008), whisker move-

ments in neonatal rat pups are characterized by the pre-

dominance of collective movements with the maximal

movement correlations between adjacent whiskers in a

row, and with the preferred movement directions of pro-

traction and retraction (Akhmetshina et al., 2016). Free

whisker movements were shown to elevate thalamic

VPM and barrel cortical activity indicating that reafferent

sensory feedback acts as an efficient sensory signal

(Tiriac et al., 2012; Yang et al., 2013; Akhmetshina

et al., 2016) similar to the body twitches evoking spindle

bursts in the S1 body regions (Khazipov et al., 2004).

However this is different from the results obtained in adult

animals, where free whisking, associated with the induc-

tion of the neocortical active state, did not alter the aver-

age firing frequency of principal neurons (Crochet and

Petersen, 2006; Poulet and Petersen, 2008). The differ-

ence is likely due to the delayed development of the active

states (Colonnese et al., 2010) and inhibitory intracortical

mechanisms (Fagiolini et al., 2004; Daw et al., 2007;

Minlebaev et al., 2011; Colonnese, 2014). Yet, cortical

unit activation and an increase in spindle and gamma

bursts local field potential power during whisker move-

ments was significantly stronger if the whisker is touching

an external object during movement (Akhmetshina et al.,

2016). This is consistent with the findings made in adult

animals, where presenting an object into the whisking

path was shown to increase the number of responsive

neurons in the trigeminal ganglion (Zucker and Welker,

1969; Szwed et al., 2003) and to increase the firing of

neurons in the barrel cortex (Crochet et al., 2011).

Under conditions mimicking natural environment

spontaneous whisker movements and passive

stimulation by the littermates were shown to cooperate,

with comparable efficiency, in driving cortical activity

(Akhmetshina et al., 2016). Comparison of the various

experimental conditions mimicking the natural environ-

ment showed that tactile signals arising from the whisker

movements with touch and stimulation by the littermates

support (i) a twofold higher level of cortical activity than

in the isolated animal, and (ii) a threefold higher level of

activity than in the deafferented animal after infraorbital

nerve cut (Akhmetshina et al., 2016). This indicates that

endogenous (self-generated movements) and exogenous

(stimulation by the littermates) mechanisms cooperate in

driving activity in barrel cortex of newborn rats and point

to the importance of the environment in shaping cortical

activity during the neonatal period. While barrel cortex

(and somatosensory system in general) possesses

endogenous and exogenous mechanisms for sensory

stimulation, development of visual and auditory systems

relies only on the endogenous mechanisms, based on

spontaneous activity at the sensory periphery – retinal

waves and cochlear bursts –when the animals are deaf

and blind during the neonatal period.

The subplate, a transient neocortical layer between

layer 6 and the white matter (for review Kanold and

Luhmann, 2010), plays an important role in the generation

of spindle bursts in newborn rodent barrel cortex and

selective removal of the subplate abolishes spindle bursts

(Dupont et al., 2006) and prevents the development of the
characteristic histological barrel-like appearance (Tolner

et al., 2012). These data indicate that spindle bursts play

a pivotal role in the structural and functional maturation of

the cerebral cortex. Since spindle burst (delta brush)

activity is also a physiological hallmark of the developing

human cerebral cortex during preterm and neonatal

stages (Nevalainen et al., 2015; Koolen et al., 2016) (for

review Khazipov and Luhmann, 2006), it can be assumed

that any disturbances in spindle burst activity during cor-

ticogenesis may cause developmental disorders associ-

ated with neurological or cognitive deficits.

(iv) The stage of the emergence and maturation of the
‘‘adult-like” activity patterns

Neonatal activity patterns of spindle bursts and EGOs are

transient physiological patterns that disappear in barrel

cortex at around P7-P8, together with a developmental

switch in the sensory-evoked responses from EGO/

spindle-bursts to adult-like brief and short-latency

responses (Colonnese et al., 2010; Minlebaev et al.,

2011). This sharp change in the operation mode of the

barrel cortex includes an emergence of continuous corti-

cal background activity and adult-like activity patterns,

modulation of activity by the behavioral states and hori-

zontal spread of the activity (for review Colonnese and

Khazipov, 2012). This is also associated with an emer-

gence of the explorative behaviors and rapid whisking

which starts at around P12 (van der Bourg et al., 2016).

In a recent study van der Bourg et al. have demonstrated

by the use of multi-electrode recordings and 2-photon cal-

cium imaging in anesthetized P10-P28 mice several

layer-specific developmental changes in the responses

to axial or lateral whisker stimulation (van der Bourg

et al., 2016). (i) Sensory-evoked responses decreased

with age in layer 2/3 and layer 4, whereas they increased

in infragranular layers. (ii) Upper and lower layers also

revealed a different developmental profile to neuronal

adaptation during a 2-s stimulation at �5 Hz. Whereas

layers 2/3 showed facilitation before the critical period,

which then turned into slight depression, lower layers

showed the opposite trend with prominent adaptation

before P14, which got weaker with age. At around P14

evoked responses in upper layers were characterized by

a progressive sparsification and decorrelation (van der

Bourg et al., 2016), similar as observed previously in layer

2/3 of mouse barrel cortex (Golshani et al., 2009) and

visual cortex after eye opening (Rochefort et al., 2009).

All these data demonstrate for developing mouse barrel

cortex a pronounced layer-specific functional reorganiza-

tion in a short time-window at the onset of active whisking

behavior.

2. ROLE OF EARLY ACTIVITY IN NETWORK
FUNCTION AND FORMATION

A compelling amount of experimental data indicates that

early activity plays an important role in the development

of functional connectivity, topographic maps and higher-

order associative circuits (for review Kirkby et al., 2013;

Ackman and Crair, 2014; Okawa et al., 2014). In the

developing visual system it has been documented that



H. J. Luhmann, R. Khazipov /Neuroscience 368 (2018) 256–267 263
early neuronal activity interacts with transcriptional gene

regulation to control network formation (for review Cang

and Feldheim, 2013). The activity-dependent develop-

ment of the barrel cortex has been reviewed by

Erzurumlu and Gaspar (2012) and here we will focus on

the specific role of the two prominent patterns in the

developing barrel cortex, the spindle bursts and the

EGOs. In agreement with the important role of the sub-

plate in generating spindle bursts in the neonatal barrel

cortex, Tolner et al. (2012) demonstrated that selective

removal of the subplate eliminates spontaneous and sen-

sory evoked spindle bursts and prevents the normal for-

mation of barrels. These data suggest that spindle burst

activity directly influences the development of the cortical

architecture. Further support for this hypothesis comes

from experimental studies on newborn rats after induction

of a hypoxic-ischemic brain injury. Early brain injury

causes a loss of spindle burst activity associated with

an impaired dendrite and spine development and a

decreased barrel cortex structural plasticity after whisker

removal (Ranasinghe et al., 2015).

It has been further suggested that EGOs provide ideal

conditions for the activity-dependent potentiation of

thalamocortical connections and the formation of

topographic connectivity (for review Khazipov et al.,

2013). Each cycle of a gamma oscillation elicits an action

potential in the neocortical layer 4 spiny stellate cell

shortly after the firing of the presynaptic thalamic neuron,

thereby providing an ideal condition of Hebbian synaptic

potentiation. In contrast non-topographic connections will

be weakened.

Spindle bursts and EGOs are also ideal activity

patterns to trigger movements and to activate via

feedback circuits the somatosensory cortex in newborn

rodents. Local electrical stimulation in layer 5 of the

primary motor cortex of a neonatal rat preferentially

elicits movements when the stimulation frequency is

10 Hz (spindle burst activity) or 40 Hz (EGO), which

subsequently evokes spindle bursts and EGOs in the

somatosensory cortex (An et al., 2014). Newborn rats

show spontaneous whisker movements during active

sleep and the large majority of these twitches elicit activity

in the barrel cortex (Tiriac et al., 2012). Synchronized

spontaneous activity in motor and sensory networks

already occur in the spinal cord of newborn rats (Inacio

et al., 2016) and these early burst patterns may be of cen-

tral importance for the activity-dependent development of

topographic connections between the motor and the

somatosensory system in supraspinal regions including

the cerebral cortex (for review Luhmann et al., 2016).
3. ROLE OF EARLY ACTIVITY IN CONTROLLING
APOPTOSIS

Programed cell death (apoptosis) is an important process

during early brain development (for review Fuchs and

Steller, 2011). In the cerebral cortex of rodents, about

70% of the neurons die by apoptosis around E14

(Blaschke et al., 1996). A second wave of apoptosis can

be observed during the first postnatal week (for review

Nikolic et al., 2013), exactly during a developmental per-
iod when the cerebral cortex reveals a rich repertoire of

spontaneous and evoked synchronized activity patterns.

It is therefore not surprising that any disturbance in these

early activity patterns has a strong impact on the control

of programed cell death. Electrical activity controls cell

survival versus cell death. In vitro studies in organotyopic

slice cultures of the developing rodent somatosensory

cortex have demonstrated that blockade of electrical

activity by application of tetrodotoxin (TTX) for only 6 h

causes an increase in naturally occurring neuronal death

by a factor of �2.5 (Heck et al., 2008). Neuropharmaco-

logical studies uncovered the upstream and downstream

mechanisms of this activity-dependent regulation of apop-

tosis during the first postnatal week of neocortical devel-

opment. NMDA receptors, L-type voltage-dependent

calcium channels and the tropomyosin-related kinase

(Trk) receptor B/C play central roles in the activity-

dependent control of apoptosis (Heck et al., 2008). Syn-

chronized burst discharges with frequencies of 20–

50 Hz appearing every �20 s are most effective to trigger

the release of brain-derived neurotrophic factor (BDNF)

(Balkowiec and Katz, 2000), which activates TrK B/C

receptors for survival (for review Lessmann et al.,

2003). In addition GABA-A receptors and electrical

synapses influence programed cell death (for review

Kilb et al., 2011). The downstream pathway for cell sur-

vival involves the phosphatidylinositol 3-kinase/Akt path-

way, controlling cAMP response element-binding

(CREB) protein and nuclear factor kappa-light-chain-

enhancer of activated B-cells (NF-kappaB) (Wagner-

Golbs and Luhmann, 2012).

Combining quantitative measurements of neuronal

apoptosis with in vitro multi-electrode array recordings

revealed that synchronized network bursts are

necessary and sufficient to promote neuronal survival

and to prevent elevated apoptosis (Golbs et al., 2011).

These in vitro observations indicate that spindle bursts

and EGOs are physiologically relevant activity patterns

to regulate cell survival versus cell death in the developing

cerebral cortex. Support for this hypothesis comes from

in vivo experiments demonstrating that inflammation-

induced modifications in the properties of spontaneous

spindle bursts and EGOs cause a rapid increase in

caspase-3 mediated neuronal death (Nimmervoll et al.,

2013).

These data strongly suggest that the physiological

activity patterns spindle bursts and EGOs are

particularly suited to suppress apoptosis. From that we

can conclude that any disturbance in these spontaneous

activity patterns during early development will interfere

with programed cell death. Since spindle bursts and

EGOs are controlled by various mechanisms, a variety

of drugs modify these patterns and thereby may induce

pathological alterations in programed cell death in vivo.

Application of alcohol, a non-competitive inhibitor of

NMDA receptors, to P4-7 rats in vivo causes a dose-

dependent suppression of spontaneous and sensory-

evoked spindle bursts and EGOs and massive neuronal

apoptosis (Lebedeva et al., 2015). The anesthetics keta-

mine and midazolam also modify spontaneous activity in

S1 of newborn rats (Lebedeva et al., 2016) and it has
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been well documented that general anesthetics induce

widespread neuronal cell death in the developing cortex

causing long-lasting cognitive and behavioral deficits,

both in experimental animal studies as well as in clinical

reports (for review McCann et al., 2009; Istaphanous

and Loepke, 2009; Lee et al., 2015). Other compounds

modifying early neuronal activity patterns are antiepileptic

drugs, which also cause neuronal apoptosis in the devel-

oping brain (for review Ikonomidou and Turski, 2010).
PERSPECTIVES

Although distinct neuronal activity patterns have been

demonstrated in newborn rodent barrel cortex with

various techniques under in vitro and in vivo conditions,

neither their underlying mechanisms nor their functional

role during early neocortical development are fully

understood. It became clear that subcortical structures,

other cortical areas and motor systems play a central

role in the generation of certain activity patterns. It

became also evident that early cortical activity patterns

are not only epiphenomena of developing neuronal

circuits, but rather that they play distinct roles in

neocortical maturation. It remains to be elucidated if and

how specific activity frequencies shape specific

developmental processes.
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(2004) Specific GABA-A circuits for visual cortical plasticity.

Science 303:1681–1683.

Feldman DE, Nicoll RA, Malenka RC (1999) Synaptic plasticity at

thalamocortical synapses in developing rat somatosensory

cortex: LTP, LTD, and silent synapses. J Neurobiol 41:92–101.

Feldmeyer D, Brecht M, Helmchen F, Petersen CCH, Poulet JFA,

Staiger JF, Luhmann HJ, Schwarz C (2013) Barrel cortex

function. Prog Neurobiol 103:3–27.

Feller MB, Scanziani M (2005) A precritical period for plasticity in

visual cortex. Curr Opin Neurobiol 15:94–100.

Fuchs Y, Steller H (2011) Programmed cell death in animal

development and disease. Cell 147:742–758.

Garaschuk O, Linn J, Eilers J, Konnerth A (2000) Large-scale

oscillatory calcium waves in the immature cortex. Nat Neurosci

3:452–459.

Golbs A, Nimmervoll B, Sun JJ, Sava IE, Luhmann HJ (2011) Control

of programmed cell death by distinct electrical activity patterns.

Cereb Cortex 21:1192–1202.

Golshani P, Goncalves JT, Khoshkhoo S, Mostany R, Smirnakis S,

Portera-Cailliau C (2009) Internally mediated developmental

desynchronization of neocortical network activity. J Neurosci

29:10890–10899.

Grant RA, Mitchinson B, Prescott TJ (2012) The development of

whisker control in rats in relation to locomotion. Dev Psychobiol

54:151–168.

Hanganu IL, Ben-Ari Y, Khazipov R (2006) Retinal waves trigger

spindle bursts in the neonatal rat visual cortex. J Neurosci

26:6728–6736.

Hanganu IL, Okabe A, Lessmann V, Luhmann HJ (2009) Cellular

mechanisms of subplate-driven and cholinergic input-dependent

network activity in the neonatal rat somatosensory cortex. Cereb

Cortex 19:89–105.

Hanganu IL, Staiger JF, Ben-Ari Y, Khazipov R (2007) Cholinergic

modulation of spindle bursts in the neonatal rat visual cortex

in vivo. J Neurosci 27:5694–5705.

Hanganu-Opatz IL (2010) Between molecules and experience: role of

early patterns of coordinated activity for the development of

cortical maps and sensory abilities. Brain Res Rev 64:160–176.

Hanse E, Seth H, Riebe I (2013) AMPA-silent synapses in brain

development and pathology. Nat Rev Neurosci 14:839–850.

Heck N, Golbs A, Riedemann T, Sun JJ, Lessmann V, Luhmann HJ

(2008) Activity-dependent regulation of neuronal apoptosis in

neonatal mouse cerebral cortex. Cereb Cortex 18:1335–1349.

Higashi S, Molnar Z, Kurotani T, Toyama K (2002) Prenatal

development of neural excitation in rat thalamocortical

projections studied by optical recording. Neuroscience

115:1231–1246.
Hill DN, Bermejo R, Zeigler HP, Kleinfeld D (2008) Biomechanics of

the vibrissa motor plant in rat: rhythmic whisking consists of

triphasic neuromuscular activity. J Neurosci 28:3438–3455.

Hirsch S, Luhmann HJ (2008) Pathway-specificity in N-methyl-d-

aspartate receptor-mediated synaptic inputs onto subplate

neurons. Neuroscience 153:1092–1102.

Hoerder-Suabedissen A, Molnar Z (2015) Development, evolution

and pathology of neocortical subplate neurons. Nat Rev Neurosci

16:133–146.

Hübener M, Bonhoeffer T (2014) Neuronal plasticity: beyond the

critical period. Cell 159:727–737.

Ikonomidou C, Turski L (2010) Antiepileptic drugs and brain

development. Epilepsy Res 88:11–22.

Inacio AR, Nasretdinov A, Lebedeva J, Khazipov R (2016) Sensory

feedback synchronizes motor and sensory neuronal networks in

the neonatal rat spinal cord. Nat Commun 7:13060.

Istaphanous GK, Loepke AW (2009) General anesthetics and the

developing brain. Curr Opin Anaesthesiol 22:368–373.

Iyer KK, Roberts JA, Hellstrom-Westas L, Wikström S, Hansen-Pupp

I, Ley D, Vanhatalo S, Breakspear M (2015) Cortical burst

dynamics predict clinical outcome early in extremely preterm

infants. Brain 138:2206–2218.

Jhaveri S, Erzurumlu RS, Crossin K (1991) Barrel construction in

rodent neocortex: role of thalamic afferents versus extracellular

matrix molecules. Proc Natl Acad Sci U S A 88:4489–4493.

Johnson SL, Eckrich T, Kuhn S, Zampini V, Franz C, Ranatunga KM,

Roberts TP, Masetto S, Knipper M, Kros CJ, Marcotti W (2011)

Position-dependent patterning of spontaneous action potentials in

immature cochlear inner hair cells. Nat Neurosci 14:711–718.

Kandler K, Katz LC (1998) Coordination of neuronal activity in

developing visual cortex by gap junction-mediated biochemical

communication. J Neurosci 18:1419–1427.

Kanold PO, Luhmann HJ (2010) The subplate and early cortical

circuits. Annu Rev Neurosci 33:23–48.

Katz LC, Shatz CJ (1996) Synaptic activity and the construction of

cortical circuits. Science 274:1133–1138.

Khazipov R, Luhmann HJ (2006) Early patterns of electrical activity in

the developing cerebral cortex of human and rodents. Trends

Neurosci 29:414–418.

Khazipov R, Minlebaev M, Valeeva G (2013) Early gamma

oscillations. Neuroscience 250:240–252.

Khazipov R, Sirota A, Leinekugel X, Holmes GL, Ben-Ari Y, Buzsáki
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