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Abstract

Developing sensory circuits exhibit different patterns of spontaneous activity, patterns that are 

related to the construction and refinement of functional networks. During the development of 

different sensory modalities, spontaneous activity originates in the immature peripheral sensory 

structures and in the higher-order central structures, such as the thalamus and cortex. Certainly, the 

perinatal thalamus exhibits spontaneous calcium waves, a pattern of activity that is fundamental 

for the formation of sensory maps and for circuit plasticity. Here we will review our current 

understanding of the maturation of early (including embryonic) patterns of spontaneous activity, 

and their influence on the assembly of thalamic and cortical sensory networks. Overall, the data 

currently available suggests similarities between the developmental trajectory of brain activity in 

experimental models and humans, which in the future may help to improve the early diagnosis of 

developmental disorders.
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Introduction

The efficiency of information processing in sensory systems relies on the correct 

organization of their underlying circuits. The assembly of sensory circuits is a result of 

the dynamic interactions between the unfolding genetic programs and activity-dependent 

mechanisms (Cang and Feldheim, 2013; Simi and Studer, 2018). Specific profiles of gene 

expression in each developing neuron establish the first rough arrangement of connections. 

The neurons of these immature circuits progressively acquire electrical features giving rise 

to distinct patterns of spontaneous and sensory-driven activity that drive the maturation of 

functional networks. These patterns of activity participate in a wide range of processes, 

for instance, regulating cell differentiation, cell migration, apoptosis, axon refinement or 

synapse formation (Blanquie et al., 2017; Hanson and Landmesser, 2004; Jabaudon, 2017; 
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Katz and Shatz, 1996; Kilb et al., 2011; Rosenberg and Spitzer, 2011; Yamamoto and 

López Bendito, 2012). The contribution of sensory-driven mechanisms to the establishment 

of the final neural networks has been characterized well since the pioneering work of 

Hubel and Wiesel (Hubel and Wiesel, 1963). Spontaneous activity precedes these sensory­

driven stimuli and it is thought to configure future connections by providing a template of 

evoked activity (Ackman and Crair, 2014; McVea et al., 2012; Molnár et al., 2020; Yang 

et al., 2018). However, the frailty of the developing brain and its inaccessibility during 

embryogenesis poses a challenge, leaving the functional aspects of early brain formation 

relatively unexplored.

In this review, we will summarize the main properties of spontaneous activity in sensory 

systems during development, highlighting recent results, and focusing on the generation 

of this activity and its transmission to central structures. We center on work carried out 

on rodents, unless otherwise stated, due to the knowledge yielded by the manipulations 

permitted in this model. Special emphasis is placed on the interactions between the cortex 

and thalamus, the latter for long considered a mere relay station and whose access is 

limited due to its covert location deep in the brain. Importantly, the thalamus handles all 

sensory modalities except olfaction, conveying ascending sensory signals to the cortex, 

and it has recently gained attention since spontaneous waves of activity in the embryonic 

thalamus influence through subplate cells the maturation of cortical columns and sensory 

maps (Antón-Bolaños et al., 2019).

Spontaneous activity ascending to thalamic and cortical stations

From the sensorimotor system

The perinatal assembly of sensory circuits is assisted by the neuronal activity generated 

as a result of spontaneous body movements (Figure 1; (Blumberg and Dooley, 2017; 

Fagard et al., 2018). The nature of these movements puzzled researchers since the German 

psychologist F. W. Preyer first reported them in 1883 (Preyer, 1937). In the 1960s, V. 

Hamburger and his group began to unravel the underlying physiology of early body 

movements by lesioning sensory afferents and supraspinal pathways of chick embryos. They 

showed that this early motor behavior is generated spontaneously in the spinal cord without 

any obvious external stimuli (Hamburger and Narayanan, 1969; Hamburger et al., 1966). In 

1970, Provine and colleagues extended these results by obtaining extracellular recordings 

from freely moving chick embryos to directly demonstrate that the burst activity of clusters 

of neurons in the ventral spinal cord paralleled the spontaneous movement of body parts 

(Provine et al., 1970). Indeed, Provine’s recordings represented the first direct evidence of 

spontaneous electrical activity in the developing nervous system.

In rodents, motor commands are generated intrinsically in the spinal cord during perinatal 

stages without any supraspinal drive (Robinson et al., 2000). Electrical recordings of 

neonatal rats show that spinal motor circuits activate spontaneously and drive overt limb 

movements (Inacio et al., 2016). These spinal commands persist until the end of the second 

postnatal week when the brainstem becomes the main driver of limb movement (Karlsson et 

al., 2005; Kreider and Blumberg, 2000). An important consequence of the spontaneous body 

movements is the activation of the matching somatotopic area in the sensory spinal cord 
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(Inacio et al., 2016). This sensory feedback is called reafference and it most likely encodes 

relevant spatiotemporal features of the self-generated somatosensory stimulus (Blumberg et 

al., 2013). Since the peripheral-to-central flow of sensory information in the somatosensory 

pathway is already established by birth (Iwasato and Erzurumlu, 2018), reafference could be 

part of the activity-dependent mechanisms that shape the organization of the thalamocortical 

system.

Reafference can be triggered by two types of body movement -local twitches and complex 

body movements-associated with different behavioral states in neonatal rodents. Twitches 

are spontaneous limb jerks that dominate during active sleep, whereas long-lasting and 

complex movements more often occur during waking periods. Although both sleep or 

waking movements trigger reafferent signals, the ensuing activation of the ascending 

pathways is state-dependent (Dooley et al., 2019). In sleeping states, twitches evoke 

responses in the somatosensory thalamus, cortex and motor cortex (Khazipov et al., 2004; 

McVea et al., 2012), whereas waking movements fail to evoke any supraspinal response 

(Tiriac et al., 2014; 2012) or they evoke only poorly reliable responses, such as those related 

to whisker movements (Dooley et al., 2020). This state-dependent gating of movement­

related responses seems to be mediated by the external cuneate nucleus of the brainstem. 

Indeed, there is evidence that the external cuneate nucleus compares the ascending reafferent 

signal with the corollary discharges provoked by the efferent motor commands (Tiriac and 

Blumberg, 2016). Before postnatal day (P)11, the external cuneate nucleus cancels out the 

reafferent signal during waking periods in rats, although it permits its transfer during periods 

of sleep when reafference is triggered by twitches. In this way, behavioral states control the 

inflow of information to higher-order brain structures, which in turn might be relevant to 

shape the developing somatosensory pathway.

Apart from reafferentiation, other signals may be part of the activity-dependent mechanisms 

that control the development of the somatosensory system. As such, electrical activity in 

the spinal cord of rodents can also arise independently of any obvious body movement 

or driven by external mechanical stimulus (Inacio et al., 2016). Irrespective of its driving 

source, sensory activity in the spinal cord is conveyed to central stations and it triggers 

cortical responses from early stages of development, even in the embryo (Antón-Bolaños 

et al., 2019; Mizuno et al., 2018; Yang et al., 2009). However, activity in the primary 

somatosensory cortex at these stages persists after lesioning the spinal cord (Khazipov et 

al., 2004) and thus, the exact functional relationship between spinal and higher-order brain 

structures during development is not yet fully understood.

From the cochlea

Activity in the developing auditory system of rodents is a composite of both sound-evoked 

responses and sound-independent spontaneous events that occur even before ear opening 

(Geal-Dor et al., 1993; Meng et al., 2020). While early sound-evoked responses have been 

only studied in recent years (Meng et al., 2021; Makarov et al., 2021), spontaneous activity 

has been widely reported, especially in peripheral structures. From embryonic stages, the 

developing cochlea reveals periodic bursts of spontaneous activity (Kennedy, 2012; Leighton 

and Lohmann, 2016; Wang and Bergles, 2015), with whole cell recordings from newborn 
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rodents showing that auditory sensory receptors (inner hair cells, IHCs) fire spontaneous 

bursts of calcium-based action potentials (Johnson et al., 2011; Sendin et al., 2014; Tritsch 

and Bergles, 2010). Burst activity in IHCs is modulated by inhibitory inputs from the medial 

superior olive (Glowatzki and Fuchs, 2000; Goutman et al., 2005; Johnson et al., 2011; 

Marcotti et al., 2004; Roux et al., 2011) and it is primarily triggered by the periodic release 

of ATP from clusters of supporting cells (Babola et al., 2020b; Tritsch and Bergles, 2010; 

Tritsch et al., 2007). In close proximity to the IHCs, supporting cells are non-neuronal 

glia-like cells that belong to a transient structure in the developing cochlea called Kölliker’s 

organ (Dayaratne et al., 2014). Apart from the activity mediated by supporting cells, IHCs 

have the intrinsic capacity to fire action potentials with different patterns along the baso­

apical axis (Eckrich et al., 2018; Harrus et al., 2018; Johnson et al., 2011; Kros et al., 

1998; but see Sendin et al., 2014). In turn, the electrical activity from IHCs excites primary 

sensory neurons (spiral ganglion neurons) which by P0 fire characteristic intermittent bursts 

of action potentials (Babola et al., 2020a; Coate et al., 2019; Glowatzki and Fuchs, 2002; 

Zhang-Hooks et al., 2016).

Spiral ganglion neurons transmit spontaneous activity towards higher order auditory stations 

during the first postnatal week. In P4-P8 rats, in vivo extracellular recordings reveal 

spontaneous bursts of action potentials in principal neurons of the medial nucleus of the 

trapezoid body (a relay nucleus in the brainstem) and in the central nucleus of the inferior 

colliculus (Tritsch et al., 2010). This electrical activity has a peripheral origin since it is 

abolished by contralateral cochleotomy. Similar patterns of activity have been recorded in 
vivo from the auditory nuclei of the mouse brainstem, where neurons shift from bursting 

activity at P8-P10 to a more continuous non-bursting discharge from P12 (Sonntag et 

al., 2009). Therefore, cochlear spontaneous activity may play a fundamental role in the 

development of the networks and tonotopic maps in the ascending structures of the auditory 

system.

The spatial activity in the inferior colliculus and auditory cortex in rodents has recently 

been studied by combining mesoscale calcium imaging with high spatial resolution two­

photon microscopy. In the inferior colliculus there are discrete, bilateral stationary bands 

of spontaneous activity oriented within prospective isofrequency domains (Babola et al., 

2020a). Bilateral bands are present as early as P1 and their frequency increases until 

P11-P12. These bands originate in the cochlea and they are correlated with activity in 

the topographically aligned auditory cortex (Babola et al., 2018). This degree of precision 

in auditory transmission was unexpected at these early stages given the immaturity of the 

synaptic contacts, suggesting the existence of mechanisms that enhance synaptic reliability 

(Dietz et al., 2012; Zhang-Hooks et al., 2016). Together, these results demonstrate that, 

before ear opening, the cochlea can establish the dynamics of the activity in most central 

auditory stations. However, one station that remains to be explored is the developing 

auditory thalamus, which has not yet been recorded from.

From the retina

The immature retina of mice exhibits complex patterns of sensory-independent activity 

before eye-opening (~P12-P13), and even before rod- and cone-mediated light responses can 
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be recorded in the cortex (~P8; (Ackman et al., 2012; Shen and Colonnese, 2016)). The 

early patterns of retinal activity contribute to relevant aspects of visual pathway assembly, 

such as eye-specific segregation, fine retinotopy and the organization of receptive fields. 

There have been many publications on these topics and in recent years, they have been 

the subject of thorough reviews (we direct the reader to the works of (Ackman and Crair, 

2014; Arroyo and Feller, 2016; Blankenship and Feller, 2010; Cang and Feldheim, 2013; 

Thompson et al., 2017). As such, here we will only sketch out the main characteristics 

of spontaneous retinal activity, highlighting aspects relevant to embryonic stages and the 

transmission of electrical signals to higher order stations.

Spontaneous activity in the peripheral visual system was first recorded in vitro using 

a preparation of the immature retina of newborn rabbits (Masland, 1977) and it was 

subsequently studied in vivo, using glass electrodes through the lens of intact rat fetuses 

(Galli and Maffei, 1988). In general, a remarkable property of the spontaneous activity in 

the immature mammalian retina is the similar profile of activation of neighboring primary 

sensory neurons, retinal ganglion cells (RGCs). This correlated pattern has a spatiotemporal 

structure resembling wave-like propagating events (Meister et al., 1991). Retinal waves have 

been demonstrated in mice in vivo by recording the calcium signal from RGC projections 

that reach the superior colliculus (Ackman et al., 2012). Based mostly on mouse data, these 

retinal waves have been classified into three different sequential stages defined by their 

molecular mechanisms and biophysical properties, and defining different developmental 

periods: stage I, II, and III (Figure 1). In mice, stage I waves start to occur in embryos 

around embryonic day (E)17 and they last until ~P1. Stage II waves are mostly postnatal, 

beginning at ~P1 and lasting until ~P10, whereas stage III waves begin at ~P10 and last until 

around eye opening. The transition between these stages is progressive and therefore, two 

wave types may overlap at any one time (Blankenship and Feller, 2010; Torborg and Feller, 

2005).

Regarding their triggers and means of propagation, each type of retinal wave relies on 

different signaling pathways and cell types. Stage I events are stationary waves that occur 

independent of fast synaptic transmission, yet they seem to depend on gap junctions and 

adenosine signaling (Bansal et al., 2000; Kähne et al., 2019; Syed et al., 2004). Stage II 

events are large, slow, propagating waves that depend on cholinergic signaling (Ford et al., 

2012; R. O. Wong et al., 1993). Finally, stage III events are fast, focused waves that depend 

on glutamate release from bipolar cells and the activation of ionotropic glutamate receptors 

(Blankenship et al., 2009; Maccione et al., 2014). Most research has focused on these latter 

two stages, probably due to the fact that the first stage mainly unfolds in embryos, which 

hampers its study. The early onset of stage I retinal waves suggests that they may have 

an impact on the initial assembly of visual circuits, probably in processes related to the 

configuration of gross topographic maps (Simon and O’Leary, 1992). Therefore, efforts 

should be made to study embryonic retinal activity if we wish to understand both the normal 

and pathological early development of the circuits underlying visual information processing.

Spontaneous retinal activity during embryonic life has been addressed in a few reports, and 

there is only limited data from mouse models despite them representing the main arena to 

study retinal activity during development. In fact, the first evidence of spontaneous activity 
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in embryos came from the chick visual system, where large excitatory events were seen to 

propagate through the RGC layer (Catsicas et al., 1998; W. T. Wong et al., 1998). In these 

embryos, highly patterned activity spans from E13 to E18, just before hatching, and it seems 

to be mediated by gap junctions. Although many features of this activity are common to 

the stage I retinal waves of mice, the wave patterns in the immature avian retina are stable 

during development and not subdivided into stages. Stage I waves seem to be poorly defined, 

even in mice, since they are usually recognized as the activity evident prior to the well­

defined stage II waves (Bansal et al., 2000). Despite their vague definition, stage I waves 

have some properties that seem to be consistent: they emerge mostly during embryonic 

development and they involve small clusters of RGCs that are activated in waves mediated 

by gap junctions. To some extent consistent with this description, the initial activity in the 

developing retina of rabbit embryos resembles the dynamics and pharmacology of stage I 

waves in mice, although the propagating profile differs (Syed et al., 2004). Thus, it seems 

clear that stage I patterns need to be better studied to achieve a comprehensive classification 

and unravel their underlying circuits and molecular mechanisms. Moreover, it would be 

valuable to investigate: i) if they are transmitted to higher order stations; ii) to what extent 

they affect the development of central visual structures in the brain; and iii) what are the 

consequences of silencing or perturbing stage I retinal activity.

By contrast, stage II and III retinal waves have been studied more extensively, not only 

analyzing the underlying circuits but also, their transmission and influence on higher-order 

stations in the visual system. After the pioneering recordings of retinal waves, accumulated 

evidence demonstrates their transmission through the visual pathway up to the visual 

thalamus (Mooney et al., 1996; Weliky and Katz, 1999) and visual cortex (Colonnese 

and Khazipov, 2010; Hanganu et al., 2006). These results were recently extended in vivo, 

faithfully reflecting the spatiotemporal structure of retinal waves throughout the visual 

pathway. By expressing genetically encoded calcium indicators in RGCs, the pattern of 

spontaneous activity in the retinal projection could be studied in conjunction with the 

responses in their postsynaptic targets and higher-order structures (Ackman et al., 2012). 

Experiments in early postnatal mice (P3-P9) showed that retinal waves drive wave-like 

activity in the visual thalamus, superior colliculus, and the primary and secondary visual 

cortex. The reliable arrival of the ascending signals to the cortex is secured by their 

amplification mediated by the corticothalamic loop (Murata and Colonnese, 2016). In fact, 

the retina is the main driver of activity in the primary visual thalamus and cortex during 

stage II, evidence of the important role fulfilled by retinal waves in dendrite refinement 

and map formation in higher visual areas (Burbridge et al., 2014; McLaughlin et al., 2003; 

Siegel et al., 2012). By the end of the second postnatal week, synaptic transmission of 

spontaneous activity in the thalamocortical connection of mice becomes less consistent, 

while its transfer along the retinotectal and retinogeniculate connection remains reliable 

(Gribizis et al., 2019). By P10 in mice, and in parallel to the drop in thalamocortical 

reliability, the intermittent and correlated pattern of spontaneous activity in the primary 

visual cortex begins to shift towards the more mature pattern, characterized by continued 

and decorrelated ongoing activity (Colonnese et al., 2010; Rochefort et al., 2009; Siegel et 

al., 2012).
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In addition to spontaneous activity, immature retinas exhibit light-evoked activity before 

eye-opening (Akerman et al., 2002; Rochefort et al., 2011). Light passes through the 

closed eyelids and reaches the intrinsically photosensitive retinal ganglion cells (ipRGCs), 

as well as rods and cones. In mice, ipRGCs become functional photoreceptors after birth, 

mostly overlapping with the stage II retinal waves (Tu et al., 2005). On the other hand, 

rods and cones can only drive RGC activity after the first postnatal week, overlapping 

with late stage II and stage III retinal waves (Shen and Colonnese, 2016). Interestingly, 

light-evoked activity in the retina seems to interact with spontaneous retinal waves to 

refine the eye-specific segregation of the retinogeniculate projection (Renna et al., 2011; 

Tiriac et al., 2018). Future studies should interrogate the mechanisms underlying the 

interaction of spontaneous and evoked activity, and the contribution of this interaction to 

other aspects of visual pathway development. Apart from morphological and functional 

analyses, experimental manipulations to examine the development of the visual system 

require additional behavioral studies. Assessing visual performance in this way will provide 

missing information regarding the ethological relevance of developmental defects, such as 

abnormal eye-specific segregation in image-forming centers in the brain.

Spontaneous activity in the developing sensory thalamus

The developing sensory thalamus

All sensory modalities except olfaction relay through the thalamus before reaching their 

corresponding cortices. Despite its pivotal location, the specific features of thalamic 

development in relation to the formation of sensory circuits have yet to be thoroughly 

addressed. Its apparent basic function as a relay station, along with technical difficulties to 

reach deep brain structures, have precluded assessing the thalamic contribution to circuit 

assembly. However, the thalamus is not merely a transmitter of peripheral inputs but also, 

the input-output diversity of mammalian thalamic neurons enables them to form complex 

circuits that could encode broad contextual information (Rikhye et al., 2018).

Based on the nature of their dominant input, thalamic sensory nuclei have classically 

been classified as first-order or higher-order. First-order nuclei are mainly driven by 

subcortical sources carrying sensory information, whereas higher-order nuclei receive their 

predominant input from layer 5 cortical cells (Halassa and Sherman, 2019; Sherman, 2017). 

The principal first-order nuclei are divided into the ventral posteromedial nucleus (VPM) 

that receives input from the trigeminal pathway, the ventral medial geniculate nucleus 

(MGv) that receives auditory information mainly from the inferior colliculus, and the 

dorso-lateral geniculate nucleus (dLGN) that receives direct input from the retina (Figure 

2). All these first-order nuclei contact with their corresponding primary cortical areas, and 

subsequently, sensory information reaches secondary cortical areas through corticocortical 

and transthalamic routes. The transthalamic loop begins with neurons from layer 5 of 

the primary cortices projecting their axons towards matched higher-order thalamic nuclei, 

namely the lateral posterior (LP) nucleus for visual information, the posteromedial (POm) 

nucleus for somatosensory information and dorsal medial geniculate (MGd) nucleus for 

auditory information. In turn, thalamic cells from the higher-order nuclei project back to 

layer 4 neurons of the secondary cortical areas.
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The thalamus is the first station where most sensory routes converge, increasing the 

complexity when analyzing their developmental pathways. The segregation of sensory 

thalamic nuclei during development requires a precise program that is controlled by activity­

driven and genetic mechanisms. Although much is known about the genetic basis of 

thalamic cell specification (Gezelius and López Bendito, 2017; Nakagawa and Shimogori, 

2012; Shi et al., 2017; Song et al., 2015) and thalamocortical axon sorting (Garel and 

López Bendito, 2014; Leyva-Diáz et al., 2014; López Bendito, 2018), many uncertainties 

still persist regarding the role of intrinsic and extrinsic activity on thalamic parcellation. 

Thalamic circuits become organized through a gradual process whereby the neuronal 

networks of each sensory modality are assembled in segregated nuclei but also, preserving 

sufficient flexibility to allow intra-modal and cross-modal plasticity triggered by sensory 

deprivation or malfunction (Izraeli et al., 2002; Moreno-Juan et al., 2017).

Neuronal activity in the nascent sensory thalamus evolves through distinct stages in rodents 

(Figure 3A). The first stage spans through mid- and late-embryonic life, up to the first 

postnatal days, and it is defined by endogenous activity that is initially dominated by 

scant and uncorrelated activity (~E12-E14), this deriving into large correlated events from 

~E14-E15 until birth. Shortly after birth the next stage begins, with a characteristic rhythmic 

pattern engaging cortical territories, mainly triggered spontaneously from the peripheral 

organs. Close to the onset of active sensory processing, around the second postnatal week 

for most sensory modalities in rodents, these patterns change to a more mature, decorrelated 

activity, as occurs in other brain stations, although this stage has yet to be studied in detail.

Spontaneous thalamic activity during embryonic thalamocortical wiring

Thalamocortical axons grow in a topographical manner under the control of axon guidance 

cues and intermediate target cells, a process in which spontaneous thalamic activity has 

also been implicated (Antón-Bolaños et al., 2018). At mid-gestation in the mouse, there 

is scattered and uncorrelated spontaneous activity in the thalamus, evident as calcium 

transients. This activity starts in all the principal thalamic nuclei and it seems to play a 

role in development. For example, the frequency of calcium transients modulates the growth 

rate of thalamocortical axons by controlling the expression of the Robo1 and Dcc genes, 

which act as brakes and accelerators of axonal extension, respectively (Castillo-Paterna et 

al., 2015; Mire et al., 2012). In addition, in vitro and in vivo studies demonstrated that 

thalamocortical axon branching is modulated by spontaneous activity. Indeed, inhibiting 

synaptic transmission in the thalamocortical connection reduces axon branching (Antón­

Bolaños et al., 2018; Herrmann and Shatz, 1995; Martini et al., 2018; Uesaka et al., 2007) 

and manipulating spontaneous activity in the thalamus modifies the branching complexity of 

thalamocortical projections (Antón-Bolaños et al., 2019; Moreno-Juan et al., 2017).

At late gestation in rodents, synchronous activity is the dominant pattern in the thalamus. Ex 
vivo thalamic recordings identify an organized pattern of spontaneous activity that involves 

propagating calcium waves (Moreno-Juan et al., 2017). From E14, waves are generated in all 

first-order nuclei, although most activity comes from the VPM (Figure 3B). Irrespective of 

their origin, these waves consistently propagate to the adjacent nuclei although within these 

nuclei, the sites of origin are randomly distributed, suggesting that pacemaker sub-regions 
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do not exist. In slices, waves appear at a mean frequency of ~0.2 events per minute and they 

last for ~8 seconds, with a mean wave front speed of ~150 μm per second. The mechanisms 

that underlie the activation of thalamic waves are not fully established, although their 

abolition by TTX and carbenoxolone (Figure 3B) suggests they are initiated or propagated 

by activating voltage-dependent sodium channels, and that they might be mediated by gap­

junctions. After birth, the pattern of wave-like activity is less well correlated, a switch that 

occurs at P0 for the primary somatosensory and auditory nuclei, and at P2 for the primary 

visual nucleus. Before this developmental switch, wave-like activity in the thalamus begins 

to spread towards higher-order nuclei (Figure 3B), although it remains to be determined 

what is the timeline of higher-order nuclei recruitment.

Thalamic waves are relevant to control the size of cortical areas. When the frequency of 

spontaneous thalamic waves in mice increases after bilateral eye enucleation at E14 (the 

embBE model), the area of the presumptive visual cortex shrinks as the somatosensory 

representation of the whisker system expands (Moreno-Juan et al., 2017). In addition, 

disrupting prenatal thalamic calcium waves in the auditory nucleus by overexpressing the 

inward rectifying ion channel Kir2.1 (AudKir mouse model) alters the pattern of thalamic 

activity in the VPM, triggering an expansion of the primary somatosensory cortex. By 

analyzing the transcriptional changes in VPM cells from both models (embBE and AudKir), 

the expression of Rorβ was correlated with the extent of cortical expansion and with the 

complexity of the axonal arborization of thalamocortical projections. This novel mechanism 

of communication among thalamic sensory nuclei seems to underlie early plasticity through 

the control of gene expression, establishing the thalamus as a key regulator of cross-modal 

cortical readjustments before sensory onset.

The thalamic influence on cortical organization seems to be orchestrated by a group of 

neurons located in the subplate zone, below the cortical plate (Molnár et al., 2020). Subplate 

cells are born during the second week of gestation in rodents, and most of them undergo 

programmed cell death after birth (Hanganu et al., 2002; Kanold and Luhmann, 2010; Zhao 

et al., 2009). In sharp contrast to other cells in the developing cortex (except for cells in the 

marginal zone), subplate cells are electrophysiologically mature, and they form an extensive 

network of local clusters coupled by gap junctions and chemical synapses (Dupont et al., 

2006; Singh et al., 2019). These networks receive input from thalamocortical axons that 

relay to developing L4 neurons, other subplate cells and the cortical plate (Barkat et al 2011; 

Friauf et al., 1990; Hanganu et al., 2002; Herrmann et al., 1994; Viswanathan et al., 2012; 

Zhao et al., 2009). In mouse embryos, the stimulation of a small ensemble of neighboring 

neurons in the somatosensory thalamus first evokes a large and confined response in the 

matching subplate, which then spreads radially across the cortical plate remaining as wide 

as the initial subplate activation (Figure 4A; (Antón-Bolaños et al., 2019; Higashi et al., 

2002). This radial activation may represent a prenatal sketch of the columnar organization of 

cortical circuits.

Embryonic thalamic waves are also involved in-the functional organization of cortical 

columns. Indeed, the suppression of thalamic waves in mice alters the correct formation 

of anatomical and functional columns in the cortex. By overexpressing Kir2.1 in all sensory 

nuclei of the prenatal thalamus (ThKir mouse model), large propagating waves are replaced 
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by a scattered activation of small clusters of neurons (Figure 4B). In the absence of 

thalamic waves, spatially restricted thalamic stimulation consistently elicits broad cortical 

responses that occasionally spread to adjacent cortical areas. This response aligns with in 
vivo data revealing an increase in the area covered by spontaneous activity in the ThKir 

cortex, probably mediated by enhanced mGlu5 receptor expression by cortical cells. In 

accordance with these results, stimulation of neighboring receptive fields of the whisker 

pad at P3-P4 evokes large and overlapping responses in the primary somatosensory cortex 

of ThKir mice, whereas similar stimulation provokes adjacent and discrete responses in 

control mice (Figure 4A-B). The loss of spatial definition in the somatosensory pathway of 

ThKir mice is explained by an abnormal overexpansion and lack of cluster organization of 

thalamocortical axons in the cortex. However, the causal relationship between the increased 

levels of mGluR5 expression and the lack of clustering in cortical layer 4 of thalamic 

axons in the loss of spatial definition are currently unknown. Together these data reveal that 

the emergence of cortical columns and the somatotopic map in S1 relies on the thalamic 

regulation of cortical excitability through embryonic patterns of spontaneous thalamic 

activity (Antón-Bolaños et al., 2019).

Spontaneous activity in the thalamus after thalamic waves

Prenatal rodent thalamic cells exhibit immature electrical properties that gradually shift 

towards a more mature profile as development proceeds. This maturation occurs smoothly 

during the first two postnatal weeks, with a steep shift around P5. As a result, relay cells 

from the dLGN fire sharp action potentials before the end of the first postnatal week 

(Antón-Bolaños et al., 2019; Lo et al., 2002; MacLeod et al., 1997).

After birth, spontaneous activity in the rodent thalamus has a discontinuous nature. Bouts 

of activity in the somatosensory and visual thalamus exhibit stereotypic patterns that can be 

subdivided into three categories: early gamma oscillations (30-50 Hz), spindle bursts (8-20 

Hz), or a consecutive combination of both (Khazipov et al., 2013; Murata and Colonnese, 

2016; Yang et al., 2013). Mainly triggered by spontaneous inputs ascending from sense 

organs, oscillatory bouts could also be elicited by external stimulation, but they do not 

depend on it. In paired recordings, the oscillating bouts from the thalamus can be seen 

to engage the cortical counterpart in a coherent manner. Lesioning sense organs abolishes 

most thalamic and cortical activity but pure spindle bursts remain, suggesting that this 

specific pattern could be triggered from and starts to be shaped in the thalamus (Murata and 

Colonnese, 2016; Yang et al., 2013). Similar results were found for somatosensory-evoked 

responses, showing that the thalamic barreloids are synchronized with matched barrels in S1 

through early gamma oscillations, thereby promoting the correct topographic wiring of the 

thalamocortical projection (Minlebaev et al., 2011; Yang et al., 2013). In turn, it seems that 

there is corticothalamic feedback modulation in newborn rats, as cortical inactivation affects 

the frequency spectrum and spiking rate of spontaneous and evoked events in the thalamus 

(Murata and Colonnese, 2016; Yang et al., 2013).

After the first postnatal week, the initial intermittent activity in the thalamus of rodents 

progressively switches to a more mature pattern characterized by firing continuity and 

behavioral state dependence (Murata and Colonnese, 2018). This thalamic transition seems 
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to be critical for the parallel process observed in the cortex. Silencing thalamic activity at 

these stages suppresses the cortical firing rate and alters the modulation of cortical activity 

by behavioral states. Among the factors that may account for the thalamic developmental 

switch are the changes in retinal input, or the gradual integration of inhibitory and 

neuromodulatory components into thalamic networks (Colonnese, 2014; Demas et al., 2003; 

Sokhadze et al., 2019). However, the maturation of thalamic patterns of activity must rely on 

network changes that are not yet known.

Spontaneous activity in the developing sensory cortices

The basic structure of sensory cortices: cortical columns

Back in 1938, Rafael Lorente de Nó depicted an afferent axon reaching a vertical strip of 

cortex that was comprised of many cell types, stating that “all the elements of the cortex 

are represented in it [the vertical strip], and therefore it may be called an elementary unit, 
in which, theoretically, the whole process of the transmission of impulses from the afferent 

fiber to the efferent axon may be accomplished” (Fulton, 1938). In this way, Lorente de 

Nó defined the functional architecture of the cerebral cortex as an ensemble of stereotypic, 

radial modules of neurons, a concept that developed into the “columnar” hypothesis and that 

has become the most extended paradigm for research into cortical function (Mountcastle, 

1997).

Despite the tremendous resonance of the columnar paradigm, the precise definition of a 

cortical column remains elusive due to the multiple interpretations of this term (DeFelipe et 

al., 2012). In general, a cortical column refers to a vertical cylinder of variable diameter that 

spans all layers of the cortex. In this cylinder or column, afferent information is processed 

by local neurons through stereotypic radial microcircuits that in turn transfer the information 

to other columns or extra-cortical regions. Thus, the functional organization of the cerebral 

cortex could be described as an interconnected array of columnar microcircuits of relatively 

constant size (Mountcastle, 2003; Rakic, 1995). However, columns do not constitute solid 

modules with watertight borders but rather, they interdigitate with neighboring columns 

and are part of larger distributed networks (Rockland, 2010). In many sensorimotor areas, 

columns act as basic computational modules, and they constitute the building blocks of 

anatomical and functional maps. Columns vary in shape and size across areas and species. 

For example, the V1 ocular dominance columns in cats, ferrets or primates are elongated 

slab-like domains, while S1 barrels in rodents are more cylindrical. Columns are not even 

a sine qua non feature of the cortex, although their appearance may be associated with 

ethologically relevant functions. The somatosensory cortex of the mouse has a faithful 

representation of the snout in the column-like barrels that correspond to the whiskers, on 

which they rely strongly for survival. However, there is no evidence of feature-specific 

functional columns in the auditory (Bandyopadhyay et al., 2010; Rothschild et al., 2010) 

or visual cortex of rodents, where neurons with specific orientation tuning are dispersed in 

V1 in a salt-and-pepper manner (Ohki and Reid, 2007). By contrast, highly visual primates 

have well-defined orientation columns that are readily identified anatomically (Blasdel and 

Salama, 1986) and functionally (Bonhoeffer and Grinvald, 1991).
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Despite their many variations and adaptations, columns are a common theme of complex 

cortical circuits. Yet this complex functional organization prompts the straightforward 

question: how does columnar circuitry arise during development? The six layers of the 

mammalian neocortex are generated sequentially by the dorsal telencephalon progenitors in 

an inside out manner. In the dorsal germinal zone, neuroepithelial cells primarily undergo 

symmetric divisions to expand the progenitor pool and they undergo asymmetric divisions 

to give rise to the first neurons, albeit to a lesser extent (Chenn and McConnell, 1995; Götz 

and Huttner, 2005). Subsequently, these cells transform into radial glial cells that fulfil a 

key developmental role by both replicating themselves and by directly generating excitatory 

neurons (Anthony et al., 2004; Malatesta et al., 2003). Calcium waves propagate through 

the radial glia as early as E12 and they are thought to regulate the production of neurons 

(Weissman et al., 2004). Radial glia divide at the surface of the ventricle and they have 

long processes that span the full thickness of the developing cortex, serving to guide the 

migration of newly born neurons (Rakic, 1972; 1971). This radial migration suggests that 

the initial synaptic organization of local cortical circuits is constructed by clonally related 

sister neurons that may represent the basis of the cortical column. Vertically organized 

clonally related sister neurons initially establish electrical connections, although these later 

disappear to preferentially form chemical synapses (He et al., 2015; Yu et al., 2009; 2012). 

However, it is not known how clonally related cells participate in the spontaneous activity 

evident during development or how this activity influences the formation of functional 

columns.

Sensory-driven mechanisms are involved in shaping cortical columns, as seen when the 

plasticity of ocular dominance columns in the cat visual cortex was studied after monocular 

deprivation during the critical period (Wiesel and Hubel, 1963). However, it was also 

seen that the columnar arrangement of the functional striatal cortex was already present 

in visually inexperienced kittens, suggesting that these columns are sculpted before critical 

periods through mechanisms that are independent of sensory experience (Hubel and Wiesel, 

1963). Currently there is a large body of evidence, mostly generated in the visual and 

somatosensory systems, dictating that the basic columnar organization is established during 

experience-independent stages in cats and ferrets, and before birth in primates (Crair et al., 

1998; Crowley and Katz, 2000; Rakic, 1976). In terms of the mechanisms that govern the 

early constitution of columnar circuits, spontaneous correlated activity is a solid candidate 

since its spatial and temporal structure may favor local connectivity. As such, there has 

been a tremendous drive to understand the role of spontaneous activity in sculpting cortical 

circuitry (Kanold and Luhmann, 2010; Molnár et al., 2020).

The development of calcium sensitive indicators prompted the study of spontaneous activity 

at the population level in the developing cerebral cortex. In coronal brain slices, calcium 

imaging experiments revealed the intermittent gap junction mediated activation of cortical 

cell ensembles, reminiscent of functional adult columns (Yuste et al., 1992). Tangential 

sections were also used to describe spontaneous activation of roughly circular domains with 

a diameter of 75 microns and similar results were drawn from extracellular recordings from 

intact preparations of the mouse neonatal cortex, where the activity of cortical neurons was 

synchronized within columns of 100-150 microns in diameter (Figure 5; (Dupont et al., 

2006). This patchy pattern of early activation is preserved in vivo, although the diameter 
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of the domains is larger. Electrophysiological recordings in vivo identified spontaneous 

local synchronized networks of 200-400 microns in the somatosensory cortex of neonatal 

rats (Yang et al., 2009). Indeed, local responses to single whisker deflection are already 

observed at P0 and these undergo progressive tuning, evidence of a segregated whisker 

map as early as P2-P3 (Mitrukhina et al., 2015). At the onset of active whisking (~P14), 

localized cortical responses to single whisker deflections will undergo further layer-specific 

and temporal refinement (van der Bourg et al., 2017; 2019; Yang et al., 2009). In vivo 
calcium imaging further confirms that the diameter of the domains reaches an average 

of ~300 microns in the presumptive sensory cortices of neonatal rats and mice, whether 

spontaneous or evoked (Kummer et al., 2016; Nakazawa et al., 2020). In the somatosensory 

system, these early patches are reminiscent of prospective barrels in shape (Yang et al., 

2013), yet by the end of the first postnatal week barrels are clearly defined in rodents, and 

there is an almost perfect match between patches and barrels (Mizuno et al., 2018). The fact 

that this organization can be observed on the first postnatal day implies that a primordial 

columnar organization is established before birth, an organization that could serve as a 

scaffold for barrels. Indeed, restricted domains of cortical activation can be elicited by 

thalamic or peripheral stimulation in prenatal mice as early as E18 (Antón-Bolaños et al., 

2019). Overall, these data suggest that the developing cortex first establishes templates of 

the characteristic functional architecture seen at mature stages.

Correlated spontaneous activity in sensory cortices

In the last days of rodent embryonic life, developing cortical neurons start forming 

connections and they become progressively more excitable. These new properties induce 

a switch in the dynamics of spontaneous activity; from a scattered, uncorrelated activation to 

a more choral and correlated pattern of activity by P0 (Figure 5; (Corlew et al., 2004). As 

such, the currently accepted hypothesis postulates that correlated activity might strengthen 

coactive synaptic contacts to shape local circuits (Kerschensteiner, 2014; Winnubst et al., 

2015).

Electrophysiological recordings have shown that the dominant pattern of spontaneous 

activity in the neonatal cortex in vivo involves spindle bursts and gamma oscillations. 

Spindle bursts are spatially confined rhythmic events oscillating at 5-25 Hz, with a peak 

frequency in the alpha band, that synchronize local neuronal networks. Spindle bursts last 

for approximately 1 second, they occur at a frequency of ~5 events per minute and they 

can be driven by spontaneous peripheral activity (An et al., 2014; Hanganu et al., 2006; 

Khazipov et al., 2004; Yang et al., 2009). By contrast, gamma oscillations are rapid events 

that last 0.15-0.3 seconds, with an average spectral frequency of 30-40 Hz, and they occur at 

a frequency of ~2-6 events per minute (Minlebaev et al., 2011; Yang et al., 2009). In terms 

of their spatiotemporal profiles, spindle bursts appear to be confined to a columnar network 

of 200-400 microns in diameter, while gamma oscillations synchronize neuronal activity 

in a similar column-like pattern of ~200 microns in diameter. Through calcium imaging in 

cortical slices, two different types of population activity have been described in newborn 

rats: cortical synchronous plateau assembles and cortical early network oscillations (Allene 

et al., 2008). However, there is no direct match between the in vitro results from population 

imaging and in vivo electrophysiological recordings, which differ in the mechanisms that 
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trigger this activity and its spatiotemporal structure. In vivo calcium imaging studies 

revealed spontaneous events that recruit neuronal ensembles of low or high synchronicity 

in the superficial layers of V1 in P8-P10 mice (Siegel et al., 2012). While low-synchronicity 

events are mainly driven by the retina and their frequency increases during development, 

high-synchronicity events are independent of retinal input and their frequency decreases 

before eye-opening. We think that combining current technologies of wide-field imaging 

with high density electrical recordings in vivo will allow the temporal dynamics and spatial 

spreading of early cortical activity to be fully revealed, at the same time defining the 

relationship between intracellular calcium changes and electrical activity.

Most patterns of early spontaneous cortical activity rely on subcortical input. Hence, 

perturbing the ascending signals from the sense organ or thalamus produces abnormalities in 

cortical firing patterns, which causes defects in the basic organization of cortical networks. 

The subplate zone plays a key role in this process of primordial cortical organization, 

serving as an active hub that primes activity in the developing cortex (Yang et al., 2009; 

Meng et al., 2021). Subplate cells are involved in the generation of patterned cortical 

activity, such as spindle bursts, becoming a key element laying the foundations for a 

columnar organization (Tolner et al., 2012; Yang et al., 2009). As mentioned above, subplate 

cells also relay information from the thalamus, which first evokes large responses in the 

subplate that then propagate radially to the deep cortical layers and cortical plate (Higashi 

et al., 2002). This early radial response becomes more restricted as postnatal development 

proceeds, finally adopting the approximate size of a barrel at P4-P7 in the somatosensory 

system (Figure 4A; (Antón-Bolaños et al., 2019). Beyond this early columnar organization, 

the cortical activation driven by the thalamus and mediated by the subplate, exhibits a clear 

topographic organization that is first established in the embryo. Mesoscale calcium imaging 

of the cortex in vivo shows that the whisker-to-cortex pathway is not only functional but also 

spatially segregated at E18 (Antón-Bolaños et al., 2019). Similar topographic organization 

at the subplate level is found in the developing auditory system of young ferrets before the 

opening of the ears (Wess et al., 2017). Together, all these data suggest a role for correlated 

cortical activity in sculpting the connectivity and topography of cortical networks during 

development (Molnár et al., 2020).

Decorrelation of postnatal spontaneous activity in the cortex

After the discontinuous and correlated pattern observed in early postnatal life, spontaneous 

activity in the sensory cortices of rodents matures into a state characterized by sparseness 

and decorrelation (Figure 5; (Colonnese and Phillips, 2018). In mice, this transition occurs 

by the end of the second postnatal week when the ear canals and eyelids open, and 

active exploratory behavior begins to stimulate the sensorimotor systems. In the auditory 

cortex, pairwise correlations of spontaneous activity have been measured from P9, with a 

decorrelating trend starting before ear opening (Meng et al., 2020). In the barrel cortex, 

before the onset of active whisking and exploratory behavior, spontaneous activity in the 

upper layers switches from discontinuous and correlated firing to a continuous pattern of 

activity with no significant pairwise correlation (Golshani et al., 2009; Mizuno et al., 2018; 

Nakazawa et al., 2020). This decorrelation is independent of thalamic input and it is evident 

through the maturation of feedforward inhibition, the decline of transient circuits and the 
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transition from electrical to chemical synaptic coupling between excitatory layer 4 neurons 

(Marques-Smith et al., 2016; Tuncdemir et al., 2016; Valiullina et al., 2016). Similar results 

were found in the visual cortex before eye opening, where a decorrelation of neuronal firing 

and slow oscillations overtake silent periods, increasing continuity (Colonnese et al., 2010; 

Rochefort et al., 2009; Shen and Colonnese, 2016). As in the barrel system, visual cortex 

activity also becomes less dependent on peripheral driving during the second postnatal week 

(Gribizis et al., 2019).

The transition from correlated to decorrelated activity in rodents is a condition for sparse 

coding, the strategy used for cortical processing in various modalities (Barth and Poulet, 

2012; Olshausen and Field, 2004). Sparseness is associated with efficient information 

processing in mature circuits, although the developing visual and somatosensory pathways 

seem to be primed for sparse representation of sensory stimuli even before sensory 

experiences commence. In support of this notion, at the very instant of the onset of sensory 

experience in mice, when sensory receptors start transducing patterned and non-attenuated 

stimuli, somatosensory and visual cortical neurons can selectively respond to intrinsic 

features of sensory stimuli, such as the direction of whisker deflections (van der Bourg et al., 

2017) or the orientation, direction and frequency of visual cues (Hagihara et al., 2015; Hoy 

and Niell, 2015). Subsequently, with somatosensory and visual sensory experience, there 

is a progressive increase in response selectivity, a decrease in the proportion of responsive 

neurons and a decorrelation of stimulus-driven activity (Ko et al., 2013; van der Bourg et 

al., 2017). In the auditory system, the developmental maturation of sparseness occurs at a 

slightly different pace. After ear opening (~P12), the auditory cortex becomes less selective 

for sound frequency and the proportion of responsive neurons increases. It also shows a 

consistent increase in pairwise correlations of both spontaneous and evoked activity (Meng 

et al., 2020). After P16, all these properties switch and sparseness emerges progressively, a 

process that has been associated with maturation of the excitatory/inhibitory balance (Liang 

et al., 2019).

What do we know about spontaneous activity in the developing human 

neocortex?

The developing human brain exhibits characteristic patterns of spontaneous and immature 

evoked activity that represent how nascent neural circuits gradually achieve the features of 

a mature network (André et al., 2010). Scalp recordings from human preterm infants used 

as a proxy for fetal life reveal a rich repertoire of spontaneous activity transients (SATs) 

during the third semester of gestation (Vanhatalo and Kaila, 2006). The properties of SATs 

resemble the correlated activity recorded from rodent models before sensory experience, that 

is, during the first two postnatal weeks.

SATs involve intermittent bouts of electrical activity in the form of bursts that are followed 

by long periods of silence. Bouts are characterized by a pattern of mixed slow and rapid 

oscillations, referred to as delta brushes. They are reminiscent of the mouse spindle bursts 

and like these, delta brushes can be evoked in different brain regions by external stimuli 

before sensory experience. Visual stimuli evoke responses in the developing occipital 
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region (Colonnese et al., 2010), auditory stimuli in the mid-temporal region (Chipaux 

et al., 2013), and stroking the contralateral hand or foot in the mid-central or vertex 

electrodes, respectively (Milh et al., 2007). Delta brushes present a dominant rhythmic 

activity, oscillating at 8-25 Hz, and they are nested in slow delta waves of 0.3-1.5 Hz 

(Khazipov and Luhmann, 2006). In human fetuses, delta brushes appear at 28-30 weeks 

of gestation, they peak at 32-35 weeks and they then disappear at 38-42 weeks, a process 

that mirrors the developmental switch observed in rodents around the time of the onset of 

sensory experience (Whitehead et al., 2017).

The non-invasive assessment of cortical activity in humans provides valuable prognostic 

cues that predict to what extent a developing brain will grow normally or if it will be prone 

to neurodevelopmental malfunction (Iyer et al., 2015b). For example, enhanced spontaneous 

activity in preterm infants correlates positively with brain growth, suggesting that brains 

with weaker activity may not develop normally (Benders et al., 2015). Somatosensory 

evoked responses (SERs) triggered after tactile stimulus are also biomarkers of brain 

development. In preterm infants, both the slow wave and the higher-frequency components 

of SERs show developmental changes that may reflect shifts in subplate-cortex interactions 

(Leikos et al., 2020). Infants with intraventricular hemorrhaging initially display normal 

SERs, yet those with bilateral hemorrhages later show a developmental loss of the ipsilateral 

SER (Iyer et al., 2015a; Leikos et al., 2020). Likewise, abnormal responses in the secondary 

somatosensory cortex can predict abnormal neuromotor development in surviving, extremely 

low-gestational-age preterm infants (Rahkonen et al., 2013).

The unfolding of spontaneous activity is associated with important biological processes that 

are related to normal brain development. For instance, when the structural substrate of early 

spontaneous activity is analyzed, functional connectivity representing primary motor and 

sensory areas is already present at 31 weeks of gestation, increasing rapidly thereafter (Cao 

et al., 2017). Likewise, diffusion magnetic resonance imaging (MRI) indicated that a set 

of interconnected cortical hubs that are typical of the mature brain are already present at 

30 weeks of gestation, some features of which are affected by premature birth (Ball et al., 

2014; Turk et al., 2019). Combining the temporal sensitivity of electroencephalography with 

the whole brain spatial specificity of functional MRI, patterns of spontaneous delta brush 

activity have been associated with significant localized hemodynamic activity in distinct 

regions of the developing cortex before term birth. The predominant pattern of spontaneous 

activity in the late preterm period, i.e. posterior-temporal delta brushes, reflects activity in 

the insular cortices, an area that receives somatotopic afferent signals from all parts of the 

body and that fulfills essential homeostatic functions (Arichi et al., 2017). Therefore, to 

ensure normal brain development it is crucial to prevent distortions in the prenatal patterns 

of spontaneous activity, which could be caused by exposure to external agents like endocrine 

disrupting chemicals or drugs used in neonatal intensive care units (Malk et al., 2014; Nesan 

and Kurrasch, 2020).

In conjunction, all these data suggest a parallel developmental trajectory of brain activity 

between rodent models and humans. Clinical experience from human neonates supports the 

view that spontaneous activity during the third trimester of human development follows a 

pattern comparable to that found in basic animal research. Thus, in the future clinicians 
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may benefit from animal research to improve the early diagnosis of developmental disorders 

and to refine the prediction of clinical outcomes in premature or neurologically impaired 

neonates.

Conclusions and future perspectives

The capacity of the developing brain for self-assembly resides in the intrinsic knowhow 

embodied in its building blocks: immature neurons and circuits. In order to proceed with 

the construction of the brain, these initially autonomous building blocks must communicate 

to spread the information and instructions as to how to assemble into larger functional 

structures. Information flows through at least two biological channels: molecular and 

electrical messages. In the former, communication between cells or groups of cells can 

be mediated by morphogenic substances, adhesion proteins or diffusible guidance cues. 

In addition, information can be transmitted using the incipient neuronal wiring that 

subsequently gives rise to a more responsive and specialized nervous system. Spontaneous 

but meaningful bioelectric signals that flow through the developing networks could take 

different, possibly related, forms, such as calcium waves, membrane potential oscillations 

and action potential bursts. In each developing brain structure, these bioelectrical signals 

could be triggered by inputs or generated intrinsically, and then conveyed to downstream 

stations.

Clear results have been obtained when assessing the molecular determinants of circuit 

assembly, not least due to the possibility of specifically manipulating genes to study the 

role of a single protein or morphogen in a given developmental process. However, assessing 

the roles of activity-dependent mechanisms at embryonic and early postnatal stages has 

proved challenging to neurodevelopmental scientists. Many factors may account for this, 

not least that clean experimental manipulations are compromised by the diverse sources of 

synchronic activity, and that sensory-independent and sensory-driven evoked activity concur. 

Also, comparative analyses among species do not often generate straightforward results, 

since many assumptions must be included to fit the different models. In other words, the 

relationship between patterns of activity and brain development can vary in different species, 

complicating efforts to build a general theory regarding the role of activity-dependent 

mechanism in brain development. Research in this field has followed four main avenues, 

namely: i) the identification of different electrical patterns of activity at embryonic and 

postnatal stages, and those associated with the onset of sensory experience, which has 

revealed homologies across species, including humans; ii) the identification of the cellular 

and molecular components that account for spatiotemporal features of these patterns of 

activity; iii) the identification of the brain circuits that act as temporary or stable sources 

of spontaneous activity; and iv) the discovery of causal links between different patterns of 

spontaneous activity and the developmental processes that shape brain circuits.

Some specific questions arise from the literature examined in this review. For example, 

how does spontaneous and evoked activity interact before the onset of sensory experience? 

How do peripheral and central patterns of spontaneous activity interact? Is there a hierarchy 

between them? In the specific case of thalamic waves, in vivo recording of embryonic 

thalamic waves would be helpful to discern if there is a dominant pattern in the thalamus of 
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intact embryos. In this regard, more insights are needed to reveal the cellular and molecular 

mechanisms underlying early thalamic activity, either thalamic waves or other patterns of 

correlated activity. We know that these subcortical functional inputs, together with the 

subplate, establish the basis for cortical activity by shaping the columnar organization 

of cortical networks. However, the exact mechanisms by which spontaneous activity 

orchestrates cortical circuit assembly remain elusive. Another important line of research 

is to determine whether there is a link between synchronized activity and the clonal origin 

of cortical organization, since clonally related neurons are preferentially connected during 

development and they lay the foundations for cortical columns. Finally, spontaneous patterns 

of cortical activity during development exhibit remarkable homology across species and 

thus, translational research would benefit from the implementation of similar tools to study 

human brain development and for the early diagnosis of neurodevelopmental disorders.
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In Brief

In this review, Martini et al. summarize our current understanding of the role of 

spontaneous activity on the assembly of sensory networks, highlighting the participation 

of peripheral and central structures and tracing the similarities of developmental activity 

between experimental models and humans.
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Figure 1. Early manifestations of peripheral spontaneous and evoked activity in developing 
sensory systems in the mouse.
Developmental progression of peripheral spontaneous (in red) and evoked (in blue) activity 

in sensorimotor, auditory and visual systems. In the somatosensory system the peripheral 

activity may be mediated by sensory spontaneous activity or through a sensory-motor 

feedback. In the auditory system the developing cochlea generates spontaneous activity that 

is transmitted to SGNs as action potential (AP) bursts. In the visual system the developing 

retina generates spontaneous waves of activity with a defined developmental profile that 
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is transmitted to the visual thalamus and cortex. E= embryonic age; P= postnatal age; 

SGN=spiral ganglion neurons.

Martini et al. Page 32

Neuron. Author manuscript; available in PMC 2021 August 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Connectivity from the sensory periphery to the thalamus and cortex.
Schema representing the three major inputs from the peripheral organs to thalamic 

sensory nuclei and primary sensory cortical areas. First-order sensory nuclei (VPM, dLGN 

and MGv) receive direct input from peripheral pathways. High-order nuclei (POm, LP 

and MGd) receive feedback input from sensory cortices. TCAs= thalamocortical axons, 

POm= postero-medial nucleus, VPM= ventral posteromedial nucleus, MGd= dorsal medial 

geniculate, MGv= ventral medial geniculate nucleus, LP= lateral posterior nucleus, dLGN= 

dorso-lateral geniculate nucleus.
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Figure 3. Developmental properties of thalamic spontaneous activity.
(A) The pattern of thalamic spontaneous activity is modified during embryonic and 

early postnatal development. (B) Properties of embryonic thalamic waves from ex vivo 
experiments. Left: spontaneous waves can be originated in any of the principal nuclei, 

but most frequently in the VPM. Middle: initially, waves spread to cover the three 

principal first-order nuclei while at perinatal stages the activity extends to high-order nuclei. 

Right: voltage-dependent Na-channel blocker TTX, gap-junction blocker carbonoxolone, or 

overexpression of the inward rectifier Kir2.1 channel blocks correlated spontaneous activity 

and only asynchronous activity and small clusters are left in the thalamus. Color gradient 

represents time course of activation. E= embryonic age; P= postnatal age.
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Figure 4. Role of thalamic spontaneous activity on the formation of cortical maps.
(A) Under normal conditions, embryonic thalamic waves emerge around E14 at the time 

thalamocortical axons (purple) navigate to the cortex. Small VPM stimulations before and 

soon after birth reveal that S1 cortical responses are fairly columnar. Around P4, similar 

VPM stimulations trigger columnar responses restricted to L4 as thalamocortical axons 

already target this layer. (B) In the absence of thalamic waves, with only sparse and 

asynchronous events in the thalamus, thalamocortical axonal navigation appears spared, 

however restricted thalamic VPM activation elicits a widespread cortical activity at early 

stages. At later stages, VPM activation leads to a L4-restricted but not columnar cortical 

response. Barrels do not form in Thkir mice. Color gradient represents time course of 

activation. E= embryonic age; P= postnatal age, VPM= ventral posteromedial nucleus, 

MGv= ventral medial geniculate nucleus, dLGN= dorso-lateral geniculate nucleus, SP= 

subplate.

Martini et al. Page 35

Neuron. Author manuscript; available in PMC 2021 August 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. Developmental progression of cortical spontaneous activity.
At embryonic stages, cortical spontaneous activity is uncorrelated and restricted to single 

cells or small clusters. From birth, cortical spontaneous activity is detected in a columnar 

fashion that at P4 coincides with the dimension of a barrel. Active whisking is associated 

with the decorrelation and sparsification of cortical activity. E= embryonic age; P= postnatal 

age, MZ= marginal zone, CP= cortical plate, SP= subplate.
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