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Abstract

Development of thalamocortical sensory maps during the “brain spurt” period, which
spans through the second half of gestation in human and neonatal period in rodents, is charac-
terized by particular immature patterns, which are thought to be implicated in the activity-
dependent formation of the topographic thalamocortical circuits. Here, we discuss how these
early activity patterns can support plasticity at the developing thalamocortical synapses and
contribute to the refinement of the initially crude protomaps through the competition between
sensory inputs for the cortical territories.
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Introduction

Just like an inflation phase in the evolution of the Universe, the “brain spurt” pe-
riod during mammalian brain development is characterized by the explosive rates of
neuronal growth/differentiation and the formation of synaptic connections between
neurons. The brain growth spurt takes place throughout the second half of gestation
in humans and after birth, in the neonatal period, in altricious animals. During this
time, the most important connections form within the brain to support basic functions,
and this process largely relies on the innate mechanisms involving guidance molecules
and trophic factors, as well as the internally generated neuronal network activities. Fol-
lowing the “brain spurt” period, further development of the neuronal networks pro-
ceeds more gradually through an increase in the circuit complexity and elimination of
some transient circuits to enable acquisition of the fine skills, and this process largely
depends on the interactions with the environment. Here, we discuss the activity-
dependent mechanisms implicated in the early development of the thalamocortical sen-
sory maps during the “brain spurt” period in the context of the early synchronized neu-
ronal activity patterns expressed in the developing brain. Indeed, while the general
connectivity protomaps are to a large extent encoded in our genes to enable certain
level of topographic organization, wealth of evidence indicates on the important roles
of the activity-dependent mechanisms in the early neuronal wiring in the thalamocorti-
cal system to support its refinement through the competition between thalamic inputs
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for their cortical targets, which may involve Hebbian mechanisms of synaptic plasticity.
Several age-specific neuronal network activity patterns have now been identified in
the thalamocortical circuits during the “brain spurt” period, both in the neonatal rodents
and preterm human neonates, revealing striking similarities in the early brain function
across species. Some of these patterns, such as early gamma oscillations, were shown
to enable a high degree of synchronization between the topographic thalamic and
cortical neurons and support spike-time dependent plasticity in these connections.
Some previous reviews addressed various aspects of the early activities expressed in
the thalamocortical networks during the “brain spurt” period: their electrographic
features and generative mechanisms, their roles in synaptic plasticity and neuronal
network formation, and control of the developmental neuroapoptosis [1-21]. We focus
our review on the roles of the early activity patterns in the activity-dependent for-
mation of the topographic thalamocortical maps during the “brain spurt” period.

Sensory Maps

Sensory maps in the primary sensory cortex are organized in cortical columns,
each being finely tuned to specific input from the sensory space. For example, in the
somatosensory barrel cortex of rodents each cortical barrel column receives sensory
information mainly from the corresponding (so-called principal) whisker at the ani-
mal snout [22, 23]. Precise topography in this map is ensured by the segregation of
the thalamic axon terminals arising from the neurons in the corresponding barreloid
in the relay thalamus and compact anatomical organization of the dendrites of thala-
morecipient neurons within the cortical barrels. Also, recurrent excitatory connectivity
between the cortical barrel neurons, which amplifies the incoming thalamic input, is es-
sentially restricted to one barrel, whereas lateral inhibition efficiently contrasts sensory
inputs from different whiskers. A similar topographic organization of the thalamocorti-
cal maps is also observed in other regions of the somatosensory cortex, as well as in
a form of retinotopic and tonotopic thalamocortical maps in visual and auditory cor-
tices, respectively.

Early Activity Patterns

Topographic thalamocortical maps develop during the “brain spurt” period.
In the rat whisker-barrel system, this process starts from the invasion of the growing
thalamic afferents into the dense cortical plate at birth, formation and elaboration of
synaptic connections, segregation of the receptive fields of the cortical neurons and
projection fields of the sensory inputs so that functional topographic maps are formed
during the first postnatal week [3]. This period is also known as a critical period for
barrel map plasticity, when alterations in sensory input or central activity may dramati-
cally change whisker-barrel map [3,24-27], and is also characterized by extremely
high levels of the activity-dependent plasticity (both potentiation and depression) at
thalamocortical synapses [28-31]. During this stage, age-specific patterns of sponta-
neous and sensory-evoked synchronized neuronal activity are expressed in the barrel
cortex. They include delta-waves that are expressed during the two first postnatal
days and spindle-bursts (SBs) and early gamma oscillations (EGOs) that are ex-
pressed through the postnatal days (P) 2-7 [10, 32-36]. Interestingly, both SBs and
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EGOs disappear after P7 coinciding with a closure of the critical period of the barrel
map plasticity. These early bursting activity patterns are also expressed in other re-
gions of somatosensory cortex [37], as well as in the visual cortex [38-41] of neona-
tal rats during comparable phase of the retinotopic thalamocortical maps formation.
Together, these findings suggest that the early activity patterns are instrumental for
the activity-dependent development of the topographic thalamocortical maps. How-
ever, the exact mechanisms underlying the roles of the early activity patterns in de-
velopmental plasticity at thalamocortical synapses still remain largely hypothetical.

Thalamocortical Synaptic Plasticity

One hypothesis assumes that the early activity patterns support developmental
plasticities through the Hebbian mechanisms of the spike-time dependent plasticity
[42, 43]. In this model, the strength of thalamocortical synaptic connections is poten-
tiated if presynaptic thalamic neurons fire shortly before the postsynaptic cortical
neurons. In contrast, the synapse will be depressed if the postsynaptic neuron fires
before the presynaptic one. From this viewpoint, EGOs enable multiple coherent fir-
ing of the topographically linked thalamic and cortical neurons with ~7 msec lag and,
therefore, create conditions for the long-term potentiation at the topographic
thalamocortical synapses [33, 35]. The latter has also been confirmed in the experi-
ments using thalamocortical slices in vitro, where the pairing of the thalamic input
with spikes in the barrel neurons as it occurs during natural EGOs resulted in long-
term potentiation at the thalamocortical synapse [35]. Interestingly, mimicking spin-
dle-bursts in the same experimental conditions resulted in slight but significant long-
term depression. Because EGOs specifically support synchronization at the topo-
graphic synapses, whereas spindle-bursts synchronize larger cortical territories in-
volving several neighbor barrels, it could be suggested that these two patterns sup-
port oppositely directed forms of plasticity — potentiation (with future synapse stabi-
lization) in the case of EGOs and depression (with future synapse elimination) in the
case of spindle-bursts [32, 44]. There are several important questions that should be
addressed to verify this hypothesis, however. Why does coherent activation of
thalamocortical synapses and cortical neurons at gamma and spindle-burst frequen-
cies causes opposite forms of plasticity? One mechanism may involve different acti-
vation of NMDA receptors, which are involved in the induction of the LTP by oscil-
lations at different frequencies. Evidently, the activity at gamma frequency should
enable more efficient activation of NMDA receptors as the duration of each EGO
cycle (~20 msec) approximates the peak of NMDA receptor-mediated conductance
(~ 10-15 msec) [45, 46]. Therefore, from the spike-time dependent plasticity view-
point, depolarization and firing of the postsynaptic cell during the forthcoming gam-
ma cycle should efficiently alleviate magnesium block and enable currents through
NMDA receptors which were activated during previous gamma cycle. Spindle-burst
oscillations occur at lower frequency (from 5 to 25 Hz) and depolarization and firing
of the postsynaptic cells during the next cycle should occur at much longer delay
(40-200 msec) that is at the decay of NMDA receptor-mediated conductance activat-
ed during the previous cycle of the oscillation. On the other hand, NMDA receptors
are activated and efficiently summate during the repetitive firing of thalamic affer-
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ents during spindle-bursts to generate nearly half of the delta-envelope of the trans-
membrane currents during spindle-bursts [45]. This is likely due to a large contribution
of NMDA receptors to synaptic transmission in the immature neurons, their longer ki-
netics, high cell membrane resistance, and extremely long delays of the feedforward
inhibition during thalamocortical stimulation [35, 47, 48]. This raises the question of
how spike timing in thalamocortical transmission impacts the induction of synaptic
plasticity during the immature bursting activity [49]? This question remains open for
future investigations.

Peculiarity of Thalamocortical Connectivity

One of the difficulties in studying the developmental plasticity at thalamocortical
synapses involves high levels of divergence and convergence in the thalamocortical
connectivity. Dual recordings from the thalamic relay neurons in VPM barreloids and
L4 neurons in cortical barrels revealed a very high connection probability, yet with
low strength, at each thalamocortical synapse [50]. Therefore, the developmental
plasticity in this system may essentially involve an increase in the number of topo-
graphic connections with pruning of the non-topographic ones. This is different from
some other systems where the target cell receives only one or few very powerful
“bone” inputs, and their development involves initial formation of the overnumerous
and relatively weak synapses, competition between these inputs with the activity-
dependent selection and strengthening of some that will become the “bone” connec-
tions and elimination of others. This paradigm operates, for example, in the develop-
ment of neuromuscular connections, where each muscle fiber is initially connected
by multiple motor neurons and only one or few of them are selected and strengthened
through the competition during development [51, 52]. Similarly, thalamic relay neu-
rons in visual and somatosensory thalamus are initially innervated by tens of weak bot-
tom-up connections, and only one or two are selected through the competition and
pruning [53, 54]. While the developmental wiring in the thalamocortical system may
use some elements of this paradigm, there are some critical issues that should be veri-
fied. Firstly, is there a phenomenon of the initial synapse overproduction and conse-
quent pruning in the thalamocortical connectivity? A recent study using thalamocor-
tical slices of neonatal mice revealed that L4 neurons are initially connected by only
a few thalamic neurons and that developmental increase in thalamocortical connec-
tivity during the critical period occurs through a progressive experience-dependent
increase in the number of L4 cells connected by single thalamic axon without
a change in the efficacy at the individual synapses [55]. While these findings go
against the “overproduction—pruning” paradigm, they do not rule out that some of
the early established synapses are non-topographic (i.e., erroneously connecting tha-
lamic neuron with L4 cells in a wrong barrel) and undergo pruning during the critical
period. Another related issue is how equal are in strength thalamocortical synapses
made by the highly converging thalamic neurons on L4 cells? What if among these
mainly weak connections there are one or few of the “bone” megasynapses that are
overseen during random sampling? Such rare megasynapses with an order higher
amplitude and low variability are actually detected during large scale sampling of
the intracortical connections [56] and if also present in the thalamocortical system,
they could well be a substrate for the developmental selection through competition.
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IMaTTepHbI paHHell AKTHBHOCTH M CHHANITHYECKAS IVIACTHYHOCTH
COMATOCEHCOPHBIX TATAMOKOPTHKAJIBbHBIX KapT BO BpeMsI KpUTHYECKOT0
nepHoaa pa3BUTHsA
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AHHOTALUA

B crathe MpEACTaBICH 0630p AKTYaJIbHBIX I/ICCHGI[OBaHI/Iﬁ, TMOCBAIICHHBIX Pa3BUTHIO TaJIaMOKOPTHU-

KaJIbHBIX CETEH BO BPEeMsI KPUTHUECKOTO Neproa. Onmucanbl XapakTepHbIe paHHUE MaTTePHbI HEHPOHAIIb-
HOI aKTMBHOCTH B COMAaTOCEHCOPHOH KOpPE U BBICKa3aHO MPEIOJI0KEHNE, YTO OHU SBISIOTCS UHCTPYMEH-

TOM

U1 pasBUTUA TOl'IOFpa(l)PI‘IHbIX TaJJAMOKOPTUKAJIbHBIX KapT. OTMeTI/IM, 4YTO Ha )131—11—1511‘/'1 MOMCHT HET

MOJIHOIICHHOI'O IMOHUMAaHHs TOYHBIX MECXAaHU3MOB, q)OpMI/Ipy}OLLII/IX BJIUAHUEC PAaHHUX NATTCPHOB aKTUBHO-

CTH

Ha IUIACTUYHOCTH TaAJIaMOKOPTUKAJIIbHBIX CHHAIICOB. B NOAACPIKKY THUIIOTE3bI, paCCMa’I’pI/IBaeMOﬁ
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B CTaThe, NIPOAHAIM3UPOBAHBI MOJIENb IUIACTUYHOCTH Ha OCHOBE NpaBmiia X300a M pe3ysbTaThl SKCHEePH-
MEHTOB Ha TaJlaMOKOPTHKAJBHBIX Cpe3ax, I/l HaOIIOAAINCh pa3Hble S(G{EKThl MIACTUYHOCTH B 3aBH-
CHMOCTH OT YaCTOTHBIX XapaKTEPHUCTHK PaHHUX MAaTTEPHOB aKTUBHOCTH. ClelaH BBIBOA, YTO TaKOE
pasnuume cBA3aHo ¢ GonbmmM BKiIagoM NMDA-penenTopoB B CHHANTHYECKYIO Iepeady B He3pelbIxX
Heiiponax. Kpome Toro, B craTthe 0co0O€ BHMMaHHE YIEICHO OCOOCHHOCTSIM TaJlaMOKOPTHUKAIBHBIX
CBsI3el M MOAYEPKHYTO, YTO IUIACTUYHOCTB B TOH CHCTEMe, BEpOSTHEE BCETo, OIpeerseTcsl yBenuie-
HHEM KOJIMIECTBa TONOrpaUIHBIX U yAAICHHEM HETOIOTpadUHbIX CBSI3CH.

KiroueBble cj10Ba: HOBOPOXK/ICHHBIE, COMAaTOCCHCOPHAs KOpa, 3neKTposHuedanorpadus, HeHpOH-
HbIE CETH, pa3BUTHE
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