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Abstract/ Resumen

ABSTRACT

The precise mapping of sensory inputs onto cortical regions is critical for accurate sensory
processing, as illustrated in the rodent primary somatosensory cortex (S1), where mystacial
and upper lip whiskers are represented into distinct cortical maps: the postero-medial barrel
subfield (PMBSF) and the antero-lateral barrel subfield (ALBSF). While the developmental
timeline of PMBSF maps across somatosensory pathways is well-characterized, the
mechanisms underlying the intra-modal positioning and dedicated cortical territories of these
barrel-field patterns remain elusive. Our findings reveal that as early as embryonic day 18 to
postnatal day 0, S1 barrel-field territories can be distinguished by facial stimulation-evoked
responses and exhibit region-specific transcriptional profiles in the thalamus. To explore the
processes driving this segregation, we developed a mouse model in which the mystacial
whisker pad was unilaterally ablated during embryonic development. This model uncovered
a critical prenatal window during which cortical maps are established, revealing a profound
remapping of barrel-field territories. Specifically, ALBSF barrels, typically smaller and less
distinct than the large, sharply defined PMBSF barrels, exhibited enhanced size and
definition. These differences, traditionally attributed to variations in receptor density and
input type, are instead driven by prenatal mechanisms regulating cortical development and
spatial resolution independently of sensory experience. Notably, this reorganization is
mediated by transcriptional programs in the thalamus, with neurons receiving upper lip inputs
adopting a mystacial-like transcriptional profile. Furthermore, spontaneous activity patterns
in the thalamic region corresponding to upper lip mimic mystacial-like frequencies,
potentially contributing to the improved spatial resolution of this map. However, ALBSF
reorganization occurs independently of this activity. These findings highlight the
developmental plasticity of the somatosensory system, providing insights into the intrinsic
molecular mechanisms shaping sensory maps and advancing our understanding of cortical

development and plasticity in both normal and injury contexts.



Abstract/ Resumen
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Abstract/ Resumen

RESUMEN

La representacion precisa de los estimulos sensoriales en la corteza es fundamental para un
procesamiento sensorial correcto, como se ilustra en la corteza somatosensorial primaria (S1)
de los roedores, donde los bigotes principales y los del labio superior estan representados en
mapas corticales distintos: el territorio de barriles postero-medial (PMBSF) y el antero-lateral
(ALBSF). Si bien se conoce el desarrollo del mapa PMBSF en el sistema somatosensorial, los
mecanismos que subyacen al posicionamiento intra-modal y de las regiones corticales
dedicadas a estos territorios siguen siendo desconocidos. Nuestros datos revelan que, entre
el dia embrionario 18 y el nacimiento, estos mapas se distinguen en la S1 mediante respuestas
evocadas por estimulacion facial y en el tallamo exhiben perfiles transcripcionales especificos.
Para explorar los procesos que impulsan esta segregacion, desarrollamos un modelo de ratéon
al que se privo unilateralmente de los bigotes principales durante el desarrollo embrionario.
Este modelo permiti6 identificar una ventana de tiempo prenatal durante la cual se establecen
los mapas corticales y se pueden reorganizar profundamente. Especificamente, los barriles
del ALBSF, tipicamente mas pequefios y menos definidos que los del PMBSF, aumentaron
su tamafio y definicién. Estas diferencias, tradicionalmente atribuidas a variaciones en la
densidad y el tipo de receptores sensoriales, estan definidas, en cambio, por mecanismos
prenatales que controlan el desarrollo cortical y la resolucion espacial, independientemente
de la experiencia sensorial. Esta reorganizacioén esta mediada por programas transcripcionales
talamicos, donde las neuronas del labio superior adoptan un perfil similar al de las que reciben
informacién de los bigotes principales. Ademas, los patrones de actividad espontanea en el
talamo del labio superior imitan las frecuencias del territorio talimico que corresponde con
los bigotes principales, posiblemente mejorando su resolucién espacial. Sin embargo, la
reorganizacion del ALBSF no depende de esta actividad. Estos hallazgos destacan la
plasticidad del sistema somatosensorial durante el desarrollo, aportando informacién sobre
los mecanismos moleculares intrinsecos que moldean los mapas sensoriales y mejorando

nuestra comprension del desarrollo cortical y la plasticidad en contextos normales y de lesion.
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Introduction

INTRODUCTION

1. Overview

The extraordinary complexity of the brain arises from the intricate interplay of genetic
programming, cellular interactions, activity patterns, and external cues. A central challenge in
neuroscience is understanding how sensory inputs shape the brain's functional architecture.
Sensory information from the environment is first detected by sensory receptors in peripheral
organs, which are activated and transmit this information to cortical sensory areas for
integration and processing. This transmission occurs via parallel sensory pathways that
converge in the thalamus.

The thalamus is composed of modality-specific nuclei with precise topographical
connectivity, a feature that is established during embryonic development and underpins the
functional organization of the thalamocortical loop (Jhaveri et al., 1991; Schlaggar and
O'Leary, 1994; Petersen, 2007, Huberman et al.,, 2008a; Garel and Lépez-Bendito, 2014;
Tsukano et al., 2017). By embryonic day 15 (E15), the mouse cortex and thalamus, though
disconnected, exhibit parallel temporal patterns of territory specification. Both structures rely
on molecular determinants to pre-pattern sensory cortical areas and thalamic nuclei
(Mallamaci and Stoykova, 20006; Rash and Grove, 2006; O’Leary and Sahara, 2008; Greig et
al., 2016; Moreno-Juan et al., 2017). After birth, cortical areas are refined through activity-
dependent mechanisms driven by sensory inputs—both spontaneous and evoked—to form
primary sensory cortical maps. Although these cortical areas are highly specialized before
birth, they retain some plasticity postnatally, allowing their size, shape and position to adapt
to peripheral inputs.

This thesis aims to elucidate the developmental rules governing the establishment of
sensory cortical territories and to uncover the mechanisms that confer identity to different

sensory maps, focusing on the somatosensory system in the thalamus and cortex.
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2. The thalamus

2.1. Fundamental concepts of thalamic development

The mammalian brain is composed of several specialized substructures with unique cellular
populations and connectivity. Understanding how the brain develops its finely tuned
architecture, essential for proper function, requires a thorough exploration of its
developmental processes and the mechanisms driving its compartmentalization. This
organization starts with regionalization, a process that occurs during the earliest stages of
embryonic development (Metzis et al., 2018). Traditionally, two models have been used to
explain this regionalization: the columnar and the prosomeric models. Among these, the
prosomeric model, which is consistent with the protomap hypothesis, offers a detailed
explanation of how the neural tube, specifically its rostral region, differentiates into the
forebrain (prosencephalon), midbrain (mesencephalon), and hindbrain (rhombencephalon).
The forebrain's regionalization, as hypothesized by the prosomeric model, includes six
prosomeres, which later differentiate into the diencephalon (prosomeres 1-3) and the
secondary prosencephalon (prosomeres 4-6) (Martinez et al., 2012; Puelles et al., 2013) (Fig.
1a).

The development of the thalamus is regulated by genetic and activity-dependent
mechanisms (reviewed in Nakagawa, 2019). It is initiated by morphogen gradients such as
Wnt, Sonic hedgehog (Shh), and fibroblast growth factors (FGF) signaling (Kataoka &
Shimogori, 2008; Martinez-Ferre & Martinez, 2009, 2012). The diencephalon is subdivided
into three prosomeres through the activation of these signaling cascades. Prosomere 1 gives
rise to the pretectum, which processes visual information and mediate visual reflexes (Ferran
et al., 2009). Prosomere 2 develops into the thalamus and epithalamus, while prosomere 3
forms the prethalamus, including the reticular nucleus (RTN) and zona incerta (ZI) (Puelles
& Rubenstein, 2003). The zona limitans intrathalamica (ZLI), a region expressing high levels
of Shh, separates prosomeres 2 and 3 and plays a crucial role in differentiating the prospective

thalamus from the epithalamus (Chatterjee & Li, 2012; Chatterjee et al., 2014; Mallika et al.,
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2015) (Fig. 1b). By E10.5 in mice, within the prospective thalamus, Shh gradients establish
rostral (pTH-R) and caudal (pTH-C) progenitor domains, leading to the differentiation of
glutamatergic projecting neurons in pTH-C and GABAergic projecting neurons in pTH-R.
Glutamatergic neurons will compose the thalamic nuclei and project to the cortex (Vue et al.,
2007) while GABAergic neurons will form the perihabenular nucleus (pHB) and the
intergeniculate leaflet (IGL) (Delogu et al., 2012; Fernandez et al., 2018). pTH-C domain
exhibits remarkable heterogeneity, giving rise to the diverse neuronal populations that
compose the thalamic nuclei (Vue et al., 2007; Nakagawa & Shimogori, 2012; Wong et al.,
2018). Recent studies suggest that the position of thalamic progenitors and exposure to

morphogen gradients influence the fate of their thalamic progeny (Shi et al., 2017).
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Fig. 1. Early brain regionalization. a Formation of the primary brain subdivisions during early
developmental stages. b Schematic representation of a sagittal section from an E10.5 embryonic mouse
brain, highlichting prosomeres (p) 1-3 and key morphogens. Inset: The black square outlines the main
structures involved in the regionalization of the diencephalon. 1C, inferior colliculus; p, prosomers; PT,
pretectum; PTh, prethalamus; pTH-C, caudal thalamic progenitor domain; pTH-R, rostral thalamic

progenitor domain; SC, supetior colliculus; ZLI, zona limitans intrathalamica.
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Once the prospective thalamic region is established, the progressive expression of the
postmitotic transcription factor Gbx2 plays a pivotal role in driving the differentiation of
thalamic nuclei. Beginning at E9.0, Gbx2 expression dynamically influences thalamic
development by delineating its boundaries from the prethalamus, pretectum and epithalamus,
while also subdividing the thalamus into distinct nuclei (Fig. 2) (Nakagawa & O’Leary, 2001;
Vue et al,, 2009; Chen et al., 2009; Li et al., 2012; Mallika et al., 2015; Gezelius & Lopez-
Bendito, 2017). The absence of Gbx2 expression disrupts proper development of the
thalamus, leading to abnormal thalamocortical axons (TCAs) migration and impairments in
cell proliferation, highlighting its critical role (Chen et al., 2009; Chatterjee & Li, 2012; Mallika
et al., 2015). In recent years, there has been growing interest in identifying transcription
factors involved in the formation of specific thalamic regions. Notably, our laboratory has
characterized several nuclei-specific genes (Gezelius et al., 2017), which may be crucial for

the organization of TCAs and their precise topographical targeting.

d
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Fig. 2. Gbx2 expression in the developing thalamus over time. a Schematic representation of the

transgenic mouse line Gbhx2CERTZ; R2¢wTmats ysed to study the expression pattern of Gbx2 in the
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developing thalamus. b Tamoxifen administration at E9.0 labels the principal thalamic nuclei in red.
Coronal section at P3 showing RFP expression following tamoxifen induction at E9.0. dLG, dorsal lateral
geniculate nucleus; E, embryonic; LP, lateral postetior nucleus; MG, medial geniculate nucleus; non-princ,
non-principal nuclei; P, postnatal; POm, postetior medial nucleus; TAMX, tamoxifen; Th, thalamus; VPN,

ventral posterior nucleus. Scales bars, 500 um. Scheme adapted from Gezelius et al., 2017.

Neuronal activity plays also an important role for proper development of the
thalamus by reinforcing connections between neighboring cells. Activity-dependent
mechanisms are broadly classified into spontaneous intrinsic activity patterns, and evoked
activity triggered by external stimulus. Spontaneous activity waves emerge at vatrious
developmental stages of thalamic development (Martini et al., 2018) and propagate along
thalamocortical tracts to the neocortex, potentially influencing its structural and functional
maturation. These observations emphasize the complex interplay between genetic, molecular,
and activity-dependent mechanisms in orchestrating thalamic development and shaping its

connectivity with the cortex.

2.2. Differentiation into specialized thalamic sensory nuclei

The thalamus is a highly heterogeneous structure composed of over 40 distinct nuclei, each
characterized by unique connectivity patterns, molecular signatures and functions.
Anatomically, thalamic nuclei are named according to their relative positions within the
thalamic complex, as identified through histochemical techniques (Jones, 1985). Functionally,
these nuclei are grouped into associative, motor and sensory categories, with further
subdivisions based on sensory modalities such as visual, somatosensory and auditory.
Additionally, thalamic nuclei can also be classified as first-order (FO) and higher-order (HO)
nuclei based on the origin of their primary input source (Sherman & Guillery, 1998).

FO nuclei function as sensory drivers, receiving ascending sensory inputs from
subcortical afferents. For example, in the visual thalamus, the dorsal lateral geniculate nucleus
(dLG) is directly innervated by retinal ganglion cells (RGCs) from the retina (Valverde, 1968;

Godement et al., 1984; Reichova and Sherman, 2004). Similarly, the ventral posterior medial
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nucleus (VPM), the somatosensory thalamus, receives input from the trigeminal pathway,
specifically from the principal nucleus (PrV) in the brainstem (Ralston, 1969; Killackey and
Fleming, 1985). The auditory thalamic nucleus, represented by the ventral medial geniculate
nucleus (MGvV), processes sensory input from the inferior colliculus (IC) (Jones and Rockel,
1971; Lee and Sherman, 2010). These nuclei relay sensory information primarily to their
respective primary cortical areas—visual cortex (V1), somatosensory cortex (S1) and auditory
cortex (Al)—with their axons targeting layer 4 predominantly but also extending to other

cortical layers (Clark, 1932; Frost & Caviness, 1980; Sherman & Guillery, 2002) (Fig. 3).

Fig. 3. Organization of the primary
sensory  pathways. Schematic
representation of the three major
Cortex peripheral  sensory  inputs—retinal,
somatosensory, and  cochlear—
projecting to their corresponding FO
thalamic nuclei: dL.G, VPM and MGy,

respectively. TCAs then relay sensory

MGd information from these nuclei to their

' o : qLG ( respective primary cortical areas: V1,
POm\ MGv S1 and Al. Al, primary auditory
Thalamus cortex; dLG, dorsal lateral geniculate
VPM! nucleus; IC, inferior colliculus; LP,
J Ic lateral posterior nucleus; MGd, dorsal

gg @ Brainstem division of the medial geniculate body;

Brainstem @ MGy, ventral division of the medial

geniculate  body; POm, postetior

: ~ medial nucleus; S1, primary
Periphery Q (\ somatosensory cortex; SC, supetior

Soial. Relina ‘Cochlea colliculus; V1, primary visual cortex;

VPM, ventral posterior medial nucleus.

In contrast, HO nuclei are considered modulators of the sensory signals since they
receive driving inputs from cortical layer 5 neurons rather than the periphery (Sherman &
Guillery, 2002; Bickford et al., 2015). They establish connections between the thalamus and
different cortical areas (Butler, 2008). HO nuclei also exhibit modality specification: the lateral
posterior nucleus (LP) is associated with visual processing; the posterior medial nucleus

(POm) is involved in somatosensory functions and the dorsal medial geniculate nucleus
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(MGd) is dedicated to auditory processing. This driver/modulator framework indicates that
FO nuclei primarily transmit peripheral sensory information, while HO nuclei support
cortical processing and integration (Bickford et al,, 2015). HO nuclei are essential for
establishing cortico-thalamo-cortical loops of information, enabling efficient communication
and coordination between different cortical areas (Guillery & Sherman, 2002; Sherman &
Guillery, 2002).

Modality-specific FO-HO pairings, such as dLG-LP (visual), VPM-PoM
(somatosensory) and MGv-MGd (auditory), reflect the thalamus’s organized structure.
Despite their diverse functions, FO and HO nuclei share a common embryonic origin from
prosomere 2, undergoing early developmental segregation and neuronal precursor
specification (Angevine, 1970). This sophisticated organization highlights the thalamus’s

critical role in sensory processing and its dynamic integration with cortical circuits.

3. The cortex

3.1. General principles of cortical development

The cerebral cortex is the largest and most complex component of the mammalian brain, and
has undergone extensive evolutionary adaptations, surpassing all other brain structures in its
complexity. It originates from the dorsal telencephalon (pallium) and is divided into three
major regions: the archicortex (including the entorhinal cortex, retrosplenial cortex,
subiculum and hippocampus), paleocortex (olfactory piriform cortex) and neocortex. The
neocortex, hereafter referred to as the "cortex", is the most extensive region and underpins
advanced cognitive abilities in higher mammals, including human mental capacities. Its
function relies on a highly organized structure along radial and tangential dimensions (Rakic,
1995; Rakic et al., 2009).

Radially, the cortex comprises six layers, each containing heterogeneous populations
of neurons differing in morphology, function and connectivity. These cortical neurons are

broadly classified into excitatory glutamatergic neurons, which establish both local and long-
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range connections, and inhibitory GABAergic interneurons, which mediate local interactions
(Petreanu et al., 2009). Neurons in different layers form vertical connections, creating radial
columns that are grouped into functional cortical modules with shared physiological
properties (Mountcastle, 1997). This columnar organization develops during cortical
formation, with radial glial processes providing scaffolds for clonally related neurons (Rakic,
1988; Rakic et al., 2009). Recent studies employing genetic and viral tracing tools have
elucidated the lineage of neurons originating from apical progenitors during development
(Luskin et al., 1988; Zong et al., 2005; Guo et al., 2013; Gao et al., 2014; Llorca et al., 2019).

The laminar organization of the cortex arises through an inside-out mechanism,
generating all the heterogeneity as soon as they are born (Angevine and Sidman, 1961; Greig
et al., 2013). Excitatory neurons in mice, which are generated between E10.5 and E18.5, start
populating the cortex from the deepest to the most superficial layers (Molyneaux et al., 2007;
Lodato & Atlotta, 2015; Jabaudon, 2017; Di Bella et al., 2021). Neurons at different stages of
maturation respond uniquely to signaling cues, with superficial, less mature neurons
exhibiting greater plasticity than their deep-layer counterparts (Fox & Wong, 2005).

Tangentially, the cortex is divided into functional areas, initially described by
Brodmann in the 1900s, including primary areas such as visual, auditory, somatosensory and
motor regions. These areas are distinguished by differences in gene expression,
cytoarchitecture, chemoarchitecture, and input-output connectivity (O'Leary and Nakagawa,
2002; Sur and Rubenstein, 2005; Rash and Grove, 2000). These primary areas receive sensory
inputs from the periphery, control motor outputs and connect to higher-order or secondary
areas specialized in integration and complex processing. Ultimately, these areas relay
information to multimodal associative cortical regions where it is processed, combined and
integrated.

The unique architecture and connectivity of these cortical regions enable their
specialized functions. Understanding the emergence, organization and specification of these
regions during development is crucial to unraveling the mechanisms underlying cortical

function and its role in cognition and consciousness in the adult.
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3.2 Arealization of the embryonic cerebral cortex

The process by which newborn neurons reach their final areal localization in the cerebral
cortex remains a fundamental question in neuroscience. Two major hypotheses, the
Protocortex and the Protomap, provide complementary frameworks for understanding this
process. These models have evolved from opposing views into an integrative perspective,
highlighting the intricate interplay between intrinsic genetic mechanisms and extrinsic
environmental influences.

The Protomap hypothesis, proposed by Rakic (1988), posits that cortical arealization
is primarily driven by intrinsic genetic programs. According to this model, cortical progenitor
cells in the ventricular zone (VZ) are endowed with a genetic blueprint, predefining their areal
and laminar specification. This intrinsic "protomap" establishes the spatial and functional
organization of the cortex, ensuring that neurons destined for different regions acquire
distinct molecular characteristics before they migrate to the cortical plate. These genetic
mechanisms provide the foundational framework for cortical arealization, operating
independently of external influences. Conversely, the Protocortex hypothesis, introduced by
O'Leary (1989), emphasizes the role of external cues in shaping cortical development. This
theory proposes that the embryonic cortical plate is initially composed of equipotent,
undifferentiated cells. The final specification of these cells into distinct cortical regions, such
as sensory areas, is guided by subcortical inputs, particularly thalamocortical afferents (TCA).
These external signals refine synaptic organization and functional specialization, highlighting
the importance of environmental influences in cortical arealization.

While these models were historically viewed as contradictory, contemporary research
supports an integrative view in which both intrinsic and extrinsic mechanisms work together
to drive cortical development (Grove & Fukuchi-Shimogori, 2003; Arai & Pierani, 2014,
Cadwell et al., 2019; Oberst et al., 2019). Intrinsic genetic programs, governed by morphogens
and transcriptional factors, establish a rudimentary protomap, providing positional identity
and early organization to newborn neurons (Telley et al., 2016). Studies employing advanced

techniques, such as single-cell transcriptomics, have revealed significant differences in gene

23



Introduction

expression among progenitor cells from distinct cortical regions, such as the prefrontal and
visual cortices of the fetal human brain. This differences, as shown by Nowakowski et al.
(2017) become increasingly pronounced as neurons mature highlighting the importance of
intrinsic topographical distinctions and their interaction with external inputs in shaping
cortical circuits. Furthermore, radial glial cells enhance neuronal diversity by varying their
division patterns, generating progenitors with distinct fates and contributing to the
complexity of cortical development (Llorca et al., 2019).

However, this initial framework, while genetically preconfigured, remains plastic and
is subject to modulation by extrinsic inputs. For instance, thalamocortical innervation
influences the spatial and temporal refinement of cortical areas, as shown by sensory-modality
sorting of TCAs inputs during cortical plate development (Schlaggar & O'Leary, 1994;
Pouchelon et al., 2012; Vue et al., 2013; Ohtaka-Maruyama et al., 2018; Martini et al., 2018;
Anton-Bolafos et al., 2019; Monko et al., 2022). Additionally, other extrinsic factors, such as
the membrane potential of the apical progenitors (Vitali et al., 2018) and feedback signals
from newborn neurons to these progenitors (Toma et al., 2014), are crucial. These
mechanisms not only endow apical progenitors with the competence to generate distinct
layer-specific neurons but also help define the identity of the newly formed neurons, ensuring
proper cortical specification.

These findings highlight that cortical circuits emerge from dynamic interactions
between intrinsic genetic programs and extrinsic inputs, which together define their final

architecture and function.

4. Development of connections between thalamus and cortex

The thalamus and cortex establish reciprocal connections that are essential for processing
sensory and motor information in the mammalian brain. During the second and third weeks
of embryonic development in mice, neurons from these regions begin extending their axons,

establishing thalamocortical and corticothalamic pathways. These axons traverse multiple
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territories to reach their specific targets, creating one of the brain's most extensive and critical
networks. This interconnection enables the integration of sensory input from the periphery

into cortical areas, laying the foundation for complex sensory processing.

4.1. Thalamocortical projections

The establishment of thalamocortical connectivity is a tightly orchestrated process that begins
in mice at the end of the second embryonic week (E12.5) and continues into the postnatal
period. The developmental pathway is regulated by a complex interplay of genetic programs,
axon guidance molecules, and spontaneous neuronal activity, each contributing to the precise
wiring of TCAs (Dufour et al., 2003; Marcos-Mondéjar et al., 2012; Mire et al., 2012; Molnar
et al., 2012; Garel & Lépez-Bendito, 2014; Leyva-Diaz et al., 2014; Castillo-Paterna et al.,
2015; Lopez-Bendito, 2018; Antén-Bolafios et al.,, 2018; Quintana-Urzainqui et al., 2020;
Callejas-Marin et al., 2022).

TCAs initiate their journey projecting ventrally from the thalamus before turning
laterally to cross the diencephalic-telencephalic boundary (DTB). Their trajectory is guided
by repulsive cues, including Slitl and Slit2 (Bagri et al., 2002; Lépez-Bendito et al., 2007;
Braisted et al., 2009; Bielle et al., 2011). This phase is further refined by molecular gradients
of Semaphorins/Plexin, ephrins/Eph and netrins/DCC, which organize the axons
topographically as they navigate towards their cortical targets (Braisted, 1999; Molnar et al.,
2012; Garel and Loépez-Bendito, 2014). Upon reaching the internal capsule at E13.5, they
traverse the subpallium through a permissive corridor formed by GABAergic neurons
derived from the lateral ganglionic eminence (LGE) (Uemura et al., 2007). These corridor
cells temporarily localize between the proliferative zone of the medial ganglionic eminence
(MGE) and the globus pallidus, creating a pathway that facilitates TCAs navigation.
Additionally, these cells secrete Neuregulin-1 (Nrgl), a critical axon guidance molecule that
steers TCAs toward their cortical targets, ensuring proper connectivity (Lopez-Bendito et al.,

20006; Bielle et al., 2011).
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By E14.0, TCAs slow down at the pallial-subpallial boundary (PSPB), pausing to
encounter corticofugal axons from subplate neurons (SPNs) (McConnell et al., 1989; de
Carlos & O’Leary, 1992). This interaction, described as the "handshake hypothesis", suggests
that TCAs use corticofugal axons as scaffolds to guide their navigation toward the cortex
(Blakemore & Molnar, 1990). By E15.5, TCAs move dorsally to reach the neocortex and halt
in the subplate (SP), where they form transient connections with SPNs. These temporary
circuits facilitate early cortical communication and are instrumental in refining the
topographic innervation of TCAs to their target cortical layers (Allendoerfer & Shatz, 1994;
del Rio et al., 2000; Little et al., 2009; Kanold & Luhmann, 2010; Viswanathan et al., 2012,
2017; Hoerder-Suabedissen & Molnar, 2015; Kanold et al., 2019; Molnar et al., 2020; Pal et
al., 2021).

At E17.5, TCAs begin invading the cortical plate, primarily targeting layer 4 (L4), the
principal recipient of sensory inputs (Fig. 4). During the first postnatal week, TCAs undergo
a refinement process, forming specialized structures such us barrels in the somatosensory
cortex (S1), which represent sensory input topography (Lopez-Bendito & Molnar, 2003).
While 1.4 remains their principal target, TCAs also establish collateral projections to other
layers, including L5b, facilitating diverse cortical connectivity.

TCAs cross the DTB TCAs cross the PSPB TCAs ‘wait” at the SP TCAs invade the CP
B2~ ™ ga — * g — ™ gz —  * po

DB\
© Guidepost cells TCA & CTA
© Corridor cells “handshake”
+ Netnin1 =
+ Neuregulin S

Fig. 4. Development of thalamocortical connections. Schematic representation of the developmental
time course of TCAs from E12 to E18. During this period, TCAs extend from the thalamus, navigating
through major boundaries such as the DTB and the PSPB, guided by attractant and repulsive cues. CP,
cortical plate; CT, corticothalamic, CTA, corticothalamic axon; DTB, diencephalon-telencephalon
boundary; IC, internal capsule; L4, layer 4; L5, layer 5; L6, layer 6; LGE, lateral ganglionic eminence; PSPB,
pallium-subpallium boundaty; pTh, prethalamus; SP, subplate; TCAs, thalamocortical axons.
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The arrival of TCAs coincides with ongoing corticogenesis, during which cortical
layers, especially granular layers like L4, are still forming. TCAs are thought to act as extrinsic
regulators of cortical development by influencing progenitor proliferation and the
organization of cortical architecture (Molyneaux et al., 2007). Furthermore, spontaneous
neuronal activity, such as embryonic calcium waves, plays a critical role in refining
thalamocortical connectivity and ensuring the proper formation of functional cortical circuits

(Mire et al., 2012; Molnar et al., 2012; Lépez-Bendito, 2018; Antén-Bolafios et al., 2019).

4.2. Corticothalamic projections

All sensory cortical areas receive input from the thalamus and reciprocally project to specific
thalamic nuclei, forming a bidirectional communication pathway (Caviness & Frost, 1980).
Corticothalamic axons (CTAs) constitute approximately 50% of the synaptic input received
by sensory thalamic neurons. These projections play a critical modulatory role, refining and
shaping the relay of sensory information for cortical processing (Sherman & Guillery, 1998;
Briggs & Usrey, 2008; Olsen et al., 2012). The specificity of CTAS is determined by the
laminar origin of the cortical neurons, leading to the identification of three distinct
populations with unique temporal sequences and thalamic targets: SPNs, Layer 6 (L6), and
Layer 5 (L5) neurons. Notably, classical research has highlighted SPNs as the pioneering
CTAs, which provide essential structural guidance for the pathfinding of corticofugal axons
(CFAs) originating from L5 and L6 neurons (McConnell et al., 1989; Kim et al., 1991). L5
and L6 CTAs originate from corticofugal pyramidal neurons and constitute an essential
component of thalamocortical circuitry (Auladell et al., 2000; Price et al., 2006; Molyneaux et
al., 2007).

During embryonic development, postmitotic cortical neurons begin migrating toward
the preplate at E10.5, initiating neurite extension (Bicknese et al., 1994; Noctor et al., 2004,
Lickiss et al., 2012). By E13.5, corticofugal neurons project ventrolaterally and reach the
PSPB (Erzurumlu & Jhaveri, 1992; Jacobs et al., 2007), where CT'As pause for approximately

one day before advancing through the subpallium toward the thalamus (De Carlos and
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O'Leary, 1992; Molnar and Cordery, 1999) (Fig. 4). They enter the internal capsule at E15.5,
guided by corridor cells (Richards et al., 1997; Lopez-Bendito et al., 2000). After traversing
the D'TB, they encounter a second waiting period within the prethalamus between E16.5 and
E17.5, potentially in the thalamic reticular (TRN) and perireticular (PRN) nuclei (Molnar &
Cordery, 1999; Garel & Rubenstein, 2004; Simpson et al., 2009; Chen et al. 2012; Molnar et
al. 2012; Deck et al. 2013; Lokmane et al. 2013; Lokmane & Garel 2014). At this point,
corticofugal axons are sorted, with axons from layer 5 predominantly projecting to cerebral
peduncle, while the remaining axons from L5 and those from L6 to their respective thalamic
nuclei (Clasca et al., 1995; Molnar & Cordery, 1999; Jacobs et al., 2007). Axons start to invade
the thalamus at E17.5 and continue into the early postnatal period (Miller et al., 1993; Molnar
and Cordery, 1999; Jacobs et al., 2007), with somatosensory (VPM) and motor (ventrolateral,
VL) nuclei innervated by birth (E18.5-P0), while visual (dL.G) and auditory (MGv) nuclei by
postnatal day 8 (P8) (Jacobs et al., 2007; Grant et al., 2012).

Layer 6 CTAs primarily project to FO thalamic nuclei (dLG, VPM and MGv)
(Guillery, 1967; Jones and Powell, 1968; Diamond et al., 1969; Hoogland et al., 1987), forming
glutamatergic synapses with relay cells and contacting TRN neurons to establish inhibitory
circuits that modulate thalamic activity (Guillery, 1995; Sherman and Guillery, 1998; Rouiller
and Welker, 2000; Guillery et al., 2002; Jones, 2002). Conversely, layer 5 CTAs target HO
nuclei, facilitating cortico-cortical communication by integrating signals from corticospinal
and corticobulbar neurons (Sherman & Guillery, 2002; Hoerder-Suabedissen & Molnar,
2015). This hierarchical organization underscores the thalamus's dual role as a sensory relay
and inter-cortical communication hub, enabling coordination across cortical areas for
complex cognitive processes (Fries, 2009; Sherman, 2010).

Notably, the development of CTAs is influenced by both intrinsic molecular
programs and peripheral sensory activity. For instance, aggrecan, a repulsive chondroitin
sulfate proteoglycan that is enriched in the dL.G perinatally, regulates CT'As invasion of this
nucleus (Brooks et al., 2013). Sensory deprivation or input ablation can induce transcriptional

and connectivity changes, altering CT'As innervation of FO and HO thalamic nuclei and
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demonstrating the plasticity of these circuits (Frangeul et al., 2016; Grant et al., 2016). Despite
significant advances, the mechanisms regulating final thalamic invasion and functional

maturation of CT'As remain incompletely understood.

4.3. Developmental interplay between thalamus and cortex

The development of the thalamus and cortex occurs simultaneously, with each structure
governed by distinct genetic programs but capable of influencing one another during the

maturation process (Antén-Bolafios et al., 2018).

4.3.1. Thalamic influence on cortical development

The thalamus plays a pivotal role in numerous aspects of cortical development, including
radial organization, cell proliferation, CTAs navigation, cortical area specification,
interneuron maturation and circuit assembly (Rakic, 1991; Dehay et al., 1996; Zechel et al.,
2016). TCAs, for instance, release glutamate, which is essential for the proper growth of
Reelin-expressing interneurons in the cortex (de Marco Garcia et al., 2015). Thalamic input
also regulates the integration of parvalbumin (PV) and somatostatin (SST) interneurons in
the cortical circuitry (Wamsley & Fishell, 2017). Recent studies highlight the significance of
SST interneurons during the first postnatal week, as they ensure the accurate targeting of
thalamocortical input to .4 PV interneurons and pyramidal neurons, supporting the assembly
of the cortical excitatory-inhibitory circuit (de Marco Garcia et al., 2015; Marques-Smith et
al., 2016; Tuncdemir et al., 2016; Che et al., 2018; Takesian et al., 2018). Additionally, L4
pyramidal neurons depend on TCA input for proper segregation and the establishment of
barrel walls in S1 (Li et al., 2013; Assali et al., 2017).

The interaction between TCAs and CTAs is further emphasized by studies showing
aberrant CTAs trajectories in the absence of TCAs, highlighting the latter’s role in guiding
proper CT'As pathfinding (Deck et al., 2013). Thalamic input is also critical for differentiating
primary and secondary cortical areas, as the genetic mechanisms driving this specification are
dependent on its arrival (Chou et al., 2013). For instance, the absence of FO thalamic nuclei

results in primary cortical regions defaulting to a higher-order fate (Vue et al., 2013;
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Pouchelon et al., 2014). Ablation of the FO somatosensory thalamic nucleus (VPM) leads to
the HO nucleus (POm) targeting 1.4 neurons in S1 (Pouchelon et al., 2014), further
underscoring the influence of TCAs on L4 cortical neuron identity and circuit formation.
Early thalamic activity also fosters cortical development by promoting neuronal
identity acquisition, axon refinement, and neuronal migration (Kirischuk et al., 2017;
Luhmann & Khazipov, 2018; Martini et al., 2018; Molnar et al., 2020; Antén-Bolafios et al.,
2019). During the first postnatal week, early gamma oscillations in the thalamus synchronize
activity between the thalamus and corresponding cortical regions (Minlebaev et al., 2011).
Disruption in thalamic activity or presynaptic release can impair the formation of cortical
maps such as barrels in S1 (Narboux-Néme et al., 2012; Li et al., 2013; Arakawa et al. 2014a;
Suzuki et al.,, 2015; Antén-Bolanos et al., 2019). Moreover, spontaneous thalamic activity
during embryonic development is crucial for maintaining sensory systems homeostasis,
potentially influencing cross-modal cortical plasticity through coordinated activity patterns
across sensory thalamic nuclei (Moreno-Juan et al., 2017). These findings underscore the

central role of thalamic activity in driving cortical plasticity and functional organization.

4.3.2. Cortical influence on thalamic development

The cortex exerts significant influence over various developmental processes in the thalamus.
Cortical intrinsic factors, such as transcription factors and positional cues, play a pivotal role
in guiding TCAs to their appropriate cortical targets. For example, ectopic expression of
FGF8 causes duplications or positional shifts in sensory cortical areas, altering TCAs
pathfinding (Shimogori & Grove, 2005; Assimacopoulos et al., 2012). Similarly, transcription
factors such as Emx2, Pax6, Sp8, and COUP-TF1 critically modulate TCAs innervation
patterns (Hamasaki et al., 2004; Manuel et al., 2007; Borello et al., 2014; Armentano et al.,
2007; O'Leary & Sahara, 2008). Misexpression of Pax6, for instance, reduces body map
representations in S1 and VPM, providing evidence of a top-down plasticity effect
(Zembrzycki et al., 2013).

Beyond genetic regulation, early cortical activity is crucial for thalamic development,

influencing key processes such as dendritic and axonal arborization, and axon navigation
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(Simi & Studer, 2018). Disruption of cortical activity in knock-out models targeting NMDA
receptor 1 (NMDART1), metabotropic glutamate receptor 5 (mGluR5), and adenylyl cyclase
1 (AC1) results in profound TCAs deficiencies. These models exhibit smaller, poorly defined
barrels in S1, alongside disrupted neuronal organization and the absence of well-formed
barrel walls (Iwasato et al., 2000, 2008; Datwani et al., 2002; Lee et al., 2005; Ballester-Rosado
et al, 2010, 2016; Antén-Bolafios et al., 2018; Martini et al., 2018). These findings
demonstrate the influence of cortical activity on the precise arrangement of thalamic and
cortical territories.

Opverall, the interplay between cortical genetic programs, intrinsic activity, and
thalamic input highlights a tightly coupled relationship between these structures,
underscoring the bidirectional nature of thalamocortical development, essential for

establishing functional sensory circuits.

4.4. Hierarchical feed-forward connectivity between thalamus and cortex

FO thalamic nuclei receive sensory input from peripheral sensory organs, either directly or
via intermediate hindbrain structures. These nuclei project to cortical layers L4, L5b and L6,
with spiny-stellate neurons in L4 serving as their primary recipients (Alonso & Swadlow,
2017). This pathway allows FO nuclei to transmit driving sensory information to the cortex,
initiating intracortical processing. Within the cortex, these signals propagate through intra-
columnar pathways, progressing from L4 to L2/3 and subsequently to L5 and L6, which
serve as output layers to other brain regions (Lee & Sherman 2010; Thomson 2010; Lee et al.
2012).

Both FO and HO thalamic nuclei receive modulatory feedback input from L6 of their
corresponding cortical areas. However, only HO nuclei establish feedback loops with the
cortex, receiving feedforward input from L5b neurons in the primary cortex (Sumser et al.,
2017; Hoerder-Suabedissen et al., 2018). This unique arrangement positions HO nuclei to
mediate reciprocal communication between cortical areas, forming a dynamic thalamus-

cortex-thalamus loop. This interplay of feedforward and feedback inputs allows HO nuclei
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to process and relay information from one cortical area to another, facilitating integration and
refinement of sensory inputs (Sherman & Guillery, 2002; Reichova & Sherman 2004; Theyel
et al. 2010; Lee & Sherman 2010; Viaene et al., 2011).

Peripheral sensory information (driving input) transmitted through FO nuclei reaches 1.4 of
primary cortical areas and follows two main pathways: intracortical communication, where
signals move from L4 to L.2/3 and subsequently to secondary sensory or motor areas, and
the cortico-thalamo-cortical loop, where L4 neurons connect to L5b neurons that project to
HO thalamic nuclei, which in turn target L4 neurons in secondary cortical areas (Viaene et
al., 2011) (Fig. 5). This transthalamic pathway enables cortico-cortical communication,
linking distinct cortical regions and supporting cooperative processing essential for cognitive

functions (Seidemann et al., 1998; Fries, 2009; Sherman, 2010).
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Thus, the thalamus, plays a dual role as a sensory relay station and a mediator of inter-
areal communication. Optogenetic and calcium imaging studies have shown that L5 cortical
neurons can induce waves of activity in distant cortical areas through transthalamic pathway
(Stroh et al., 2013). Cortico-cortical communication occurs via three mechanisms: intra-
columnar pathways within cortical layers, horizontal connections between primary and
secondary cortices by L.2/3 and L6 neurons, and the transthalamic pathways that integrate
cortical areas through thalamic relays. Although direct connections between cortical areas are
present, the parallel transthalamic pathway provides an additional mechanism for information
transfer, highlighting the thalamus's critical role in sensory processing and higher-order

cognitive integration (Sherman, 2016).

5. Development of sensory systems

5.1. Sensory maps

The sensory pathways are inherently designed to detect stimuli through peripheral sensory
receptors, which transmit this information via specialized pathways to the thalamus and
ultimately to the cerebral cortex. In the cortex, sensory information is represented
topographically, reflecting the spatial arrangement of sensory receptors in the peripheral
sensory organs. These maps are fundamental to sensory processing, with each cortical region
representing a specific modality through a structured layout. For example, visual maps
(retinotopy) correspond to the arrangement of photoreceptors in the retina, somatosensory
maps (somatotopy) mirror the layout of mechanoreceptors on the body, and auditory maps
(tonotopy) organize sound frequencies as detected by cochlear hair cells (Hubel & Wiesel,
1962; Woolsey, 1978; Merzenich et al., 1975).

The development of sensory maps is largely governed by self-organizing principles,
driven by activity-dependent mechanisms and local neuronal interactions. These processes
are thought to refine synaptic connections and establish precise arrangements, enabling

neighboring neurons to exhibit similar response properties. This organization is particularly
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evident in species with smooth, continuous maps, such as primates and carnivores, where
lateral cortical connectivity contributes to the emergence of orderly representations (Bednar
& Wilson, 2016). The formation and refinement of these maps are orchestrated by a
combination of axon guidance molecules, axonal competition, and activity-dependent
mechanisms, collectively ensuring the accurate representation of sensory inputs within the
cortex.

Despite variations across species and sensory modalities, the fundamental principles
underlying the development of sensory maps remain highly conserved. These maps are
essential for organizing cortical circuits, enabling efficient representation and processing of
sensory information that underpins perception and behaviour (Wilson & Bednar, 2015).
Exploring these common features provides valuable insights into the mechanisms governing

the organization and maturation of sensory pathways.

5.2. The visual system: retinotopy

The visual system is responsible for receiving, processing and interpreting visual information
to create a coherent representation of the environment. It follows a hierarchically organized
pathway, beginning with the retina, a peripheral structure that translates light into bioelectrical
signals. The retina is composed of three main layers of cell bodies: the outer nuclear layer,
the inner nuclear layer and the retinal ganglion cell (RGC) layer, separated by two synaptic
layers. The outer cell layer contains photoreceptors, rods and cones, which detect changes in
light. Visual signals are then processed by horizontal and amacrine cells in the inner nuclear
layer, which filter and shape the input before transmitting it to bipolar cells. Bipolar cells
integrate this information and relay it to RGCs in the ganglionic layer, acting as an
intermediary between photoreceptors and the central nervous system (Masland, 2012).
RGCs, a highly specialized class of neurons with over 30 subtypes, respond to specific
visual stimuli, such as contrasts between light and dark or motion direction (Baden et al.,
2016; El-Danaf & Huberman, 2019). Their axons converge to form the optic nerve, which

carries visual information to central brain structures (Erskine & Herrera, 2014). In mice, RGC
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axons begin extending toward the central nervous system at E12.5, with most crossing the
optic chiasm to the contralateral side, while 2-3% remain ipsilateral (Driger & Olsen, 1980).
Contralateral and ipsilateral axons reach the dorsolateral geniculate nucleus (dLG) in the
thalamus by E15.5 and the superior colliculus (SC) in the midbrain by E18.5 (Godement et
al., 1984) (Fig. 6a). The dL.G transmits visual information along the image-forming pathway
to V1, while the SC regulates head movements and eye coordination (Bickford et al., 2015).

Both structures receive feedback cortical projections.
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Fig. 6. Organization and retinotopy in the mouse visual pathway. a Axonal projections from both
eyes are segregated into distinct domains within specific retinorecipient targets that receive binocular input.
Neurons in the dL.G project to V1, which in mice consists of two distinct zones: the monocular zone (M),
receiving input exclusively from the contralateral eye via the dL.G, and the binocular zone (B), integrating
input from both eyes. b Neighboring points in a visual scene are mapped onto adjacent neurons in the
retina, forming retinotopic maps. This spatial organization is maintained in RGCs targets such as the SC,
ensuring that visual information is processed in a topographically ordered manner. dL.G, dorsal lateral

geniculate nucleus; SC, superior colliculus; V1, primary visual cortex. Adapted from Seabrook et al., 2017.

In the LG, approximately 90% of its area is occupied by contralateral axons, whereas
ipsilateral axons cover about 10% and arrive later, around PO—P2. Throughout the visual
pathway, contralateral and ipsilateral projections from RGCs remain segregated to preserve

the topographical representation of eyes, which is essential for binocular vision (Muir-
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Robinson et al,, 2002; Jaubert-Miazza et al., 2005; Huberman et al., 2008a). Initially,
contralateral and ipsilateral axons overlap within the dLG at P0. Segregation begins at P4 and
undergoes refinement by P10 through processes involving synapse and axon elaboration,
followed by elimination. By the time of eye opening, these projections are organized into
distinct, non-overlapping areas (Bickford et al., 2010; Huberman et al., 2008b; Pfeiffenberger
et al., 2005). Although retinal axons contribute only 5-10% of the synapses in the dL.G, they
provide the primary source of excitatory input for thalamic relay cells. Additional inputs to
the dL.G originate from L6 projections of V1, thalamic reticular nucleus (TRN) and brainstem
nuclei (Bickford et al., 2010; Sherman & Guillery, 2002).

The resulting organization forms a retinotopic map, a spatial representation of the
visual field that mirrors the retinal image (Fig. 6b). This precise mapping arises from a
combination of genetic programs, axon guidance molecules (e.g., Ephrins/Eph), and
spontaneous neuronal activity (Brown et al., 2000; Vanderhaeghen et al., 2000; Ellsworth et
al., 2005; Huberman et al., 2005, 20006; Pfeiffenberger et al., 2006; Ackman & Crair, 2014).
While genetically encoded mechanisms provide positional cues, activity-dependent processes
play a critical role in refining connections and ensuring the accurate transmission of visual

information.

5.3. The auditory system: tonotopy

The auditory system processes sound through a complex pathway that begins in the middle
ear and extends to the auditory cortex. Sound vibrations are collected by the auricle and
transmitted as mechanical vibrations through the ossicles of the middle ear (the malleus, incus
and stapes) to the cochlea in the inner ear. Within the cochlea, these mechanical signals are
transduced into electrical impulses by the organ of Corti, a specialized sensory epithelium.
This structure contains inner hair cells IHCs), which act as the primary sensory receptors,
and outer hair cells (OHCs), which amplify low-level sounds to enhance sensitivity and
frequency selectivity (Mann & Kelley, 2011; Ashmore et al., 2010). IHCs connect to type 1

spiral ganglion neurons (SGNs), encoding auditory signals for transmission to the brain
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(Meyer et al.,, 2009). OHCs are innervated by type II SGNs, which modulate cochlear
sensitivity through the olivocochlear reflex, a mechanism essential for adjusting hearing
sensitivity and frequency selectivity (Berglund & Ryugo, 1987; Jagger, 2003; Thiers et al.,
2008; Froud et al., 2015).

In mice, cochlear development begins at E11.5, with IHCs and OHCs undergoing
differentiation by E18.5. However, the cochlea remains functionally immature at birth, and
auditory responses emerge around P12, when cochlear nerve fibers fully innervate the IHCs
(Koundakjian et al., 2007; Lim & Anniko, 1985). Auditory information then travels via the
vestibulocochlear nerve to the cochlear nucleus (CN) in the brainstem, proceeding through
the lateral lemniscus to the inferior colliculus (IC) in the midbrain, and onward to the medial
geniculate body (MGB) in the thalamus, before reaching the auditory cortex (Al). Feedback
loops at multiple levels of the pathway, including those involving the superior olivary complex
(SOC), fine-tune auditory processing and spatial sound localization (Malmierca & Ryugo
2012; Terreros & Delano, 2015).

Like other sensory systems, the auditory system develops a topographic map known
as tonotopy, which organizes sounds spatially based on their frequency (Russell & Sellick,
1977; Mann & Kelley, 2011). This arrangement begins in the cochlea, where neurons are
distributed along its longitudinal axis according to their frequency sensitivity: high frequencies
are detected in the basal region, while lower frequencies are processed in the apical region.
This precise tonotopic segregation is maintained throughout the auditory pathway, including
the CN and brainstem, through well-organized axonal projections that preserve this spatial
arrangement.

Notably, the tonotopic map in the cochlea is established before auditory stimuli can
elicit responses in the auditory nerve. In mice, for instance, hearing onset begins around P12,
suggesting that the initial formation of tonotopy occurs independently of external auditory
input. Instead, this early organization is thought to rely on intrinsic mechanisms, such as
gradients of signaling molecules, including such tyrosine kinase receptors and Ephrin

receptor families, which are crucial for guiding the development of this spatial mapping
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(Farifias et al., 2001; Cramer, 2005; Huffman & Cramer, 2007; Koundakjian et al., 2007;
Kandler et al., 2009).

This tonotopic organization enables sounds of different frequencies to activate
specific regions along the auditory pathway, ensuring precise frequency discrimination and

efficient processing of auditory signals from the cochlea to higher auditory centers.

5.4. The somatosensory system: somatotopy

The somatosensory system is essential for interacting with the environment. It provides
tactile information about objects and proprioceptive feedback on body position and
movement. Additionally, this system regulates body temperature and enables the detection
of painful stimuli, ensuring both sensory perception and physiological homeostasis. Like the
visual and auditory systems, the topographical representation of the different body parts is
not confined to the cortex but is established throughout all sensory stations of the
somatosensory pathway, preserving a precise somatotopic organization and connectivity.

In the 1970s, Woolsey and Van der Loos identified cytoarchitectonic units in 1.4 of
the cortex, which they termed “barrels” (Woolsey & Van der Loos, 1970; Woolsey et al.,
1975). These barrels are a hallmark of the somatosensory cortex, specialized for processing
sensory input from whisker follicles in the rodent’s snout. Corresponding whisker-specific
neural patterns in subcortical structures are known as "barreloids" in the thalamus (Van der
Loos, 1976) and "barrelettes" in the brainstem (Ma & Woolsey, 1984). The spatial distribution
of barrels mirrors the organization of whiskers and sinus hairs on the snout. A similar, albeit
less robust barrel-like pattern can also be found in cortical maps representing the upper lip,
lower jaw, forepaw and hidpaw pads (Belford & Killackey, 1978; Dawson & Killackey, 1987;
Killackey et al., 1995). The entire somatosensory map is revealed as a “musculus” or
“ratunculus” (Erzurumlu and Gaspar, 2012) serving as the rodent equivalent of the well-
known "homunculus" map in humans.

Whisker follicles are innervated by neurons from the trigeminal ganglion (T'G), which

project to various trigeminal nuclei in the brainstem, forming at least four axonal pathways:
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lemniscal 1, lemniscal 2, extralemniscal and paralemniscal (Deschénes & Utrbain, 2009;
Pouchelon et al., 2012; Feldmeyer, 2012). These pathways differ in their brainstem origins,
thalamic targets and cortical projections, including distinct regions and layers. Moreover, each
pathway is associated with distinct somatosensory modalities, reflecting their specialized roles
in processing sensory information. The lemniscal pathway is primarily involved in processing
the combined whisking-touch signal, the paralemniscal pathway plays a key role in the
whisking signal associated with sensory-motor control, and the extralemniscal pathway is
responsible for detecting contact signals (Yu et al., 20006). The lemniscal pathway, the most
extensively studied, is divided into two subcategories, both of which originate at the principal
trigeminal nucleus (PrV) in the brainstem, which contains barrelettes, as the primary
trigeminal station. In lemniscal 1 pathway, PrV axons target the core of VPM barreloids and
TCAs predominantly innervate neurons in I.4 and L6a, with minor projections to .3 and L5b
neurons within the corresponding barrel in S1. These neurons are characterized by single-
whisker receptive fields (Meyer et al., 2010; Oberlaender et al., 2012; Ueta et al., 2023).
Conversely, in the lemniscal 2 pathway, PrV axons innervate the head of VPM barreloids and
TCAs project exclusively to L4 barrel septa neurons, which are distinguished by their multi-
whisker receptive fields (Brecht & Sakmann, 2002; Kitazawa & Rijli, 2018). The paralemniscal
pathway originates from neurons in the rostral part of the interpolaris spinal trigeminal
nucleus (SpVir), which lacks discernible barrelette domains (Pierret et al., 2000), and projects
to the POm thalamic nucleus, a structure also devoid of barreloid organization. Axons from
this pathway predominantly target L1 and L5a neurons in S1, as well as L4 neurons in S2,
particularly within septal regions. Additionally, the paralemniscal pathway extends projections
to the primary motor cortex (M1), highlighting its role in integrating sensory and motor
signals (Wimmer et al., 2010; Bosman et al., 2011; Viaene et al., 2011; Pouchelon et al., 2014;
Kitazawa & Rijli, 2018; Ueta et al., 2023). The extralemniscal pathway arises in the caudal
portion of the interpolaris spinal trigeminal nucleus (SpVic), in which barrelette-like
organization is present, and targets the ventro-lateral VPM (VPMvl), a region that lacks the

barreloid-like structures (Pierret et al., 2000; Bokor et al., 2008; Ueta et al., 2023). This
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pathway project to neurons in 1.3, L4, and L6 of both S1 and S2 cortices, with particularly
dense innervation in S2 (Pierret et al., 2000).

In rodents, the whisker system, particularly the barrel cortex, has been widely studied
as a model for understanding somatosensory processing, due to its precise topographical
organization. Moreover, it serves as a powerful tool for exploring the mechanisms

underlaying the development and plasticity of cortical maps (Erzurumlu & Gaspar, 2020).

5.4.1. Development of the somatosensory pathway

To gain deeper insights into the somatosensory circuitry, this section delves into the
developmental sequence of its pathway, which is crucial for the proper assembly and

functional maturation of the somatosensory system.

The development of the somatosensory pathway begins early in embryogenesis, with TG
neurons forming by E9.0 (Erzurumlu et al., 2010). These neurons differentiate into three
facial divisions: ophthalmic, mandibular and maxillary (whisker-related), based on intrinsic
transcriptomic programs independent of peripheral connections (Hodge et al., 2007,
Pouchelon et al., 2012). TG axons enter the hindbrain at E9.5, innervate cutaneous receptors
(e.g., whisker follicles) by E12.5, and extend oriented collaterals to the PrV in the brainstem
by E14.5, concurrent with PrV genesis (E10.5-E15.5) (Kitazawa & Rijli, 2018). This marks
the onset of topographic mapping, which is refined with whisker-specific precision by E17.5
(Laumonnerie et al., 2015). Maxillary (upper lip and whisker-related) TG axons target the
ventral PrV (vPrV, rombomere3-derived) while mandibular (lower jaw) axons innervate the
dorsal PrV (dPrV, rombomere2-derived) (Erzurumlu & Killackey 1983; Oury et al. 2000;
Erzurumlu 2010; Kitazawa & Rijli 2018; Iwasato & Erzurumlu 2018). Recent unpublished
findings indicate that the upper lip is positioned between the vPrV and dPrV and is derived
from both rhombomere 2 and 3 (unpublished date from our lab in collaboration with Filippo
Rijli). PrV afferents cross the midline at E11.5 and reach the contralateral VPM nucleus by
E16.5, a process directed by intrinsic genetic programs, including the expression of Drgl1

and Hoxa2, which ensure accurate VPM targeting (Ding et al., 2003; Oury et al., 2000;
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Bechara et al., 2015). By P2-P3, PrV-derived VPM afferents refine their diffuse arbors into
whisker-specific patches (barreloids) (Kivrak & Erzurumlu, 2013). VPM axons extend
topographically organized projections to the cortex by E18.5, forming barrels in L4 of S1
between P3 and P4 (Fig. 7) (Woolsey & Van der Loos, 1970; Woolsey et al., 1975; Pasternak
& Woolsey et al., 1975). This process is guided by molecular cues such as Fgf8 and Ephrins
(Fukuchi-Shimogori & Grove, 2001; Shimogori & Grove, 2005) and activity-dependent
mechanisms (Jensen & Killackey, 1987; Fox et al., 1996; Mitrovic et al., 1996; Martini et al.,
2018, 2021; Antén-Bolanos et al., 2019). Early postnatal disruptions such as infraorbital nerve
sectioning can interfere with barrel formation, emphasizing the influence of peripheral and
thalamic inputs in shaping cortical map development (Van der Loos & Woolsey, 1973;

Killackey et al., 1976).
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Fig. 7. Development of the mouse somatosensory system. a Timeline showing the sequential arrival
of afferent inputs along the somatosensory pathway during development. b Timing of axonal and cellular
pattern formation essential for somatotopic map organization. E, embryonic; P, postnatal; PrV, principal
trigeminal nucleus; T'G, trigeminal ganglion, VPN, ventral postetior nucleus; S1, primary somatosensory

cortex. Adapted from Erzurumlu & Gaspar, 2012.

TCAs initially form extensive, unrefined branches, with improperly positioned
branches undergoing elimination ("pruning"), while correctly located ones ate stabilized and

mature into definitive thalamocortical arbors (Senft & Woolsey, 1991a; 1991b; Rebsam et al.,
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2002). Furthermore, some studies suggest that TCAs are pre-organized into columns as they
grow through the cortical plate. During the final stages of TCAs clustering and barrel map
formation, an initial phase of unrefined branching is followed by selective and restrictive
process of arborization (Agmon et al. 1993; Agmon et al. 1995; Crandall et al. 2017; Martini
et al., 2018). Moreover, disruptions to the topographic organization of TCAs along their
pathway have been shown to impair clustering, resulting in aberrant barrel maps (Lokmane
et al. 2013). Collectively, these findings support the hypothesis of a pre-patterned
organization of TCAs before they reach the immature layer 4, underscoring the interplay
between intrinsic genetic programs and subsequent peripheral input in refining

somatosensory maps.

5.4.2. Columnar circuitry

One of the defining features of sensory cortices is their organization into radial columnar
units, which serve as integrative hubs for afferent, intrinsic, and efferent neuronal
information. This columnar framework begins to emerge early during corticogenesis, as
clonally related neurons migrate from the VZ along radial glial cells to form ontogenic
columns (Rakic, 1988; Noctor et al., 2001; Fishell & Kiriegstein, 2003). These primitive
structures provide the foundation for the functional columnar architecture observed in the
mature somatosensory cortex, particularly within the barrel cortex.

Layer 4 forms the core of intracolumnar information flow, receiving the primary
input from the VPM thalamic nucleus and distributing excitation accross all layers of the
column to establish barrel connections (Bruno, 2006). This layer is primarily populated by
two types of excitatory neurons, both adhering to columnar connectivity: spiny stellate (ss)
and star pyramidal (sp) neurons. L4ss neurons exhibit highly localized connectivity,
predominantly targeting neurons within the same barrel and extending to adjacent barrels. In
contrast, L4sp neurons demonstrate long-range connectivity, integrating information
horizontally across multiple neighboring barrels and infragranular layers (Schubert et al.,
2003; Egger et al., 2008; Narayanan et al., 2017). L4ss neurons form the barrel wall and orient

their dendrites toward the barrel hollow, where they establish connections with TCA arbors.
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These neurons primarily target other L4ss neurons and pyramidal neurons in 1.2/3 within the
same barrel, while also extending additional projections to layers 5a, 5b and 6 (Lefort et al.,
2009; Feldmeyer, 2012).

In contrast to other sensory cortices, like the mouse motor cortex, where 1.2/3 to L5
connectivity dominates the intracortical circuitry (Weiler et al., 2008), L4 plays a central role
in the barrel cortex (Lefort et al., 2009), linking thalamic input to 1.2/3 and creating a robust
columnar network (Petersen & Sakmann, 2001; Feldmeyer et al., 2002). Focusing on the
barrel-septa organization, numerous studies have demonstrated that L2 and L3 neurons
located above the barrel receive strong activation from L4 neurons, whereas L2 neurons
situated above the septa are predominantly excited by L5a pyramidal neurons. This
distinction highlights the cortical continuity of the lemniscal (VPM-L4-1.2/3 bartel) and
paralemniscal (POm-L5a-L2) pathways, with L2 serving as a key convergence point for these
two somatosensory processing streams (Shepherd & Svoboda, 2005; Bureau et al., 2000).
L.2/3 pyramidal neurons are vertically connected within the column to both L5a and L5b
neurons (Shepherd & Svoboda, 2005; Lefort et al., 2009; Hooks et al., 2011). However, their
defining characteristic is the presence of long axons that extend vertically while also giving
rise to numerous long-range horizontal collaterals. These collaterals facilitate connections
with adjacent cortical domains, including neighboring columns within S1 as well as ipsilateral
regions such as S2 and M1 (Yamashita et al., 2018). Notably, L.2/3 neurons also project to
the contralateral whisker-related S1 via the corpus callosum, thereby integrating sensory
information across both cortical hemispheres (Petreanu et al., 2007).

Layer 5, the primary output layer of the cortex, can be subdivided into L.5a and L5b
based on differences in histological features, connectivity patterns and functional roles (Wise
& Jones, 1977; Larsen & Callaway, 2006). L5a neurons predominantly process paralemniscal
input from the POm, whereas L5b neurons relay lemniscal signals from the VPM, reflecting
their distinct contributions to sensory processing. Meanwhile, L6 is divided into L6a and L6b.
L6a mainly consists of pyramidal neurons, whereas LO6b is highly heterogeneous,

characterized by a diverse range of dendritic domains found in both barrel and non-barrel
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regions. L6b neurons primarily innervate the POm, with a subset extending axons to L1.
These neurons originate from various cortical regions, including the subplate and cortical
plate, reflecting their developmental diversity. L6a neurons can be further subdivided based
on their projection targets: those projecting intracortically and those targeting the thalamus.
Lo6a is considered the primary source of CT connectivity, playing a key role in feedback
regulation of thalamic function (Jones & Wise, 1977; Thomson, 2010; Fox & Woolsey, 2009).
These neurons can be further categorized into three groups based on their thalamic targets:
(1) neurons projecting exclusively to the VPM with columnar collaterals to L4; (2) neurons
targeting both the VPM and POm, with widespread collaterals to L4 and L5 across multiple
barrels in a non-columnar pattern; and (3) neurons projecting only to the POm, located in
the lower portion of L6a, with some branches extending to L5b. Intracortically projecting
Lo6a pyramidal neurons primarily innervate L5 and L6 across multiple barrels, facilitating
transcolumnar interactions in the infragranular layers of the barrel cortex. L6a neurons
integrate inputs from L5b, other L6a neurons, and 1.4 excitatory neurons, reflecting their
central role in the intracortical and corticothalamic connectivity essential for sensory
processing and feedback mechanisms.

This columnar circuitry underscores the somatosensory cortex's sophisticated
organization, with its layers interconnected through distinct pathways that balance local and
global signal integration. The interplay of thalamocortical and intracortical circuits ensures

precise sensory representation, integrating inputs across layers, barrels, and hemispheres.

5.4.3. Somatosensory maps

In rodents, the somatosensory system is organized into precise topographic maps that
represent different body parts, with the size of each map reflecting the functional significance
of the corresponding region. The most prominent feature of these maps is the extensive
representation of the whiskers, which are critical for tactile exploration and environmental
sensing. In the primary somatosensory cortex, each whisker is represented in a single barrel
(Van der Loos & Woolsey, 1973). This whisker-related representation is known as the
postero-medial barrel subfield (PMBSF) (Welker, 1976; Diamond et al., 2008). The PMBSF
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occupies a disproportionately large portion of the somatosensory cortex, highlighting the
behavioural importance of the mystacial whiskers. Complementing the PMBSF, the antero-
lateral barrel subfield (ALBSF) is another barrel field territory, characterized by smaller and
less refined barrels (Woolsey & Van der Loos, 1970). The ALBSF represents the small
follicles located in the upper lip of the snout (Brecht et al., 1997) and occupies a cortical area

in S1 comparable in proportion to the PMBSF (Fig. 8).
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Fig. 8. Mapping of the somatosensory pathway in mice. Schematic representation of the organization
of peripheral sensory receptors from different body parts across the key stations of the somatosensory
pathway. Sensory inputs from the whisker pad, where mystacial whiskers are arranged in five distinct rows,
are transmitted in a precise topographic manner, preserving somatotopic connectivity at each relay station.
This organization is maintained through the principal trigeminal nucleus (PrV) in the brainstem, where
whisker-related structures form barrelettes, the ventral posterior nucleus (VPN) of the thalamus, where

they appear as barreloids, and finally in primary somatosensory cortex (S1), where they form barrels. The
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gray dashed line represents the midline, marking where axons cross to the contralateral hemisphere. To
facilitate visualization, different body parts are color-coded: whisker pad (WP)-magenta gradient; upper lip
(UL)-orange; lower jaw (L])-green; forepaw (FP), hindpaw (HP) and trunk (T)-blue gradient. ALBSF,
antero-lateral barrel subfield; PMBSF, postero-medial barrel subfield.

Other body parts, such as the paws, trunk, and lower jaw, are also represented in the
somatosensory pathway but occupy smaller cortical regions compared to the barrel subfields.
For instance, the forepaw and hindpaw are mapped in regions adjacent to the barrel subfields,
while the trunk and tail are represented more caudally in S1 (Zembrzycki et al., 2013). The
relative size of these cortical representations mirrors the density of sensory receptors and the
functional importance of each body part. The whisker map, being the largest, reflects the high
tactile sensitivity and receptor density of the whisker follicles, whereas less innervated regions,
like the trunk, have proportionally smaller cortical representations (Feldmeyer, 2012;
Erzurumlu & Gaspar, 2012). Subcortical structures also exhibit these somatosensory maps.
In this work, the corresponding barrel field areas in the thalamus are referred to as the whisker
pad VPM (wpVPM) and upper lip VPM (ulVPM). Additionally, the ventral part of the PrV
(vPrV) is assumed to represent the major whiskers on the snout, while the dorsal PrV (dPrV)
encompasses regions corresponding to the upper lip's small whiskers, lower jaw, paws, and

trunk.

6. Spontaneous activity in sensory systems development

6.1. Overview

Spontaneous activity is widely recognized as a fundamental driver of brain development,
particularly during the early developmental stages. This intrinsically generated activity, which
operates independently of external sensory input, is essential for shaping neural circuits
(Huberman et al., 2008a). Remarkably, even before sensory experience, the newborn brain
possesses the capacity to perceive and interpret its environment. This capability relies on the
precise establishment of neural circuits prior to birth, guided by two key mechanisms:

molecular guidance cues that direct axons to their appropriate targets (Sanes and Yamagata,
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2009) and activity-dependent processes driven by spontaneous neuronal activity (Blankenship
and Feller, 2010; Ackman and Crair, 2014; Antén-Bolafios et al., 2019). Together, these
mechanisms orchestrate the proper assembly of functional neural networks, laying the
foundation for sensory processing and cognitive development. Subsequently, evoked
neuronal activity, primarily driven by external peripheral sensory input, becomes crucial in
refining these networks, playing a fundamental role in the final assembly and maturation of
sensory maps and the establishment of functional circuitry (Landers & Philip Zeigler, 2000;
Hagihara et al., 2015; Van der Bourg et al., 2017; Gribizis et al., 2019; Murata & Colonnese,
2019; Martini et al., 2021).

Spontaneous activity is involved in numerous developmental processes, including cell
differentiation, migration, apoptosis, axon refinement and synapse formation (Katz and
Shatz, 1996; Hanson and Landmesser, 2004; Kilb et al., 2011; Yamamoto and Lépez-Bendito,
2012; Cang and Feldheim, 2013). Ongoing research continues to explore the mechanisms
underlying communication between thalamic and cortical neurons during early development.
Furthermore, spontaneous activity conveys topographic information essential for the
accurate formation of sensory circuits (Erzurumlu and Gaspar, 2012; Arakawa et al., 2014b;
Mizuno et al., 2018a). These findings underscore the importance of spontaneous neuronal

activity in establishing the precise neural architecture required for sensory processing.

6.2. Spontaneous activity in the developing thalamus

Spontaneous neuronal oscillations in the thalamus, known as thalamic calcium waves, are
mediated by gap junctions and are critical for the initial development of thalamocortical
connectivity. In mice, this spontaneous activity begins toward the end of the second
gestational week, displaying endogenous and uncorrelated patterns of activity between E12
and E14. By E14, this activity becomes synchronized, generating waves that travel across
prospective thalamic nuclei. These waves initially involve only FO nuclei but, by E18; also
encompass HO nuclei (Moreno-Juan et al., 2017; Martini et al., 2018; Martini et al., 2021). As

development proceeds, the frequency of thalamic waves decreases, with somatosensory and
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auditory waves ceasing around birth, and visual waves fading by P2 in ex vzvo preparations.

However, whether these patterns are consistent zz vivo remains unclear (Fig. 9).
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Fig. 9. Developmental timeline of thalamic spontaneous activity patterns. Thalamic spontaneous
activity undergoes dynamic transitions throughout embryonic and eatly postnatal development in mice.
Initially, early uncorrelated activity consists of calcium spikes and small localized clusters. As development
progtresses toward late gestation and birth, this activity becomes more synchronized, forming thalamic
calcium waves that coordinate activity across the first-order thalamic nuclei. At perinatal stages, these
waves begin to propagate toward high order nuclei. After birth, during the eatly postnatal period,
spontaneous thalamic activity is characterized by spindle bursts and gamma oscillations, which gradually
diminish and become sparse and decorrelated following sensory onset. dLG; dorsal lateral geniculate
nucleus; E, embryonic; LP, lateral postetior nucleus; MGd; dorsal division of the medial geniculate body;
MGy; al division of the medial geniculate body; P, postnatal; POm, postetrior medial nucleus; VPM, ventral
posterior nucleus. Adapted from Martini et al., 2021.

Synchronized thalamic activity is key to synaptic refinement, aligning sensory inputs
to cortical regions, and driving activity-dependent developmental processes that shape
thalamocortical circuits. Experimental disruptions of this activity have revealed changes in
gene expression that impact the growth and branching of thalamocortical axons (Herrmann
& Shatz, 1995; Uesaka et al., 2007; Mire et al., 2012; Yamamoto & Loépez-Bendito, 2012;
Castillo-Paterna et al., 2015; Moreno-Juan et al., 2017; Antén-Bolafios et al., 2018). For
instance, thalamic waves influence the expression of receptors such as Robol and Dcc, which
regulate axonal growth by acting as inhibitory or stimulatory signals, respectively (Mire et al.,
2012; Castillo-Paterna et al., 2015). This spontaneous activity patterns also influence the size
of cortical regions, with an increased frequency of thalamic calcium waves promoting the
expansion of primary cortical areas through modulation of the expression of the transcription

factor Rozf in the thalamus (Moreno-Juan et al., 2017). Rorf fine-tunes axonal arborization
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within thalamocortical projections, affecting their axonal length and branching. This activity-
dependent regulation contributes to cortical enlargement and the structural organization of
thalamocortical pathways. Notably, thalamic calcium waves have been implicated in cross-
modal plasticity processes during development—a topic that will be explored further in
Section 7.1. “Cross-modal plasticity”.

Thalamic waves are also involved in synaptic pruning. Early in development, an
excess of synaptic connections is formed, which is later refined through activity-dependent
mechanisms. By synchronizing the firing of neuronal populations, thalamic waves generate
activity patterns that selectively strengthen relevant synaptic connections while eliminating
unnecessary ones (Yamamoto & Loépez-Bendito, 2012; Cang & Feldheim, 2013). This
refinement process sculpts the architecture of thalamocortical circuits, preserving only
functionally relevant connections, which is essential for effective sensory processing and
transmission (Hanganu-Opatz, 2010; Molnar et al., 2020). Disruptions in this activity
patterns, caused by genetic mutations, environmental factors, or neurodevelopmental
disorders (O'Donnell & Grace 1998; Herrera & Tarokh, 2024; Uhlhaas & Roux, 2016; Benoit
et al., 2022), can lead to aberrant synaptic connections in thalamocortical pathways and
sensory impairments, underscoring the importance of early synchronized activity in the
formation of these circuits (Lopez-Bendito & Molnar, 2003; Yamamoto & Lépez-Bendito,
2012).

Another significant function of thalamic waves is their role in establishing
topographic maps. These waves coordinate neuronal firing patterns in the developing
thalamus and cortex, aligning sensory inputs with their corresponding cortical regions. This
precise organization is crucial for forming sensory representations, such as the somatotopic
map in the somatosensory cortex (Antén-Bolanos et al, 2019). Antén-Bolanos and
colleagues (2019) demonstrated that embryonic thalamic waves guide the development of
cortical columns and the emergence of functional somatotopic maps. Through the temporal

and spatial synchronization of neuronal activity, thalamic waves ensure the proper
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topographical organization of sensory inputs, forming the foundation for accurate sensory
perception and interaction with the environment.

Thalamic calcium waves diminish by P2 in brain slices; however, their precise
electrical counterpart iz vivo remains unidentified (Moreno-Juan et al., 2017). Extracellular
recordings from early postnatal mice reveal that thalamic activity features spontaneous,
discontinuous bursts of gamma, spindle, or mixed oscillations (Khazipov et al., 2013; Murata
and Colonnese, 2016). While primarily driven by sensory organs, these oscillations can also
be evoked by external stimuli but are not wholly dependent on them. Importantly, this activity
is synchronized with the cortex, playing a crucial role in forming proper thalamocortical
connections, as demonstrated by the coordinated activity between somatosensory barreloids
and their corresponding cortical barrels (Minlebaev et al., 2011; Yang et al., 2013). By the end
of the first postnatal week, thalamic activity transitions into a continuous pattern influenced
by the behavioural state of the animal (Murata and Colonnese, 2018). This shift facilitates the
integration of sensory-driven neuronal activity, essential for refining neural networks.
Collectively, these processes culminate in the maturation of sensory maps, enabling the
formation of functional neural circuits (Hagthara et al., 2015; Van der Bourg et al., 2017,

Gribizis et al., 2019).

6.3. Spontaneous activity in the visual system

Spontaneous activity in the retina arises before eye opening and the onset of visual
experience, playing an important role in the development of the visual system (Wong, 1999;
Akerman et al., 2002; Rochefort et al., 2011). This activity is characterized by propagating
retinal waves —spatially and temporally correlated bursts of neuronal firing within RGCs.
Retinal waves begin during late embryonic stages and persist until the second postnatal week,
overlapping briefly with sensory-driven activity following eye-opening (Ackman et al., 2012;
Syed et al., 2004). These waves are categorized into three distinct developmental stages—type
I, 11, and III—each defined by specific molecular mechanisms and functional roles in circuit

formation.
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Type I retinal waves, which emerge prenatally around E16 and continue until ~P1,
are mediated by gap junctions that facilitate communication between adjacent RGCs. These
waves include both large propagating events and smaller, non-propagating events (Bansal et
al., 2000; Syed et al., 2004; Kihne et al., 2019; Voufo et al., 2023). Our group has made a
significant discovery, demonstrating for the first time that type I retinal waves influence early
sensory circuit development. Specifically, we found that visual and somatosensory circuits
initially emerge intermingled, undergoing functional segregation in the SC during perinatal
stages. This segregation process is driven by the activity of type I retinal waves within the SC
(Guillamoén-Vivancos et al., 2022), highlighting the critical role of these eatly spontaneous
activity patterns in specifying sensory modalities. Interestingly, while gap-junction blockers
partially inhibit type I waves, their persistence suggests the involvement of additional
mechanisms in generating this activity. This observation underscores the need of further
investigation into the genesis and regulation of type I retinal waves (Voufo et al., 2023).

Type 11 retinal waves, mediated by cholinergic signaling in amacrine cells, dominate
from ~P1 to ~P10 (Ford et al., 2012). This phase coincides with the refinement of retinotopic
maps and the eye-specific segregation in the dLG (Huberman et al.,, 2008a; Zheng et al.,
2004). Experimental manipulations, such as blocking nicotinic acetylcholine receptors using
epibatidine or generating 32nAChR-knockout mice (lacking the 32-acetylcholine receptor),
reveal that disruption of type 1I waves impairs eye-specific segregation and changes the ocular
dominance columns, leading to diffuse axonal arborization and enlarged receptive fields
(Penn et al., 1998; Torborg & Feller, 2005; Huberman et al., 2006, 2007, 2008a; Blankenship
& Feller, 2010). These deficits underscore the importance of type 1I waves in establishing
precise retinogeniculate connections.

Type III retinal waves, emerging from ~P10 and lasting until eye-opening (~P12-
P14), are driven by glutamatergic transmission and exhibit localized, fast propagation patterns
(Feller et al., 1996; Syed et al., 2004; Firth et al., 2005; Blankenship et al., 2009; Ackman et al.,
2012; Martini et al., 2021). The overlap of type III waves with early sensory experience

suggests their role in integrating spontaneous and evoked activity to further refine visual
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circuits, including ocular dominance columns and orientation selectivity in V1 (Ackman &

Crair, 2014; Hooks & Chen, 2006) (Fig. 10).

light-evoked eye
activity in V1 opening

Retina P10 ~P12

Fig. 10. Developmental timeline of retinal waves. Type I retinal waves emerge around E16.5 and persist
until approximately P1, mediated by gap junctions. Type II retinal waves begin at P1 and continue until
around P10, relying on nicotinic cholinergic receptors. Type III retinal waves airse around P10 and
conclude by P14, coinciding with eye opening. These waves are driven by ionotropic glutamate receptors.
E, embryonic; P, postnatal; V1, primary somatosensory cortex. Adapted from Martini et al., 2021.

Throughout development, spontaneous retinal waves propagate beyond the retina to
the dLG, SC and V1, where they influence the formation of retinotopic maps and dendritic
arborization (Mooney et al., 1996; Ackman et al., 2012; Siegel et al., 2012; Ackman & Crair,
2014; Kerschensteiner, 2016). Notably, wave-driven activity has been shown to synchronize
neural firing across these structures, as observed in zz vivo simultaneous calcium imaging
studies of the SC and V1 (Ackman et al., 2012). The corticothalamic loop further amplifies
these patterns, highlighting the integrated nature of spontaneous activity throughout the
visual system (Murata & Colonnese, 2016). Retinal activity is also involved in shaping map
formation and refining dendritic structures within the visual cortical regions (McLaughlin et
al., 2003; Siegel et al., 2012; Burbridge et al., 2014).

Experimental approaches, such as blocking retinal activity with tetrodotoxin (TTX)

or pharmacologically targeting specific receptors, have demonstrated the indispensability of
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retinal waves in visual development. For example, blocking type II waves disrupts eye-specific
segregation in the dLG of ferrets and mice, while type III waves can partially rescue these
deficits, emphasizing their complementary roles (Shatz & Stryker, 1988; Huberman et al.,
2008a).

In addition to spontaneous activity, evoked activity plays a crucial role in shaping
visual circuits. Light passing through closed eyelids before eye-opening activates intrinsically
photosensitive RGCs and photoreceptors, potentially influencing the generation of stage I11
retinal waves and refining retinogeniculate projections (Krug et al., 2001; Tu et al., 2005;
Tiriac et al., 2018; Shen & Colonnese, 2016; Tiriac & Feller, 2022). This interaction between
spontaneous and evoked activity ensures the precise development of visual pathways,
including retinotopy and functional connectivity (White et al., 2001; Huberman, 2007; Renna
et al., 2011; Ackman & Crair, 2014).

Finally, retinal activity is involved in regulating gene expression patterns within the
dLG, as evidenced by several studies. Transcriptional analyses of the visual cortex in
monocularly enucleated mice at various developmental stages revealed significant
downregulation of specific genes, including transcription factor Fos, brain-derived
neurotrophic factor (BDNF), early growth factors 1 and 2 (Egrl and Egr2), and genes
associated with MAPK signaling pathway regulation (Majdan & Shatz, 20006). Strikingly, in
binocular enucleated mice, the dLG showed a downregulation of ephrinA5 expression (Dye
et al,, 2012). Further insights came from studies ablating RGCs, which demonstrated
differential expression of ADAMSs metalloproteinases in the dLLG of sensory-deprived mice
(Brooks et al., 2013). Collectively, these findings underscore the influence of retinal activity
in modulating the genetic landscape of the dL.G during development (Brooks et al., 2013).

Opverall, the sequential stages of retinal waves, coupled with their propagation
throughout the visual system, highlight their fundamental role in establishing the structural
and functional architecture of the visual pathway. These insights provide a foundation for
understanding how early activity shapes sensory circuits and prepares the visual system for

sensory-driven refinement.
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6.4. Spontaneous activity in the auditory system

The maturation of the auditory system relies on a complex interplay of spontaneous and
sound-evoked neural activity, with spontaneous events predominating in early development
before the onset of hearing (Geal-Dor et al., 1993; Meng et al., 2020). From embryonic stages,
the cochlea generates rhythmic bursts of spontaneous activity intrinsic to IHCs. These bursts,
driven by calcium-dependent action potentials, have been extensively observed through
electrophysiological studies in neonatal rodents (Tritsch and Bergles, 2010; Johnson et al.,
2011; Kennedy, 2012; Sendin et al., 2014; Wang and Bergles, 2015; Leighton and Lohmann,
2016). Supporting cells periodically release ATP, triggering depolarization in nearby IHCs
and amplifying activity patterns along the cochlear axis (Tritsch et al., 2007; Tritsch & Bergles,
2010; Babola et al., 2021). Additionally, IHCs inherently generate action potentials with
distinct spatial firing patterns along the cochlea's baso-apical axis, suggesting an intrinsic
mechanism for localized signal propagation (Kros et al., 1998; Johnson et al., 2011; Sendin et
al., 2014; Eckrich et al., 2018; Harrus et al., 2018). These IHCs-generated signals excite SGNs
which, by birth (P0), display characteristic intermittent bursts of action potentials (Glowatzki
and Fuchs, 2002; Zhang-Hooks et al., 2016; Coate et al., 2019; Babola et al., 2021).

SGNs act as conduits during the first postnatal week, relaying cochlear-driven
spontaneous activity to brainstem auditory nuclei, including the IC. Iz vivo extracellular
recordings from P4—P8 rats reveal spontaneous bursts of action potentials in these brainstem
regions, emphasizing the peripheral origin of this activity, as it is abolished following
contralateral cochleotomy (Tritsch et al., 2010). By P8—P10, neurons in the auditory nuclei
from the brainstem transition from a predominantly bursting firing pattern to a more
continuous, non-bursting activity profile, which is fully established by P12 (Sonntag et al.,
2009) (Fig. 11). This temporal evolution of firing patterns aligns closely with critical periods
of refinement of auditory circuits and development of tonotopic maps, underscoring the
essential role of spontaneous activity in shaping the functional and structural organization of

the ascending auditory pathway.
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Recent advances in imaging techniques, including mesoscale calcium imaging and
two-photon microscopy, have revealed bilaterally aligned spontaneous activity bands in the
IC as early as P1 (Martini et al., 2021). These bands, originating in the cochlea, increase their
frequency until P11-P12 and exhibit topographic organization correlating with the auditory
cortex (Babola et al., 2018; 2021), underscoring the role of cochlear activity in establishing
nascent tonotopic maps before ear opening. Despite these insights, the auditory thalamus
remains an underexplored domain in this developmental framework, leaving its role in early

auditory pathway refinement largely unresolved.

sound-evoked ear
activity in A1 opening

Cochlea PO P8 "'P12

SGNs (AP bursts)

Fig. 11. Developmental timeline of spontaneous activity in the cochlea. During embryonic
development, the cochlea generates spontaneous activity, which is relayed to spiral ganglion neurons as
bursts of action potential. This activity persists until approximately P12, coinciding with ear opening. Al,
primary auditory cortex; AP, action potential; E, embryonic; P, postnatal; SGNss, spiral ganglion neurons.
Adapted from Martini et al., 2021.

6.5. Spontaneous activity in the somatosensory system

The development of the somatosensory system is profoundly influenced by spontaneous
activity, which emerges during perinatal stages and is closely tied to self-generated body
movements (Blumberg and Dooley, 2017; Fagard et al., 2018). These spontaneous
movements have been shown to originate intrinsically within the spinal cord, independent of
sensory afferent input or supraspinal control, as demonstrated by lesion studies in chick
embryos (Hamburger et al., 1966; Hamburger and Narayanan, 1969). Extracellular recordings

in freely moving chick embryos demonstrated a direct link between neuronal bursts in the
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spinal cord and spontaneous limb movements, providing the first evidence of spontaneous
neuronal activity in the developing nervous system (Provine et al., 1970). Similar patterns of
intrinsic activity have been recorded in neonatal rodents, where spinal motor circuits
spontaneously activate to drive limb movements without supraspinal involvement (Robinson
et al., 2000; Inécio et al., 2016). This spinal activity predominates until the end of the second
postnatal week, when the brainstem assumes primary control over motor functions (Kreider
and Blumberg, 2000; Karlsson et al., 2005).

A key outcome of these spontaneous body movements is the activation of reafferent
sensory pathways, which provide feedback to somatotopically organized regions in the spinal
cord (Inacio et al., 20106). Reafferent signals, which encode spatiotemporal features of self-
generated somatosensory stimuli, are thought to play a pivotal role in shaping thalamocortical
networks during early development, particularly since the somatosensory pathway is
functionally established at birth (Blumberg et al., 2013; Iwasato and Erzurumlu, 2018; Antén-
Bolafios et al., 2019). Two types of body movements—Iocal twitches during active sleep and
complex movements during waking states—trigger distinct reafferent responses. Twitch-
induced signals during sleep evoke robust responses in the somatosensory and motor
cortices, as well as the thalamus (Khazipov et al., 2004; McVea et al., 2012). In contrast,
waking movements either fail to elicit any supraspinal responses, or produce only highly
unreliable responses associated with whisker movements (Tiriac et al., 2012; Dooley et al.,
2020). This state-dependent gating is mediated by the external cuneate nucleus of the
brainstem, which selectively transmits reafferent signals during sleep by comparing them with
motor corollary efferent discharges (Tiriac and Blumberg, 2016). In rats, prior to P11, the
external cuneate nucleus suppresses reafferent signals during waking periods but allows their
transmission during sleep when twitches generate reafference (Fig. 12). This state-dependent
modulation regulates the flow of sensory information to higher-order brain structures,
potentially playing a key role in shaping the developing somatosensory pathway (Martini et

al., 2021).
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WP-evoked exploratory
activity in S1 behaviour

Sensorimotor E18 PO ~P14

movement-related and movement-independent
spontaneous activity

Fig. 12. Developmental timeline of spontaneous activity in the somatosensory system. During early
development, spontaneous activity originates either from intrinsic sensory activity or through sensory-
motor feedback. This activity persists until approximately P14, coinciding with the onset of exploratory
behaviour. E, embryonic; P, postnatal S1, primary somatosensory cortex; Adapted from Martini et al.,
2021.

Beyond reafferent signaling, spontaneous electrical activity in the spinal cord can
occur independently of movement or as a response to external mechanical stimuli (Inacio et
al., 2016). This sensory activity is transmitted to central somatosensory circuits, eliciting
cortical responses even during embryonic stages (Yang et al., 2009; Mizuno et al., 2018a;
Antén-Bolafos et al.,, 2019). Interestingly, activity in the primary somatosensory cortex
persists even after spinal cord lesions, suggesting additional mechanisms influencing the
functional interplay between spinal and cortical circuits during early development (Khazipov
et al., 2004).

In neonatal mice, sensory input to the barrel cortex primarily originates from
spontaneous whisker movements and passive interactions with littermates (Akhmetshina et
al., 2016). Early evoked activity is a key element in driving cortical processes essential for the
development of the somatosensory map. The onset of "mature" activity patterns, which atre
shaped by experience, is linked to exploratory behaviours and the initiation of active whisking
around P12 (Landers & Philip Zeigler, 2006). Notably, early gamma oscillations (EGOs) and
spindle bursts appear in the barrel cortex during a specific developmental window, and their

contributions to somatosensory map formation have been extensively investigated (Yang et
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al., 2013; Minlebaev et al., 2011; Khazipov & Luhmann, 2006; Luhmann & Khazipov, 2018;
Yang et al,, 2018).

In S1, early spontaneous activity plays a vital role in forming functional pre-columns
that later develop into barrel columns (Golshani et al., 2009; Yang et al., 2013). Spindle bursts,
EGOs, and other cortical oscillations emerge in the critical period (discussed in detailed
below), driven by glutamatergic inputs from thalamic afferents and subplate neurons (Dupont
et al., 2000; Tolner et al., 2012; Luhmann et al., 2016). Disrupting this activity, such as by
lesioning the thalamus or silencing peripheral inputs, leads to severe impairments in cortical
map formation (Molnar et al., 2003; Yang et al., 2013). Interestingly, even in the absence of
fully formed barrels, cortical activity exhibits nascent topographic organization, suggesting
that early spontaneous activity encodes topographic information for cortical network
assembly (Khazipov et al., 2013; Mitrukhina et al., 2015; Luhman, 2017; Mizuno et al., 2018b).
Thalamic spontaneous activity has been shown to influence the size of the cortical barrel map
independently of peripheral activity. Moreno-Juan and colleagues (2017) showed that
postnatal whisker trimming, which eliminates whisker-evoked sensory input, does not inhibit
the enlargement of the PMBSF induced by increased thalamic calcium waves activity in the
VPM. This finding highlight that the expansion of this cortical map is governed by thalamic
spontaneous activity, functioning independently of external sensory input. Furthermore,
embryonic thalamic waves play a crucial role in directing the accurate formation of cortical
columns and are essential for the refinement of somatotopic maps (Antén-Bolafios et al.,
2019).

The development of the somatosensory map is influenced by both intrinsic neuronal
activity and external sensory inputs. Studies employing infraorbital nerve (ION) lesions,
whisker manipulations, and genetic approaches have demonstrated that peripheral activity is
critical for proper barrel formation during the first postnatal week, a key window of plasticity
(Van der Loos and Woolsey, 1973; Iwasato et al., 1997; Erzurumlu and Gaspar, 2012). Genes
like NMDA receptor subunits, adenylyl cyclase 1 (AC1), mGIuR5, phospholipase C-31,

cAMP-dependent protein kinase type II regulatory subunit, monoamine oxidase A or
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sodium-dependent 5-HT transporter, are essential for presynaptic and postsynaptic
mechanisms involved in barrel map refinement, as evidenced by mutant models exhibiting
aberrant barrel patterns (Li et al., 1994, 2013; Cases et al., 1996; Iwasato et al., 1997, 2008;
Abdel-Majid et al., 1998; Iwasato, 2000; Salichon et al., 2001; Hannan et al., 2001; Persico et
al., 2001; Lu et al., 2003, 2006; Rudhard et al., 2003; Gheorghita et al., 2006; Inan, 2000;
Watson, 2006; Wijetunge et al., 2008; She et al., 2009; Suzuki et al., 2015; Martini et al., 2018).

These findings highlight the intricate role of activity-dependent processes in shaping
the somatosensory system and emphasize the need for further research to unravel the
interactions between peripheral inputs and centrally generated spontaneous activity patterns

within somatosensory structures during development.

7. Early plasticity in developing sensory systems

The plasticity of thalamocortical circuits in early development plays a crucial role in enabling
the brain to adapt and fine-tune sensory information processing. This process can be divided
into two main types: cross-modal plasticity, which involves interactions and adaptations
between multiple sensory modalities, and intra-modal plasticity, which focuses on changes
occurring within a single sensory modality. Both types of plasticity rely on a complex interplay
of activity-dependent mechanisms, molecular pathways and the dynamics of critical
developmental periods, emphasizing the sophisticated flexibility of the thalamocortical

system throughout development.

7.1. Cross-modal plasticity

Blind individuals exhibit enhanced abilities in auditory, olfactory, and tactile discrimination,
which arise from compensatory neuroplasticity following sensory deprivation (Réder et al.,
1999; Renier et al., 2013; Goldreich & Kanics, 2000). Similarly, deaf individuals demonstrate
superior visual discrimination skills, supported by studies showing increased activity in visual
regions and structural reorganization in auditory areas (Bavelier & Neville, 2002; Bavelier &

Hirshorn, 2010; Lomber et al., 2010; Alencar et al., 2019; Zimmermann et al., 2024).
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Additionally, congenitally deaf individuals display heightened tactile discrimination, likely
reflecting somatosensory system rewiring, further emphasizing the brain's capacity for cross-
modal plasticity (Auer et al., 2007; Cardon & Sharma, 2018). These observations underscore
the brain’s extraordinary ability to redistribute sensory processing resources across modalities
in response to sensory loss.

Contrary to the traditional view that cross-modal plasticity depends solely on sensory
experience, evidence from animal models with perinatal sensory deprivation reveal that it can
occur even before the onset of sensory input. Such early deprivation significantly impacts the
maturation of thalamocortical networks, laying the foundation for subsequent experience-
driven adaptations (Kozanian et al., 2015; Mezzera & Loépez-Bendito, 2016; Moreno-Juan et
al., 2017). Understanding these mechanisms is essential for developing strategies to leverage
the brain’s adaptive potential to support individuals with sensory impairments.

In animal models of blindness (enucleated animals), significant neural reorganization
has been observed. For example, in visually deprived rodents and kittens, the presumptive
visual cortex becomes activated by auditory and somatosensory stimuli (Rauschecker &
Korte, 1993; Yaka et al., 1999; Chabot et al., 2007; Lépez-Bendito et al., 2022). This plasticity
enhances tactile sensitivity, with expanded and improved sensory representations in regions
like the whisker-related barrel cortex (Toldi et al., 1994; Fetter-Pruneda et al., 2013; Abbott
et al.,, 2015). Similarly, naturally blind mole rats exhibit auditory activation in both the visual
thalamus and cortex due to rewired auditory projections, reflecting extensive neural
remodeling (Bronchti et al., 2002; Chabot et al., 2007). In these animals, the dLG receives
atypical innervation from the IC, which also connects to the visual cortex (Chabot et al.,
2008). Notably, in opossums enucleated at birth, the auditory thalamic nucleus establishes
abnormal projections to V1 (Katlen et al., 2006). Enucleation in mice at birth, leads to altered
ephrinA5 expression associated with changes in cortical arealization, suggesting a role for
ephrinA5 in compensatory adaptations at somatosensory-visual boundaries in the absence of
visual input (Dye et al,, 2012). Embryonic enucleation has been shown to induce an

enlargement of barrel size, an elevated frequency of thalamic calcium waves and altered Ror3
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expression in the VPM. These changes contribute to an increase in the structural complexity
of TCA terminals (Moreno-Juan et al., 2017). These thalamic calcium waves are thought to
mediate cross-modal plasticity processes by regulating gene expression patterns that shape
primary cortical areas size before sensory experience. This mechanism enables
communication between different sensory modalities, facilitating sensory maps
reorganization. Additionally, unexplored pathways may mediate the transfer of
somatosensory information into visual circuits. For example, in sighted animals, connections
exist between the HO somatosensory thalamic nucleus POm and V1, as well as between
POm and HO visuo-tactile regions (Charbonneau et al., 2012; Olcese et al., 2013). These data
suggest that early visual deprivation can induce substantial reorganization of subcortical
pathways, enabling the rerouting of somatosensory inputs.

In models of auditory deprivation, cross-modal plasticity involves the repurposing of
the auditory cortex for visual processing. For instance, in neonatal deaf ferrets, experimentally
rerouting retinal axons to the MG enables visual input to be processed within the auditory
cortex. This adaptation allows Al to develop visual cortical functions, including orientation
and motion detection (Sur et al., 1990; Sur & Leamey, 2001). Transgenic mouse models with
altered thalamic sensory input have also provided insights into these mechanisms. In
patticular, following IC ablation, mice lacking ephrin-A2/A5 receptors exhibit significantly
more pronounced abnormal retinal innervation of the MG compared to wild-type controls
(Lyckman et al., 2001). This suggests that ephrin-A gradients are involved in guiding and
shaping these rewired visual projections.

Together, these studies illustrate the brain's extraordinary ability to adapt to sensory
loss, with regions deprived of their primary sensory input being repurposed to process
alternative sensory modalities. This remarkable plasticity not only deepens our understanding
of neural reorganization but also opens promising avenues for developing targeted

interventions to support sensory rehabilitation.

61



Introduction

7.2. Intra-modal plasticity

Intra-modal plasticity is crucial for the development and refinement of cortical sensory maps,
allowing for precise encoding of sensory stimuli. This form of plasticity is deeply rooted in
activity-dependent synaptic modifications, with sensory input serving as a critical driver in
shaping these maps. A prominent example is found in the somatosensory system, specifically
in the barrel cortex, where whisker input during early postnatal stages organizes TCAs into
well-defined cortical barrels. Woolsey and Van der Loos (1970) were the first to describe the
barrel cortex as a somatotopic representation of whiskers, providing a foundational model to
explore sensory-driven plasticity. Later research by Belford and Killackey (1979) and
Killackey and Dawson (1989) revealed that sensory deprivation during early developmental
stages, such as the removal of whiskers or forelimbs, leads to significant remodeling of
somatosensory maps and alterations in thalamocortical connectivity.

Further studies by Killackey et al. (1976) and Woolsey et al. (1979) highlighted the
role of thalamic inputs in cortical map development, showing how competition among inputs
refines synaptic connections to form precise sensory representations through activity-
dependent mechanisms. In recent work, Renier et al. (2017) explored the role of sensory
input in shaping the organization and refinement of cortical barrel maps. In mutant mice with
misrouted trigemino-thalamic inputs, alterations in sensory input resulted in prominent
changes to whisker map representation within the barrel cortex. Notably, these mutant mice
develop bilateral whisker maps instead of the typical unilateral representation and their
findings emphasize the critical role of sensory inputs in organizing cortical representations, a
core principle of intra-modal plasticity.

The critical period represents a developmental window in which sensory input has a
profound impact on neural circuit organization. For instance, damage to whiskers during
early postnatal stages disrupts the formation of cortical barrels, while similar manipulations
at later stages produce negligible changes, highlighting the time-sensitive nature of this period
(Woolsey & Wann, 1976). This plasticity window aligns with the ongoing development of

thalamocortical connections in the somatosensory system (Erzurumlu & Gaspar, 2012).
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Comparable findings in the visual system, as shown in Hubel and Wiesel’s classical studies
(1963), demonstrated that monocular deprivation during the critical period causes lasting
deficits in ocular dominance column formation and visual acuity. These reports illustrate how
monocular deprivation influences neural competition and cortical representations (Hensch,
2005; Craddock et al., 2023; Takahata, 2024; Chen et al., 2024). Cabelli and colleagues (Cabelli
et al, 1997) further showed that during the ocular dominance plasticity period,
thalamocortical projections undergo significant processes of refinement driven by sensory
input and modulated by BDNF signaling.

Neurotrophic factors, including nerve growth factor (NGF) and BDNF are essential
to intra-modal plasticity, as they regulate synaptic strength, promote axonal growth and
facilitate circuit refinement (Xu et al, 2000; Park & Poo, 2013). Synaptic plasticity
mechanisms such as long-term potentiation (L'TP) and long-term depression (LTD) also play
a role in refining thalamocortical circuits by weakening or enhancing synapses in response to
activity patterns mediated by molecular components like AMPA and NMDA receptors (Allen
etal., 2003; Feldman & Brecht, 2005; Bender et al., 20006; Petersen, 2007). The onset of critical
periods for plasticity relies on consistent and reliable input to sensory circuits, which requires
a precise balance between inhibitory and excitatory networks. Notably, GABAergic signaling
is particularly important for setting this balance, ensuring that plasticity can occur efficiently
(Foeller & Feldman, 2004; Hooks & Chen, 2007). These findings highlight the intricate
interaction between activity-dependent processes and neurotrophic factors in refining
sensory maps, ensuring their alignment with environmental inputs. This dynamic interplay
forms the basis for precise sensory processing that persists throughout life.

In this thesis, we aim to build upon the foundational knowledge of intra-modal
plasticity by focusing on an unexplored embryonic critical window during which the size and
spatial resolution of somatosensory maps can be precisely regulated. Our work investigates a
novel mechanism involving thalamic calcium waves and associated transcriptional programs
that drive these developmental processes. This study provides new insights into the early

molecular and cellular events shaping thalamocortical circuits.
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OBJECTIVES

This thesis seeks to uncover the mechanisms underlying the formation of somatosensory
maps and the acquisition of spatial resolution. To achieve this overarching goal, the following

specific objectives are outlined:

* To understand the principles that govern the establishment of somatosensory
territories.

* To investigate the timing of intra-modal plasticity within the somatosensory
territories that occurs following sensory deprivation.

* To unravel whether experience-independent functional reorganization can be
induced between somatosensory territories.

* To eclucidate the interplay between patterns of spontaneous activity and
transcriptional programs in the prenatal thalamus in shaping the resolution of

somatosensory maps.
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Materials and Methods

MATERIALS AND METHODS

Mouse strains

All animal experiments were conducted in accordance with the Committee on Animal
Research at the University Miguel Hernandez that approved all the animal procedures, which
were carried out in compliance with Spanish and European Union regulations. Similar
numbers of male and female mice were used interchangeably. No sex-related differences were
observed in the measurements throughout the study. Mice were maintained in pathogen-free
facilities under standard housing conditions with continuous access to food and water on a
12h light-dark cycle. The number of animals used in each experiment is noted in the figure
legends.

All mouse transgenic lines in this study were maintained on an ICR/CD-1 genetic
background and genotyped by PCR. The TCA-GFP 1y, in which the TCAs are labelled with
GFP, the R26"%"“? mouse lines were previously described (Motreno-Juan et al., 2017;
Mizuno et al., 2014; Antén-Bolafios et al., 2019). The Cre-dependent mouse line, R26°“**
was obtained from Jackson Laboratories (Stock number 024105) and crossed with an
Emx1""* transgenic mouse (Gorski et al., 2002) to conditionally express the fast calcium
indicator GCaMP6f in glutamatergic cortical neurons (Enx7“") (Antén-Bolafios et al.,
2019; Guillamén-Vivancos et al., 2022). The R26%%"”“"? mice were crossed with an inducible
Cré"™ ™ mouse line driven by Gbx2, an early specific thalamic promoter (Gbx2"*"?/*) (Chen
et al., 2009). Double mutants are referred as T/ and triple mutants as TCA-GFP-TH”
(Antén-Bolafios et al., 2019). Tamoxifen induction of Cre recombinase in the double/triple
mutant embryos was performed by gavage administration of tamoxifen (5 mg dissolved in
corn oil, Sigma) at E10 to specifically target all primary sensory thalamic nuclei. Tamoxifen
administration in pregnant mice produces non-desirable side effects such as delivery
problems and decrease survival of newborn pups (Franco et al, 2012). To increase the
survival rate of young pups, we administered 125 mg/Kg of progesterone (DEPO-

PROGEVERA®) intraperitoneally at E14 and implemented C-section procedure at E19.
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Pups were then placed with a foster mother. In all cases, the Cre™ "

-negative littermates were
used as controls of the experimental condition. The r2”“” (Bechara et al., 2015), Krox20“"
(Voiculescu et al., 2000) and R26RZsGreen (Jackson Laboratories, Stock number 007900)
(Madisen et al., 2015) lines, were as described. We crossed Krox20“" with R26RZsGreen to

OZI( sreen

generate double transgenic Krox2 mice and we also generated Krox20”""::r2"“" triple

transgenic mice.

Histology

For in sitn hybridization and immunohistochemistry at postnatal stages, mice were perfused
with 4% paraformaldehyde (PFA) in PBS (0.01 M), and their brains were subsequently
removed and post-fixed in the same fixative overnight. For immunohistochemistry of
embryonic tissue, the brains were dissected out and immediately fixed in 4% PFA overnight.
For Nissl staining, a microtome (MICROM) was used to cut paraffin slices of 5 pm. Next,
the sections were stained in 0.5% cresyl violet (Sigma) solution for 15-25 min and then rinsed
quickly in distilled water. After decolorization in 70% ethyl alcohol for few seconds, the
sections were dehydrated in 95%, 100% ethyl alcohol for 2 to 3 min, cleared in xylen (Sigma)
for 2 min and mounted with Eukitt (Merk). Cytochrome oxidase staining was performed to
label the PrV territories. For cytochrome Oxidase (CytOx) staining, 80 um vibratome coronal
sections were incubated overnight at 37 °C in a CytOx solution: 0.03% cytochrome c (Sigma
C2506), 0.05% 3-3' diaminobenzidine tetrahydrochloride hydrate (DAB, Sigma D5637) and
4% sucrose in PBS. For tangential sections, cortical hemispheres were flattened and
cryoprotected through steps of 10%, 20% and 30% of sucrose in PBS. Then, a cryotome
(MICROM) was used to cut at 80 um tangential sections. Immunohistochemistry was
performed on 80 um vibratome or cryotome brain sections (coronal and tangential), which
were first incubated for 1h at room temperature in a blocking solution containing 1% BSA
(Sigma) and 0.25% Triton X-100 (Sigma) in PBS. Afterwards, the slices were incubated
overnight at 4 °C with the following primary antibodies: guinea pig anti-vGlut2 (1:10000,
Synaptic Systems, 135404), chicken anti-GFP (1:3000; Aves Labs, GFP-1020), rat anti-RFP
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(1:1000, Chromotek, 5F8), rabbit anti-cFos (1:500, Synaptic Systems, 226003), rabbit anti-PV
(1:5000, Swant PV27), and rabbit anti-RFP (1:1000, Rockland, 600-401-379). Sections were
then rinsed in PBS and incubated for 2h at room temperature with secondary antibodies:
Alexa488 donkey anti-guinea pig (1:500, ThermoFisher, A11073), Alexa488 goat anti-chicken
(1:500, ThermoFisher, A11039), Alexa594 donkey anti-rat (1:500, ThermoFisher, A21209)
and Alexa goat 568 anti-rabbit (1:500, Invitrogen, A11011). Counterstaining was performed
using the fluorescent nuclear dye 4',6-diamidino-2-phenylindole (DAPI) (Sigma). In situ
hybridization was performed on 60 um vibratome sections using digoxigenin-labelled
antisense probe for Romx, Ephat, Pou2f2, Hs6st2, Plxna2 and Cdh9. Hybridization was carried
out overnight at 65 °C, and after hybridization, the sections were washed and incubated
overnight at 4 °C with an alkaline phosphatase-conjugated anti-digoxigenin antibody (1:2500-
1:4000, Roche). To visualize the RNA-probe binding, colorimetric reaction was performed
for 1-2 days at room temperature in a solution containing NBT (nitro-blue tetrazolium
chloride, Roche) and BCIP (5-bromo-4-chloro-30-indoly phosphate p-toluidine salt, Roche).
After development, the sections were washed and mounted in Glycerol Jelly (Merck
Millipore). Images were acquired with a Leica DFC550 camera into a Leica DM5000B
microscope, Leica K5 camera into Leica DMi8 microscope or with an Axioscan Z1 widefield

microscope (Zeiss).

Immunolabeling-enabled three-dimensional imaging of solvent-cleared organ

(iDISCO+)

Whole mount for the iIDISCO+ protocol was conducted following the previously described
methods (Renier et al., 2014, 2016). After perfusing mice with 4% PFA, heads (without any
dissection) were dehydrated using a series of methanol concentrations (50, 80, 100, and
100%) and subsequently incubated overnight in 6% H>O, in methanol to bleach the samples.
Following this, heads were incubated in Permeabilization solution (TritonX-100, Glycine,
DMSO) and blocked with Blocking solution (TritonX-100, Donkey Serum, DMSO) for 2

days, respectively. For the clearing process, heads underwent dehydration in methanol (20,
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40, 60, and 80%) at room temperature on a rotating shaker. Specimens were then immersed
twice in 100% methanol for 1 hour and treated overnight in 1/3 volumes of 100%
dichloromethane (DCM; Sigma-Aldrich; 270997). The subsequent day, heads were incubated
in 100% DCM for 30 minutes. Finally, samples were cleared in 100% dibenzyl ether (DBE;

Sigma-Aldrich; 108014) until they became translucent.

Ultramicroscopy and Image Processing

3D imaging was primarily performed with an ultramicroscope 1 (LaVision BioTec) using
ImspectorPro software (LaVision BioTec). The light sheet was generated by a laser
(wavelength 488 nm, LaVision BioTec). A binocular stereomicroscope (MXV10, Olympus)
with a 23x objective (MVPLAPO, Olympus) was used at different magnifications (1.25x).
Samples were placed in an imaging reservoir made of 100% quartz (LaVision BioTec) filled
with ethyl cinnamate and illuminated from the side by the laser light.

Images were generated using Imaris x64 software (version 9.3.1, Bitplane). Stack images were
first converted to Imaris files (.ims) using ImarisFileConverter. The whisker pad and upper
lip areas reconstruction were generated by creating a mask around each one using the “surface
tool” and they were pseudo-coloured (whisker pad area in magenta and upper lip area in
cyan). Each individual follicle was isolated also manually using the same tool, selecting nine
follicles arbitrarily at three different points from medial to lateral. The septa volume
reconstruction from coronal sections of 80 um was generated by creating masks around each

barrel using the “surface tool” and they were pseudo-coloured (orange).

In utero and postnatal whisker pad cauterization

Embryonic unilateral and bilateral whisker pad cauterization (embWPC and bi-embWPC,
respectively) were performed at E14 as described previously for enucleation (Moreno-Juan
et al., 2017. Dams were deeply anesthetized with isoflurane, and the uterine horns were

exposed through a midline laparotomy. Using a fiber optic light source, embryos were
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visualized within the uterus. The whisker pads of selected embryos were then cauterized with
a 0.1mm platinum wire (ThermoFisher) connected to a cautery unit. All follicles within the
whisker pad were carefully cauterized. After cauterizing half of the litter, the embryos were
returned to the abdominal cavity, the surgical incision was closed, and the embryos were
allowed to develop until either E18 or postnatal stages. Postnatal unilateral whisker pad
cauterization (POWPC) was performed on PO pups. Animals were deeply anaesthetized on
ice. The right whisker pad was cauterized under the loupe to specifically burn the principal
whiskers follicles. Pups were then warmed up to 37°C on a heating pad, before being returned

to the mother.

Measurement of brain areas and data analysis

Image] software was used to measure the size of individual barrels, barrel field territories in
the cortex, thalamus and brainstem, as well as the snout areas in slices. For barrel field
territories and snout areas data were normalized. Fach barrel field or snout area from a given
experimental condition was normalized to the corresponding barrel field or snout mean area
in the control, which was considered as 1. For the snout measurements, the skin of the snout
was flattened and post-fixed in 4% PFA. Paraffin slices of 5 pm were obtained to quantify
the number of follicles and the upper lip snout area using Nissl staining. We measure two
slices per animal, one medial and one more lateral, and calculated the average. To quantify
the number of cells in the vPrV, dPrV, PrV, wpVPM, ulVPM and VPM regions, we counted
DAPI-stained nuclei within a 55.35 um” region of interest (ROI) in 80 um coronal sections.
This cell count was extrapolated to estimate the total number of cells in each target area. Four
slices per animal were analyzed, and the cell count across these slices were summed. TCA-
GFP mouse was used for the quantifications of the barrel field definition in flattened
tangential sections, barrel field areas in toto and thalamic territories in slices. To assess the
rostro-caudal gradient of increased barrel size in embWPC mice, we analyzed three distinct
levels along the caudal-to-rostral axis, measuring 4 barrels per level and calculating the

average. The most caudal level was positioned near the remaining PMBSF territory, the most
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rostral near the S1 rostral boundary, and the medial level at the midpoint between these two.
For thalamic rescaling analysis, we examined brain slices at P3, when barreloids become more
prominent, facilitating anatomical analysis. For cortical barrels analysis, we chose P8, as
barrels are well-established at this stage, allowing for clearer visualization and analysis. To
quantify the size of cortical areas i foto, TCA-GFP (control, embWPC, POWPC and
embWPC-T/") mice were perfused and directly processed to obtain images under the stereo
fluorescent microscope (Leica MZ10 F). Coronal serial slices of 80 pm were obtained from
TCA-GFP brains, and thalamic barrel field territories were immunolabel with GFP and
vGlut2 in order to better detect the areas. For AF,/F, quantifications, we used Image] to
measure the gray value of EGFP labelling in barrels of flattened tangential sections. AF,/F
was calculated using the maximum value of the baseline signal average as I in single barrels.
To measure the gray value, we used a 20-width segmented line, covering 5 barrels per
condition, and calculated the average. To compare the barrel profile for the different
conditions, we normalized each barrel’s gray values to the lowest number (septa), which was
considered as 0. Next, we took 11 gray value data points per barrel to normalize the length
for all the conditions. To quantify the mean gray value in septa, coronal serial slices of 80 um
were obtained from TCA-GFP brains, and barrels from PMBSF and ALBSF (control and
embWPC) were immunolabel with GFP to measure the fluorescence of three barrels septa
per condition using Imaris x64 software, and calculated the average. For PV+ cells
quantifications in PMBSF and ALBSF barrels and septa, we counted the number of PV+
cells within four barrels and their septa for each condition in flattened tangential sections of
80 um immunolabel with PV and vGlut2. We quantified cFos expression within PMBSF and
ALBSF layer IV in flattened tangential sections of 80 um immunolabel with cFos. The region
of interest (ROI) was a square of 600x1000 um on each territory measuring the mean gray

value.
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Dye-tracing studies

For axonal tracing, animals were perfused with 4% PFA in PBS. Heads were post-fixed
overnight to trace innervation from the snout to the trigeminal nucleus, while brains were
dissected and post-fixed overnight to trace thalamocortical axons. Small Dil (1,1'-dioctadecyl
3,3,3",3-tetramethylindocarbocyanine perchlorate; Invitrogen), DiA (4-[4-(dihexadecylamino)
styryl]-N-methylpyridinium iodide; Invitrogen) and DiD (1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt; Invitrogen) crystals were
inserted under a stereo fluorescence microscope (MZ10 F, Leica) into the PMBSF, ALBSF,
vPrV, dPrV, the whisker pad and upper lip. The dye was allowed to diffuse at 37 °C in PFA
solution for 4 to 8 weeks to trace the innervation from the snout to the PrV, and 6 weeks to
trace from the vPrV and dPrV to the VPM. To trace the thalamocortical pathway, small Dil
and DIA crystals were inserted into distinct PMBSF barrels (C2, C3, D3 and C4) and Dil,
DiA and DiD crystals were placed into ALBSF territory. To reveal the PBMSF and ALBSF,
a TCA-GFP transgenic specific mouse line was used. The dye was allowed to diffuse at 37
°C in PFA solution for 3 weeks. Vibratome sections (80 pum thick) were obtained and
counterstained with the fluorescent nuclear dye DAPI (Sigma-Aldrich). Three sections per
animal were imaged using a Leica K5 camera into Leica DMi8 microscope. Image analysis
was performed on Image]. To quantify the translocation of the backlabeling in the VPM, the
distance from the dorsolateral geniculate (dLG) nucleus border was measured to the center
of the backlabeled cells in the VPM. The distance from the dLG nucleus border to the
separation between wpVPM and ulVPM was determined following the barreloids rows in the

VPM of ctrl mice.

Measurement of PrV axons overlap in VPM and data analysis

To label thombomere 3-derived vPrV neurons, we used the Krox20" line (Voiculescu et al.,
2000) to drive the Rosa-Zsgreen reporter (R26RZsGreen) (Madisen et al., 2010), whereas to

label thombomere 2-derived dPrV neurons, we used the r2”“” reporter line (Bechara et al.,
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2015). Brains from Krox20“"; R26RZsGreen; 12" animals, in which vPrV and dPrV
projections are labeled simultaneously, were collected at embryonic stages (E16.5, E18.5) and
postnatal stages (PO, P4, P8) for analysis. Embryonic brains were directly post-fixed in 4%
PFA in PBS, while postnatal brains were perfused before post-fixation in the same fixative.
Brains were cut on a Vibratome (Leica) at 60 pm thickness throughout the VPM and PrV.
To enhance the r2:mCherry signal, the sections were stained with a rabbit anti-RFP primary
antibody (1:1000, Rockland, 600-401-379) coupled to an anti-rabbit Alexa 568 secondary
antibody (1:500, Invitrogen, A11011), while the endogenous Zsgreen fluorescence was not
amplified. At least five sections per animal were imaged using Axioscan Z1 widefield
microscope (Zeiss), using a 10x (NA=0.45) plan-APOCHROMAT objective. Subsequent
image analysis was conducted using Image]. To quantify the percentage of overlap of vPrV-
dPrV axons in the VPM, wand tool connecting pixels of the same intensity level in a 15-pixel
range, was used to automatically delineate the innervation area of Krox20+ and R2+ axons,
generating the Regions of Interest (ROIs). Subsequently, the overlapping area and the total
innervation area of both Krox20+ and R2+ axons were measured with the measure tool in

Image] to calculate the percentage of overlap of PrV axons in the VPM.

In vivo mesoscale calcium imaging

As previously described (Guillamén-Vivancos et al., 2022), embryos at E18 were extracted
from the uterus and maintained at 35 °C. E18 pups were immobilized using soft clay. P4 mice
underwent anesthesia with ice, followed by surgical removal of the scalp. A 3D-printed plastic
holder was attached to the skull using cyanoacrylate adhesive and dental cement, then affixed
to a ball-joint holder to stabilize the head. To maintain body temperature, pups were placed
on a controlled temperature heating pad, ensuring a range of 32-34 °C. For recording calcium
activity, we used a 16-bit CMOS camera (ORCA-Flash 4.0, Hamamatsu) coupled to a stereo
microscope (Stereo Discovery V8, Zeiss), which offered 470 nm LED illumination. For
Emx1°“M images were acquired with a frame size of 1024x1024 pixels using a macro

magnification of 1.6x at E18 and of 1.25x at P4, resulting in spatial resolution of 8.12
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um/pixel and 10.64 um/pixel, respectively. Image frames were captured continuously at a

1 GCaMPsf

rate of 3.33 frames per second (300 ms frame period) for Ewmx with an average of 3

movies was acquired per animal.

In vivo mechanical stimulation of the whisker pad

We conducted somatosensory stimulations by touching the whisker pad and upper lip using
2 0.16 g von Frey filament (TouchTest®, BIOSEB). Each animal was stimulated at least three
times, with intervals of 5 minutes between each stimulus. Subsequently, we calculated the size

of responses in the PMBSF and ALBSF elicited by whisker pad and upper lip stimulations.

Analysis of the evoked activity iz vivo

For the assignment of cortical territories, the perimeters of the PMBSF and ALBSF were
determined using the cortical responses elicited by mechanical stimulation of five sites on the
whisker pad, as previously described (Antén-Bolafios et al., 2019; Guillamén-Vivancos et al.,
2022) and two or three sites of the upper lip. At embryonic day (E)18, the perimeters were
predicted by scaling down and superimposing the limits of the sensory territories observed
in the TCA-GFP transgenic line (Mizuno et al, 2014) at P2, as previously detailed
(Guillamén-Vivancos et al., 2022), and using the responses to whisker pad and upper lip
stimulations as reference for PMBSF and ALBSF, respectively. Image analysis was performed
with Image]. The mean fluorescence of five frames just prior to the stimulation established
FO (baseline fluorescence), and a AF/FO0 time seties was then generated from the raw data
and subsequently transformed into 8-bit images before processing with a 2-pixel diameter
Gaussian filter. A maximum intensity projection of all frames containing evoked responses
was obtained. The boundaries of the response were defined using the wand tool, connecting
pixels of the same intensity level within a 15-pixel range, and the area of each response was
calculated using the measure tool in Image]. To measure the active fraction of PMBSF and

ALBSF in embWDPC mice at E18 and P4, the control side was used to delineate the PMBSF
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and ALBSF territories following stimulation of the whisker pad or upper lip, respectively. On
the WPC side, these areas were superimposed using the mirror image from the control side.
The PMBSF and ALBSF active fractions were determined by measuring all elicited responses
within each territory and calculating the percentage of the PMBSF and ALBSF theoretical
areas occupied by these responses following whisker pad or upper lip stimulations. To
quantify the percentage of overlap between responses following whisker pad and upper lip
stimulations (% PMBSF-ALBSF overlap) at E18 and P4, the overlap between all elicited
responses following whisker pad and those following upper lip stimulations was calculated.
To quantify the percentage of overlap within PMBSF or ALBSF (% Responses overlap) in
ctrl and embWPC, the overlap for two different stimuli on the whisker pad or two different
stimuli on the upper lip was calculated.

To visualize the evoked stimuli in different colour profiles for the generation of
supplementary movies, we utilized custom scripts developed in Matlab™. These scripts were
adapted from the image analysis suite WholeBrainDX (referenced in the Data and code
availability section). For each movie, frames containing movement artifacts, spontaneous
activity, and calcium activity deemed as stimulation byproducts were excluded. Baseline
correction was performed using the built-in Matlab function 'msbackadj' with a window size
of 20 and a step size of 20. Subsequently, AF/F0 was computed using the median value of
the corrected signal as FO. Movie segmentation and calcium event detection followed the
method described (James et al., 2014). Image segmentation and generation of a binary movie
involved Gaussian smoothing with an 80 um distance and a signal intensity threshold. The
binary movie was color-labeled using Image] software and customized with a Gaussian filter.
Subsequently, the original movie and the color-coded binary movie were merged using the

'Image Calculator' function in Image].

Microdissection and RNA isolation for RNA-seq

To capture gene expression changes during the critical period of somatosensory map

plasticity, we collected tissue from the wpVPM and ulVPM territories of PO ctrl and embWPC
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pups. Pups were euthanized by decapitation, and their brains were dissected out under
RNase-free conditions to prevent RNA degradation. The brains (five brains were pooled for
each sample) were collected in ice-cold KREBS solution and sliced into 300 pm sections
using a vibratome (VT1000S Leica). The wpVPM and ulVPM territories were rapidly
microdissected under a stereo microscope. The bulk tissue was immediately transferred to
lysis buffer of the Rneasy® Micro Kit (Qiagen, 74004) for total RNA extraction, following
the manufacturer’s instructions. RNA quality was measured for all samples using an Agilent
Bioanalyzer 2100 system, and only samples with RNA Integrity Number (RIN) > 8 were used

for library construction.

Library preparation and RNA sequencing

Library construction and sequencing were performed at Novogene Co. Ltd. Genomics core
facility (Cambridge, UK). cDNA multiplex libraries were prepared using a custom Novogene
NGS RNA Library Prep Set (PT042) kit. Briefly, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. After fragmentation, the first strand cDNA was
synthesized using random hexamer primers followed by the second strand cDNA synthesis.
The library was ready after end repair, A-tailing, adapter ligation, size selection, amplification,
and purification.

The library was checked with Qubit and real-time PCR for quantification and bioanalyzer for
size distribution detection. Libraries were pooled and sequenced in 2x150bp paired-end mode
on a $4 flowcell in the Illumina Novaseq6000 platform. A minimum of 40 million reads were

generated from each library.

Bioinformatic analysis of the RNA-seq

RNA-seq analysis were performed as previously described (Herrero-Navarro et al., 2021) with
minor modifications: quality control of the raw data was performed with FastQC (v.0.11.9).

RNA-seq reads were mapped to the Mouse genome (GRCm39) using STAR (v2.7.92) (Dobin
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et al.,, 2013) and SAM/BAM files were further processed using SAMtools (v1.15). Aligned
reads were counted and assigned to genes using Ensembl release 104 gene annotation and
FeatureCounts, Subread (v2.0.1). Normalization of read counts and differential expression
analyses were performed using DESeq2 (v1.32) (Love et al.,, 2014), Bioconductor (v3.15)
(Huber et al,, 2015) in the R statistical computing and graphics platform (v4.2.2 “Innocent
and Trusting”).

In the analysis of wpVPM and ulVPM datasets (control and embWPC samples) generated
for this study, significantly Differentially Expressed Genes (DEGs) were identified using a
simultaneous statistical significance threshold (Benjamini-Hochberg (BH) adjusted P-value <
0.1) and absolute log2 fold change (log2FC) > 0.14 by shrunken log2FC using the adaptive
T prior Bayesian shrinkage estimator “apeglm” (Zhu et al., 2019). Hierarchical clustering
analysis was performed using “Euclidean” distance and “Complete” clustering methods
metrics to visualize significantly upregulated and down-regulated genes. A linear support-
vector machine (SVM) model for classifying RNA-seq samples was developed using the
e1071 package (v1.7-14). This model was based on the gene expression profiles of the top
500 most variable genes in ulVPM and wpVPM control samples. Subsequently, the C-SVM
model was utilized to predict the classification of ulVPM embWPC samples based on their
transcriptomic profiles.

Functional enrichment analyses were performed using clusterProfiler (v4.4.4) (Gu et al., 2023)
under org.Mm.eg.db package (v3.15) for better annotation data. All enriched terms were
considered significant at adjusted P-values by ‘BH’ < 0.1, in the Gene Ontology (GO) Over-
Representation Analysis. Enrichment results were further clustered and simplified using the

simplifyEnrichment package (version 1.11.1) (Yu et al., 2012).

Ex vivo calcium imaging

At E16, embryos were retrieved from the dam’s uterus by cesarean section, their brains were
rapidly dissected out and they were submerged in an ice-cold slicing solution containing (in

mM): 2.5 KCl, 7 MgSO,, 0.5 CaCl,, 1 NaH,PO,, 26 Na,HCOs, 11 glucose and 228 sucrose.
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Coronal slices (350 um thick) were obtained using a vibratome (VI1200S Leica) and they
were left to recover for at least 30 minutes at room temperature in standard artificial
cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 5 KCl, 1.3 MgSO,, 2.4 CaCl,, 1
NaH,PO4, 26 Na,HCO; and 11 glucose. All extracellular solutions were continuously
bubbled with a 95% O, and 5% CO, gas mixture. Slices were loaded with the calcium
indicator Cal520TM (AAT Bioquest) as previously described (Moreno-Juan et al., 2017;
Antén-Bolanos et al,, 2019), transferred to a submersion-type recording chamber and
petfused with warm ACSF (32-34 °C) at a rate of 1.8 ml/min. Images were acquired with a
digital charge-coupled device (CCD) camera (ORCA-R2 C10600-10B, Hamamatsu) coupled
to an upright microscope (DM-LEFSA, Leica) and using a 5x objective. For recordings of
spontaneous calcium activity, frames were acquired with an exposure time of 150 ms, an
interframe interval of 300 ms, a frame size of 672x512 pixel and a spatial resolution of 2.5

um/pixel. With each slice, 1 to 5 epochs of 15 mins (3000 frames) were recorded.

Analysis of fluorescence spontaneous activity

Analysis of spontaneous thalamic calcium activity was conducted using custom software
developed in Matlab™, which was adapted from the CalciumDX toolbox (indexed in the
Data and code availability section). For each movie, VPM was delineated, and the two
prospective areas (wpVPM and ulVPM) were subdivided into a grid of 6x6 pixels where each
small square is a region of interest (ROI). Calcium activity events were detected based on the
average calcium signal of each ROI over time, employing threshold-based algorithms
modified from CalciumDX. To identify significant synchronous activity and discard ROI co-
activation that resulting from random temporal coincidence of calcium events, we generated
surrogated calcium events sequences for each expetiment using Matlab™. The alternative
dataset was built by randomly shuffling the original temporal intervals between calcium
transients in every ROI while preserving the spiking frequency and temporal structure of the
calcium activity. Subsequently, the maximum value of co-activation from shuffled data was

calculated. Through 1000 iterations, we established a synchronicity threshold as the 95

83



Materials and Methods

percentile of the maximum values of co-activation obtained from the shuffled dataset. In
each experiment, only activity super passing the synchronicity threshold was used for
calculations and visualization. The onset of a synchronic event was defined as the frame in
which co-activation overpass the threshold, while the end was determined as the frame in

which co-activation reached 25% of peak synchronicity.

Behavioural Testing

Twenty-three mice (9 males, 14 females) from four litters were bred for behavioural testing
in adulthood (4 months old). Mice were housed in groups of 2-4 per cage. All behavioural
testing was conducted during the light phase.

To evaluate tactile sensory processing, we used mice with bilateral (rather than unilateral)
whisker pad cauterization at E14 (bi-embWPC group), enabling a more precise assessment
of whisker-dependent processing by eliminating potential compensatory input in response to
vibrissae driven sensory stimuli from the intact contralateral side of the snout in unilateral
cauterized mice. Wild type littermates with intact whiskers served as control mice, while an
additional control group of wild type littermates underwent acute whisker trimming to assess
texture discrimination in the absence of mystacial vibrissae input. Whisker trimming occurred
on day 2, three hours after the second habituation session (see protocol below). All groups
of mice were anaesthetized with 5% isoflurane for induction and maintained on 2% isoflurane
for 10 minutes. In the trimmed group, precise trimming to the fur level was achieved using
micro spring scissors and a surgical microscope, carefully sparing upper-lip whiskers.

Mice were habituated to handling and the testing room over 5-7 days, with dim lighting (20-
30 lux) before testing. Behavioural testing arena was a black methacrylate box (40 x 40 x 40
cm) with no visual cues, and illumination was kept low (3-5 lux) to minimize visual
information. Target objects consisted of 3D-printed cylinders (4 cm diameter, 9 cm height)
covered with sandpaper of either 80 or 180 grit (P80 or P180) using double-sided tape. Six

sets of textured covers were prepared a week prior to testing to minimize residual odors; each
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set contained four covers (three P180 and one P80), avoiding repetitive use and minimizing
olfactory interference.

We used a modified whisker-dependent texture discrimination task based on established
protocols (Wu et al., 2013; Benamer et al., 2020; Balasco et al., 2022). This three-day paradigm
takes advantage of mice’s innate preference for novelty. During days 1 and 2 (habituation
sessions), mice freely explored the empty arena for 5 minutes each day. On day 3 (testing
sessions), two identical P180 sandpaper-covered cylinders were placed diagonally within the
arena (12 cm from walls, 15 cm apart) during the sample session (ti). Mice explored these
objects for 5 minutes before being returned to their home cages for a 2-minute inter-trial
interval (ITI). During this interval, the arena and objects were cleaned with 70% ethanol, one
P180 cover was replaced with a P80 sandpaper to create a novel texture and the other P180
cover was replaced by a new P180 cover. The short ITI minimized the influence of
hippocampal processes on texture discrimination. During the test session (t»), mice were
returned to the arena to explore both the familiar (P180) and novel (P80) textures for 5
minutes. Mice were acclimated to the testing room for 30-60 minutes prior to each session.
Data analyses were performed offline using custom Matlab scripts to track and analyze
locomotor and exploratory behaviours. Texture discrimination was assessed using the
discrimination index (DI), calculated as the proportion of time spent exploring the novel

texture relative to the total exploration time, according to the formula:

Tnew

~ Tnew + Tfamiliar

where T, refers to the time spent exploring the novel texture (P80) and T is the time
spent on the familiar texture (P180). In sample session (t1), T}, refers to the texture that will
be replaced in the following test session (tz). DI values range from 0 to 1, with a value of 0.5

indicating no preference, and values above 0.5 indicating a preference for the novel texture.
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Statistical analysis

Data were analysed using Prism 9 (GraphPad). A Kolmogorov-Smirnov normality test was
conducted on all datasets. For independent data that conforming to a normal distribution, an
unpaired two-tailed Student’s #test was employed to compare two groups. In cases where
independent data that did not follow a normal distribution, a Mann-Whitney U-Test two-
tailed test was used for comparison. For analyses involving more than two groups and one
factor, one-way ANOVA was applied, followed by a Tukey post hoc analysis when data
exhibited a normal distribution. For more than two groups and two factors, two-way
ANOVA was conducted, followed by a Tukey post hoc analysis for normally distributed data.
When data did not conform to a normal distribution, a Kruskal-Wallis test was performed,
followed by Dunn’s multiple comparisons without any correction. Results are presented as
mean T standard error of mean (SEM) with the n value for each dataset. Statistically
significant effects and n numbers are detailed in the corresponding figure legend or Methods.
The significance threshold was set at 0.05, two-tailed (not significant, ns, p > 0.05; *p < 0.05;
p < 0.01; **p < 0.001). In the bioinformatical analysis, DEGs were identified using a
statistical significance threshold (BH-adjusted p value < 0.1) and set as follows: *adj. p < 0.1,
**adj. p < 0.01, and ***adj. p < 0.001. No data exclusion was performed. Data for RNA-seq
were processed according to the description in the Methods sections, and statistical details

are explained in the results and corresponding figure legends.

Quantifications

Main Figures

In Fig. 1b: Whisker pad volume, unpaired two-tailed Student #test. **p < 0.01. Upper lip
volume, unpaired two-tailed Student #test. ns, p= 0.11. Upper lip area, unpaired two-tailed
Student ~test. ns, p= 0.32. 9 follicles volume, two-tailed Mann-Whitney U-test. *p < 0.05.
ns, p= 0.73. Upper lip number of follicles, unpaired two-tailed Student ~test. ns, p= 0.78. In

Fig. 1d: unpaired two-tailed Student #test. PMBSF, ***p < 0.0001, ALBSF, ***p= 0.0002.
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In Fig. 1f: unpaired two-tailed Student ~test. Dil, ***p= 0.0002, DiA, ***p < 0.0001. In Fig.
1h: unpaired two-tailed Student #test. ns, PMBSF, p= 0.55, ALBSF, p= 0.30. In Fig. 1j:

unpaired two-tailed Student #test. ns, p= 0.09. **p < 0.01.

In Fig. 2¢: unpaired two-tailed Student #test. PMBSF active fraction after wps, *p= 0.0198,
PMBSF active fraction after uls, ***p=0.0001, ALBSF active fraction after wps, **p= 0.0037,
ALBSF active fraction after uls, **p= 0.0014. In Fig. 2e: PMBSF active fraction, unpaired
two-tailed Student #test. **p < 0.01. ALBSF active fraction, two-tailed Mann-Whitney U-
test. ns, p= 0.06. *p < 0.05. In Fig. 2f: Kruskal-Wallis test, ***p <0.001. Dunn’s multiple
comparison test post-hoc analysis, cttl E18 vs embWPC E18 ns, p= 0.37; ctrl E18 vs ctrl P4,
xp=0.0009; ctrl E18 vs embWPC P4, ***p < 0.0001; embWPC E18 vs ctrl P4 ns, p= 0.77;
embWPC E18 vs embWPC P4 ns, p= 0.14; ctrl P4 vs embWPC P4 ns, p > 0.999.

In Fig. 3d: Kruskal-Wallis test, ***p <0.001. Dunn’s multiple comparison test post-hoc
analysis, wpVPM cttl vs wpVPM embWPC ns, p= 0.14; wpVPM ctrl vs ulVPM embWPC
ns, p= 0.32; wpVPM embWPC vs ulVPM embWPC ns, p >0.99. wpVPM ctrl vs ulVPM ctrl,
*p= 0.04. ulVPM cttl vs ulVPM embWPC, ***p < 0.0001. In Fig. 3f: Thalamus, wpVPM,
Two-way ANOVA test: ***p <0.001. Tukey’s multiple comparison test post-hoc analysis, ns,
p= 0.98. ***p < 0.0001; ulVPM, Kruskal-Wallis test, ***p= 0.0005. Dunn’s multiple
comparison test post-hoc analysis, ns, p >0.99. **p= 0.0019. Cortex, PMBSF, Two-way
ANOVA test: ***p < 0.0001. Tukey’s multiple comparison test post-hoc analysis, ns, p=
0.99. ***p < 0.0001; ALBSF, Two-way ANOVA test: **p <0.0001. Tukey’s multiple
comparison test post-hoc analysis, ns, p= 0.52. ***p= 0.0002. In Fig. 3h: Dil, two-tailed

Mann-Whitney U-test. ns, p= 0.7; DiA, unpaired two-tailed Student #test. ns, 0.76.

In Fig. 4b: One-way ANOVA test: ***p <0.0001. Tukey’s multiple comparison test post-hoc
analysis, ns, p= 0.056, ***p <0.0001. In Fig. 4i: Negative binomial generalized linear model
(GLM) analysis, p-values calculated using a two-tailed Wald's test. Adjusted p-values were

obtained using the Benjamini-Hochberg (BH) method for multiple comparisons, with a
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significance threshold of adjusted p-value < 0.1. Rorx wpVPM-ctrl vs ulVPM-ctrl, ***adj. p
< 0.0001; Roroe wpVPM-ctrl vs ulVPM-embWPC ns, adj. p= 0.98; Rorax ulVPM-ctrl vs
ulVPM-embWPC, **adj. p= 0.002; Hs6522 wpVPM-ctrl vs ulVPM-ctrl, ***adj. p < 0.0001;
Hs65t2 wpVPM-cttl vs ulVPM-embWPC, *adj. p= 0.04; Hs65t2 ulVPM-ctrl vs ulVPM-
embWPC, ***adj. p < 0.0001; Pou2f2 wpVPM-cttl vs ulVPM-ctrl, ***adj. p < 0.0001; Pou2f2
wpVPM-ctrl vs ulVPM-embWPC, *adj. p= 0.07; Pox2f2 ulVPM-ctrl vs ulVPM-embWPC,
**adj. p= 0.0003; Ephat4 wpVPM-ctrl vs ulVPM-ctrl, ¥**adj. p= 0.0008; Ephat wpVPM-ctrl
vs ulVPM-embWPC ns, adj. p= 0.79; Epha4 ulVPM-cttl vs ulVPM-embWPC, *adj. p= 0.08;
Plxna2 wpVPM-cttl vs ulVPM-ctrl, ***adj. p < 0.0001; Plxna? wpVPM-cttl vs ulVPM-
embWPC, *adj. p= 0.06; Plxna2 ulVPM-cttl vs ulVPM-embWPC, ***adj. p < 0.0001; Cdh9
wpVPM-ctrl vs ulVPM-ctrl, ***adj. p < 0.0001; Cdh9 wpVPM-cttl vs ulVPM-embWPC ns,
adj. p= 0.98; Cdh9 ulVPM-ctrl vs ulVPM-embWPC, ***adj. p < 0.0001.

In Fig. 5b: Barrels average area (34 barrels), Two-way ANOVA test: ***p <0.0001. Tukey’s
multiple comparison test post-hoc analysis, ns, p= 0.88. ***p < 0.0001. Average area of 4
barrels per three caudal-to-rostral levels, Two-way ANOVA test: ***p <0.0001. Tukey’s
multiple comparison test post-hoc analysis, level 1 ALBSF-ctt]l vs ALBSF-embWPC, ***p <
0.0001; level 2 ALBSF-ctrl vs ALBSF-embWPC, **p < 0.0001; level 3 ALBSF-ctrl vs
ALBSF-embWPC, ns, p= 0.21; level 1 ALBSF-cttl vs level 2 ALBSF-ctrl, ns, p > 0.99; level
1 ALBSF-ctrl vs level 3 ALBSF-ctrl, ns, p= 0.88; level 2 ALBSF-cttl vs level 3 ALBSF-ctrl,
ns, p= 0.92; level 1 ALBSF-embWPC vs level 2 ALBSF-embWPC, **p= 0.0023; level 1
ALBSF-embWPC vs level 3 ALBSF-embWPC, ***p < 0.0001; level 2 ALBSF-embWPC vs
level 3 ALBSF-embWPC, **p= 0.0027. In Fig. 5c: barrel/septum fluorescence ratio
(AFb/Fs), Two-way ANOVA test: ***p <0.0001. Tukey’s multiple compatison test post-hoc
analysis, PMBSF-ctrl vs ALBSF-embWPC ns, p= 0.80; ALBSF-ctr] vs ALBSF-POWPC ns,
p= 0.35; PMBSF-ctrl vs ALBSF-cttl, ***p <0.0001; ALBSF-ctrl vs ALBSF-embWPC, ***p
<0.0001; PMBSF-ctrl vs ALBSF-POWPC, ***p <0.0001; ALBSF-embWPC vs ALBSF-
POWPC, ***p <0.0001. Gray value fluorescence intensity in a barrel, One-way ANOVA test:

p= 0.0002. Tukey’s multiple comparison test post-hoc analysis, ns, p= 0.99. PMBSF-ctrl
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vs ALBSF-embWPC ns, p= 0.99; ALBSF-ctrl vs ALBSF-POWPC ns, p= 0.99; ALBSF-ctrl
vs ALBSF-embWPC, *p= 0.01; PMBSF-ctrl vs ALBSF-ctrl, **p= 0.005; ALBSF-embWPC
vs ALBSF-POWPC, **p= 0.005; PMBSF-ctt]l vs ALBSF-POWPC, **p= 0.0023. In Fig. 5e:
One-way ANOVA test: *p= 0.01. Tukey’s multiple comparison test post-hoc analysis,
PMBSF cttl vs ALBSF-embWPC ns, p= 0.75; ALBSF-ctrl vs PMBSF-ctrl, *p= 0.048;
ALBSF-ctr]l vs ALBSF-embWPC, *p= 0.013. In Fig. 5g: PV+ cells in barrels P8, One-way
ANOVA test: **p <0.0001. Tukey’s multiple comparison test post-hoc analysis, PMBSF-
ctrl vs ALBSF-embWPC ns, p= 0.98; PMBSF-cttl vs ALBSF-ctrl, ***p= 0.0003; ALBSF-
embWPC vs ALBSF-ctrl, ***p= 0.0002. PV+ cells in septa P8, One-way ANOVA test: ¥***p
<0.0001. Tukey’s multiple comparison test post-hoc analysis, PMBSF-ctrl vs ALBSF-
embWPC ns, p > 0.99; PMBSF-ctrl vs ALBSF-cttl, ***p < 0.0001; ALBSF-embWPC vs
ALBSF-cttl, ***p < 0.0001.

In Fig. 6¢: One-way ANOVA test: ***p <0.0001. Tukey’s multiple comparison test post-hoc
analysis, ns, p= 0.18. ***p < 0.0001. In Fig. 6f: PMBSF, unpaired two-tailed Student ~test.
*¥p <0.0001; ALBSF, two-tailed Mann-Whitney U-test. ***p= 0.0002. In Fig. 6j: Total time
of exploration, Two-way ANOVA test: **p= 0.0023. Tukey’s multiple comparison test post-
hoc analysis, t1 ctrl vs bi-embWPC, *p= 0.05; t1 ctrl vs trimmed, **p= 0.001, t1 bi-embWPC
vs trimmed ns, p= 0.42; t2 ctrl vs bi-embWPC, *p= 0.029; 2 ctrl vs trimmed, *p= 0.029, t2
bi-embWPC vs trimmed ns, p= 0.997. Discrimination Index, Two-way ANOVA test: **p=
0.002. Bonferroni’s multiple comparison post-hoc test; t1 ctrl vs t2 ctrl, *p= 0.035; t1 bi-

embWPC vs t2 bi-embWPC, **p= 0.009; t1 trimmed vs t2 trimmed ns, p> 0.999.

Data availability

RNAseq datasets have been deposited at the National Center for Biotechnology Information
(NCBI) Gene  Expression  Omnibus  (GEO) as  GEO:  GSE260865

(https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE260865) and are publicly

available as of the date of publication.
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The remaining data are available within the Article, Supplementary Information, or Source
data file. Source data are provided with this paper. Any additional information required to

reanalyze the data reported in this work paper is available from the lead contact upon request.

Code availability

This study did not generate original code. For ex vzvo experiments analysis, calcium imaging

code previously reported” and deposited at https://github.com/ackman678/CalciumDX.

For in vive calcium imaging experiments, the code from WholeBrainDX repository (James et

al., 2014) (available at https://github.com/ackman678/wholeBrainDX) was employed to

prepared the supplementary videos. For behavioural experiments, video recordings were

processed using custom codes developed with Matlab’s Image Processing Toolbox.
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RESULTS

The results of this thesis are published in Nature Communications, in the annexed paper titled
“A prenatal window for enhancing spatial resolution of cortical barrel maps”, where I
am the sole first author. This work was conducted in collaboration with members of my
laboratory and researchers from other institutions, and the specific contributions of each co-
author are outlined below: Guillermina Lépez-Bendito and Mar Anibal-Martinez designed
the experiments. Mar Anibal-Martinez performed the surgeries, conducted histological
experiments, dye tracings, ex vivo and iz vivo calcium imaging experiments, and analyzed the
data. Mar Anibal-Martinez collected tissue for RN Aseq and Lorenzo Puche-Aroca performed
all bioinformatic analyses of the massively parallel sequencing data. Elena Pérez-Montoyo
and Mar Anibal-Martinez carried out behavioural experiments. M. Pilar Madrigal performed
iDISCO+ experiments, processed the images, and analyzed the resulting data. Luis M.
Rodriguez-Malmierca conducted 7z sitn hybridization validation of the RNAseq. Gabriele
Pumo and Filippo M. Rijli provided data of Krox207"":r2”” triple transgenic mice.
Francisco J. Martini reviewed and edited the manuscript. Guillermina Loépez-Bendito
acquired funding. Finally, the manuscript was jointly written by Mar Anfbal-Martinez and

Guillermina Lopez-Bendito.
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A prenatal window for enhancing spatial

resolution of cortical barrel maps

Mar Anibal-Martinez', Lorenzo Puche-Aroca', Elena Pérez-Montoyo', Gabriele Pumo®™’, M.
Pilar Madrigal’, Luis M. Rodriguez-Malmierca', Francisco J. Martini', Filippo M. Rijli*’,

Guillermina Lépez-Bendito"

'Tnstituto de Neurociencias de Alicante, Universidad Miguel Hernandez-Consejo Superior de
Investigaciones Cientificas (UMH-CSIC), San Juan de Alicante, Alicante, Spain.

> Priedrich Miescher Institute for Biomedical Research, Fabrikstrasse 24, 4056 Basel,
Switzerland.

*University of Basel, Basel, Switzerland.

‘Departamento de Histologia y Anatomia, Facultad de Medicina, Universidad Miguel
Hernandez (UMH), San Juan de Alicante, Alicante, Spain.

*Cotrespondence: g.lbendito@umbh.es (G.L-B)

Nature Communications March 2025: 16, no. 1955. DOI: 10.1038/s41467-025-57052-
w. https://www.nature.com/articles/s41467-025-57052-w
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Abstract

Precise mapping of peripheral inputs onto cortical areas is essential for accurate sensory
processing. In the mouse primary somatosensory cortex, mystacial whiskers correspond to
large, well-defined barrels, while upper lip whiskers form smaller, less distinct barrels. These
differences are traditionally attributed to variations in whisker input type and receptor density,
but prenatal activity and transcriptional programs also impact somatosensory map
development independently of sensory experience. Here, we demonstrate that prenatal
ablation of mystacial whiskers leads to a remapping of cortical territories, enhancing the
functional and anatomical definition of upper lip whisker barrels. This reorganization occurs
without altering peripheral receptor types. Instead, thalamic neurons that receive upper lip
inputs adopt a mystacial-like transcriptional profile. Our findings unveil a regulated prenatal
mechanism in the thalamus that ensures sufficient cortical barrel size and spatial resolution
for sensory processing, irrespective of peripheral receptor type or density, highlighting a

critical developmental process in sensory mapping.
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Introduction

Sensory systems are represented in the primary sensory areas of the brain, structured into
both anatomical and functional maps'*. The spatial precision of sensoty maps varies among
species according to the ethological relevance of the modality or the intra-modal sensory
branch’. This precision is achieved through the accuracy of point-to-point innervation along
the ascending sensory pathway. In rodents, which heavily rely on the somatosensory
modality, a prominent cortical area is devoted to processing stimuli from facial whiskers.
Within the mouse primary somatosensory cortex (S1), information from facial whiskers is
processed in two juxtaposed subfields: the postero-medial barrel subfield (PMBSF) and the
antero-lateral barrel subfield (ALBSF). The PMBSF receives input from the mystacial
whiskers which provide diverse and specialized information to S1%". The ALBSF receives
input from the upper lip whiskers which are considered to play a secondary role in sensory
processing”. While each barrel corresponds to a single whisker in both regions, the degree of
clustering of incoming thalamocortical axons varies, leading to notable anatomical
distinctions between the two territories. While PMBSF barrels are characterized by their large
size and sharp borders, ALBSF barrels ate smaller and have pootly defined borders’. These
differences in intra-modal map organization parallel the distinct morphological characteristics
of mystacial and upper lip whiskers: mystacial whiskers are long with large follicles, whereas
upper lip whiskers are comparatively short with small follicles, albeit more abundant. Despite
their clear anatomical and functional differences, we still lack a complete understanding of
the mechanism underlying the construction of these two distinct barrel maps and to what
extent they rely on the type of sensory receptors (mystacial versus upper lip). Indeed, recent
data demonstrated that sensory receptor-independent mechanisms can also influence cortical
barrel size by altering the patterns of activity in subcortical stations. For instance, increasing
thalamic waves in the developing somatosensory thalamus of early blind mice results in larger
barrels in the PMBSF of S1, even before the onset of active whisking'™'". Thus, the size of a
sensory barrel map may not only depend on the type and number of sensory receptors but

may also be regulated by intrinsic programs during development. By embryonically ablating

101



Results

mystacial whiskers and follicles, and the subsequent PMBSF representation, we generated
mice in which the ALBSF barrels become larger and better-defined, without altering the size
and number of upper lip follicles. This intra-modal reorganization of the barrel maps occurs
within a restricted prenatal time window and is guided by transcriptional programs operating
intra-modally in the thalamus. Interestingly, these reorganized ALBSF barrels resemble
normal PMBSF barrels at the morphological, molecular and functional levels, showing an

enhanced spatial resolution upon tactile stimulation.

102



Results

Results

The size of barrel subfield areas can be adjusted prenatally

The size of the areas devoted to processing distinct whisker -mystacial versus upper lip- input
information is thought to be determined by the corresponding type and density of sensory

receptors on the mouse face'>"

. We asked whether prenatal removal of a selected facial
whisker type might have an impact on the cortical barrel areas and spatial distribution of the
spared whiskers. We implemented a strategy whereby the mystacial whiskers in the whisker
pad were cauterized unilaterally at embryonic day (E) 14 (named as embWPC), in both wild
type and TCA-GFP mice", in which thalamocortical projections are labeled with green
fluorescent protein (GFP). At this stage, trigeminal nerve axons have just begun to target the
principal trigeminal sensory nucleus (PrV) in the brainstem (Supplementary Fig. 1a), but PrV
neuron axons have not yet entered the ventral posteromedial (VPM) thalamic nucleus'".
Analysis of the snout at E18 confirmed the specific ablation of the mystacial whiskers
and follicles (Fig. 1a,b), with a strong reduction of whisker pad-innervating primary trigeminal
sensory axons targeting the PrV (Supplementary Fig. 1b). At early postnatal stages, the total
areas of PrV, thalamic ventral posterior nucleus (VPN) and S1, including other
somatosensory body representations apart from the snout, did not exhibit significant
differences in embWPC, as compared to control mice (Supplementary Fig. 2a-h). In contrast,
the size of the areas corresponding to mystacial and upper lip whiskers significantly rescaled
in embWPC mice at all levels of the pathway, suggesting intra-modal plasticity of
connectivity. For example, in S1, we found a 54% decrease in the PMBSF territory, and a
34% expansion of the ALBSF territory, a phenomenon already observed at P4 (Fig. 1c,d;
Supplementary Fig. 2i,j). Notably, we found no discernible differences in the total upper lip
volume, nor in the volume and number of upper lip follicles between control and embWPC
mice both at E18 and P8 (Fig.1a,b; Supplementary Movies 1,2). Dye depositions in the
cortical PMBSF or ALBSF of P8 embWPC confirmed a similar intra-modal remapping of
the corresponding whisker pad input-receiving VPM (wpVPM) or upper lip input-receiving

VPM (ulVPM) areas in the thalamic VPM® (Fig. le,f). Moreover, retrogradely labeled
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thalamocortical neurons within each VPM sub-territory maintained their expected point-to-

point distribution, matching cortical topography (Supplementary Fig. 3).
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Figure 1. Whisker pad deprivation in embryos rescales barrel field areas and thalamocortical
circuits. a Left and middle, iDISCO frontal snout views showing the whisker pad (magenta) and upper
lip (cyan) areas, lateral 3D-reconstructions of the follicles (yellow) at E18. Right, Nissl stainings of the
snout at P8, red dashed line delimits upper lip atea. b Quantification (IDISCO E18, n= 5 cttl, n= 5
embWPC. Nissl P8, n= 8 ctrl, n= 9 embWPC). ¢ Surface view of thalamocortical terminals (TCA-GFP+)
in the PMBSF and ALBSF at P8. d Quantification (n= 8 cttl, n= 9 embWPC). e Upper panels, Dil and
DiA crystal placements in the C2 PMBSF and in the ALBSF, respectively, at P8. Lower panels, backlabelled
cells in the wpVPM and ulVPM. f Quantification of the position of backlabelled cells with respect to the
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distance to the d.G nucleus. The gray horizontal dashed line represents the separation between wpVPM
and ulVPM (n= 6 ctrl, n= 6 embWPC). g Surface view of TCA-GFP+ in the PMBSF and ALBSF at P8.
h Quantification of the data (n= 8 ctrl, n= 9 POWPC). i Upper panels, Dil and DiA crystal placements in
the C3 PMBSF and in the ALBSF, respectively, at P8. Lower panels, backlabelled cells in the wpVPM and
ulVPM. j Quantification of the position of backlabelled cells with respect to the distance to the dLG
nucleus. The gray horizontal dashed line represents the separation between wpVPM and ulVPM (n= 5
ctrl, n= 5 POWPC). Source data are provided as a Source data file. wp, whisker pad; ul, upper lip; E,
embryonic; P, postnatal; embWPC, embryonic whisker pad cauterized; POWPC, postnatal day 0 whisker
pad cauterized; vol, volume; no., number; TCA-GFP, thalamocortical axons labelled with green
fluorescent protein; norm., normalized. Scale bars: a (left), c, e (top), g, 1 (top) 500 pm; a (middle) 400 pm;
a (right) 1000 um; e (bottom) and i (bottom) 200 um. Boxplots show the medians with the interquartile
range (box) and range (whiskers). Bar graphs show the means = SEM. ns, not significant. *p < 0.05, **p
< 0.01, ¥**p < 0.001.

Importantly, the changes of the cortical barrel field sub-territories depended on
mechanisms only present before birth, since cauterization of the whisker pad at postnatal day
0 (P0), referred to as POWPC, revealed no significant territorial differences in the PMBSF
and ALBSF between control and POWPC across the somatosensory stations (Fig. 1g,h and
Supplementary Fig. 4). As expected, there were no re-arrangements of the thalamocortical
axons in the POWPC (Fig. 1i,j; Supplementary Fig. 5). Notably, barrels in PMBSF exhibited
a diminished degree of definition and structure, with blurred point-to-point topography,
highlighting the enduring effects of early sensory deprivation on cortical organization
(Supplementary Fig. 5¢,d). Thus, there is a critical window in which the cortical ALBSF area
can be significantly adjusted without altering upper lip receptors, suggesting that after this

timepoint plasticity might arise from a different strategy to compensate for sensory loss.

Functional rescaling of ALBSF in embWPC mice occurs before birth

Whisker pad stimulation iz vivo at E18 can elicit activity in the developing PMBSF*"*,
indicating that the periphery-to-cortex somatosensory pathway is already functional before
birth. We asked whether the anatomical changes observed in embWPC at P8 were detectable
at prenatal stages by assessing functional reorganizations. We carried out peripheral whisker
pad and upper lip stimulations at E18 while recording cortical calcium activity in Fmac! <<

transgenic mice, expressing GCaMP6f in cortical glutamatergic neurons™ and cartying
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unilateral whisker pad cauterization (Fig. 2a). We also used non cauterized mice as additional
controls.

Stimulations of either the whisker pad or the upper lip in control mice or in the
control side of embWPC mice at E18 elicited responses from clusters of cortical neurons
corresponding to the putative territories of the PMBSF or ALBSF, respectively (Fig. 2b,c;
Supplementary Fig. 6; Supplementary Movie 3). In contrast, whisker pad stimulations in the
cauterized side of embWPC mice triggered very reduced responses in the caudal-most part
of the expected contralateral PMBSF (“PMBSE”), confirming the anatomical reduction of
this territory. Remarkably, stimulations of the upper lip in the cauterized side elicited
misplaced responses in the expected ALBSF (“ALBSEF”) that notably expanded into the
“PMBSF” (Fig. 2b,c; Supplementary Movie 4), as compared to the control side. This ectopic
“PMBSF” activation was maintained at P4 when the size of responses to upper lip stimulation
were already refined in the control side (Fig. 2d-g; Supplementary Movies 5,6). Thus, the
anatomical rescaling of barrel field sub-territories seen in the postnatal embWPC can be

functionally detected prior to birth.
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Figure 2. Functional rescaling of cortical barrel field territories in embWPC mice. a Schema
representing the experimental paradigm. b Left, cortical evoked responses (GCaMPO6f) to whisker pad
(magenta) and upper lip (cyan) stimulations in control (ipsilateral) and whisker pad cauterized (WPC,
contralateral) sides in embWPC mice at E18. Control PMBSF and ALBSF territories were translated to
the WPC side for direct comparison and labelled as “PMBSE” and “ALBSE”. Right, reslice of the yellow
line in the left, representing responses elicited in PMBSF and ALBSF primordia by whisker pad stimulation
(wps) or upper lip stimulations (uls). The white hotizontal line delineates the boundaries between PMBSF
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and ALBSF. The vertical dashed line divides the wps from the uls over time. The arrows label the
stimulation times for whisker pad (magenta) and upper lip (cyan). ¢ Quantification of the PMBSF and
ALBSF active fraction to wps or uls (n= 7 ctrl, n= 6 WPC). d Left, cortical evoked responses (GCaMP6f)
to whisker pad (magenta) and upper lip (cyan) stimulations in control (ipsilateral) and WPC (contralateral)
sides in embWPC at P4. Right, reslice of the yellow line in the left, representing responses eclicited in
PMBSF or ALBSF by wps or uls. The white horizontal line delineates the boundaries between PMBSF
and ALBSF. The vertical dashed line divides the wps from the uls over time. The arrows label the
stimulation times for whisker pad (magenta) and upper lip (cyan). e Quantification of the PMBSF and
ALBSF active fraction to wps and uls (n= 6 cttl side, n= 6 WPC side). f Quantification of the percentage
of overlap responses between the PMBSF and ALBSF territories at E18 and P4 (n= 9 ctrl E18, n= 6
embWPC E18, n= 9 cttl P4, n= 6 embWPC P4). g Schema illustrating the results. Dashed lines delineate
PMBSF and ALBSF putative evoked territories at E18. Source data are provided as a Source data file. S1,
primary somatosensory cortex; GCaMPO6f, calmodulin-based genetically encoded fluorescent calcium
indicator 6—fast. Scale bars, 1000 um. Bar graphs show the means = SEM. ns, not significant. *p < 0.05,
*p < 0.01, ¥¥Fp < 0.001.

Silencing prenatal thalamic synchronous activity does not prevent the area rescaling
of barrel field sub-territories

Thalamic neurons display waves of prenatal spontaneous activity that are crucial for the

development of cortical barrel field maps'**

. Therefore, we investigated whether the
rescaling of barrel field territories in embWPC embryos could be explained by changes in
spontaneous activity of VPM neurons. Inputs from the whisker pad at E16 are carried by
afferents from ventral portion of the PrV (vPrV), whereas inputs from the upper lip are
carried by afferents from dorsal PrV (dPrV)'". While at this prenatal stage vPrV afferents
topographically target the dorsolateral VPM (the prospective wpVPM), dPrV afferents target
not only the ventromedial part (the prospective ulVPM) but cover most part of the VPM'"".
Thus, while whisker pad and upper lip inputs are segregated at the brainstem nuclei, dPrV
and vPrV axons terminals prenatally overlap within the prospective wpVPM tetritory' " (Fig.
3a,b and Supplementary Fig.7a-c). Remarkably, despite this axonal overlap, spontaneous
activity patterns in the VPM thalamus at E16 were sub-territory specific. We detected a
notable distinction in the frequency of spontaneous activity waves between the prospective
wpVPM and ulVPM regions. While wpVPM exhibited a high frequency of waves, the
prospective ulVPM showed significantly reduced frequency (Fig. 3¢,d; Supplementary Movie

7). In embWPC, we observed a striking change in the spontaneous activity pattern, with a
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significant increase in thalamic waves frequency within the prospective ulVPM, resembling
the pattern observed in the control wpVPM primordium (Fig. 3¢c,d; Supplementary Movie 8).
Interestingly, in embWPC VPM at P4, dPrV axon projections did not undergo normal
developmental segregation but still targeted most of the dorsolateral VPM, unlike in controls,
and covered the area normally occupied by vPrV input afferents (Supplementary Fig.7d,e).

Thus, during prenatal development whisker input deprivation remaps spontaneous neuronal

activity patterns in the future ulVPM territory.
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Figure 3. ALBSF rescaling is independent of thalamic patterned activity. a Coronal sections from
the Krox20-zsgreen::R2-mCherry double transgenic mouse showing Krox20-labelled axons (magenta, vPrV)
and R2-labelled axons (cyan, dPrV) at the VPM at E16. b Quantification of the percentage of overlap of
labelled axons (n= 6). ¢ Maximal projection of ex vivo spontaneous calcium activity in the prospective VPM
sub-regions (wpVPM and ulVPM) in acute slices at E16. Raster plots of 5 minutes. The arrows label the
calcium waves of synchronous activity. d Quantification of the frequency of waves activity in the VPM
(n= 11 cttl, n= 8 embWPC). e Upper panels, coronal sections of vGlut2 staining (green) in the wpVPM
and ulVPM of embWPC and embWPC-T/K" mouse (Kir-mCherry positive) at P3. Lower panels, surface
view of TCA-GFP+ terminals in the PMBSF and ALBSF in embWPC and embWPC-T/K" mice at P8.
The arrows label the limits between wpVPM and ulVPM in the thalamus, and PMBSF and ALBSF in the
cortex. f Quantification of the data (Thalamus, n= 5 cttl, n= 5 embWPC, n= 6 embWPC-T)K, Cortex,
n= 10 ctrl, n= 13 embWPC, n= 7 embWPC-T/H¥"). g Upper panels, Dil and DiA crystal placements in the
PMBSF and ALBSF, respectively. Lower panels, backlabelled cells at the thalamus show shifted positions
within the ulVPM thalamic area in both embWPC and embWPC-T/K" mice at P8. h Quantification of the
position of backlabelled cells with respect to the distance to the dLLG nucleus. The gray horizontal dashed
line in the graph represents the separation between wpVPM and ulVPM (n= 6 embWPC, n= 6 embWPC-
ThKi). Source data are provided as a Soutce data file. Scale bars, a 100 um; ¢, g (bottom) 200 um; e (top)
250 pm, e (bottom), g (top) 500 pm. Boxplots show the medians with the interquartile range (box) and
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range (whiskers). Bar graphs show the means + SEM. ns, not significant. *p < 0.05, *¥p < 0.01, ¥**p <
0.001.

Next, we asked whether the embryonic increased activity in the prospective ulVPM
might influence the functional and anatomical rescaling of the ALBSF territory. Thus, we
tested this possibility and conducted embryonic whisker pad cauterization in a mouse in
which the synchronous spontaneous activity of the thalamus is embryonically disrupted
(referred to as embWPC-TH)*". Briefly, we used a tamoxifen-dependent Gbox2“""*" mouse
with a floxed line expressing the inward rectifier potassium channel 2.1 (Ke/2) fused to the
mCherry reporter in thalamic neurons (referred to as TAH"). Our data revealed that thalamic
and cortical territories in embWPC-TA*" mice exhibited a spatial reorganization similar to that
observed in embWPC mice. In both mice, the wpVPM and PMBSF territories virtually
disappeared, and the ulVPM and ALBSF expanded as compared to the control (Fig. 3e).
Consistent to previous studies in the T/ mouse®, manipulating thalamic activity patterns in
the embWPC mice (embWPC-T/") resulted in the absence of thalamic waves
(Supplementary Fig. 8a,b) and, the complete loss of barrels, evidenced by a total lack of TCA
clustering, in both PMBSF and ALBSF territories (Fig. 3e,g). Rescaling of thalamic and
cortical territories, along with thalamocortical circuits, was still observed in the embWPC-
TH mouse but was virtually absent in the T/*" mouse alone, as shown by anatomical and
dye tracing analyses (Fig. 3e-h; and Supplementary Fig. 8c-g). In sum, our results demonstrate

that the patterns of spontaneous activity in prenatal VPM neurons are dispensable for intra-

modal thalamic and cortical sub-territories rescaling to input deprivation.

Upper lip input-receiving thalamic neurons adopt a similar transcriptional profile to

mystacial input-receiving neurons

Cross-modal and intra-modal changes in the transcriptional programs of thalamic neurons
have been shown to generate thalamocortical circuit re-organizations and cortical
adaptations, as shown in eatly blind pups or in mice with an early postnatal ablation of the

VPM nucleus'"**, Therefore, we examined whether the anatomical and functional circuit
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expansion of the ALBSF in embWPC might be influenced by changes in the transcriptional
program of VPM neurons. To assess this, we dissected tissue, at similar distances from the
dorsal lateral geniculate (dLG) nucleus, from wpVPM and ulVPM in control and embWPC
mice at PO (Fig. 4a,b) and compared their transcriptional profiles by bulk RNA-sequencing
(RNA-seq). Principal component analysis (PCA) revealed that the transcriptomes from
wpVPM and ulVPM cells in control mice clustered separately already at PO (Supplementary
Fig. 9a). Differential Expression Analysis (DEA) further revealed 377 Differentially
Expressed Genes (DEGs) enriched in the wpVPM as opposed to 365 in the ulVPM cells.
Among the DEGs enriched in each population, we found genes previously identified as being
involved in somatosensory development such as Epba3, Sox2, Hs6st2, Cdh8 or Rorx enriched
in wpVPM™® or Rorf, Slitrk6, Foxp2, Calbl or Lhx2"""> enriched in the ulVPM
(Supplementary Fig. 9b,c; Supplementary Data 1).

Then, we compared control versus embWPC transcriptional programs in the VPM.
Remarkably, PCA analysis from ulVPM cells in embWPC mouse indicated that these neurons
grouped more closely with control wpVPM than control ulVPM (Fig. 4c and Supplementary
Fig. 9d). This transcriptional shift was appreciated when the expression pattern of the upper
lip and whisker-pad DEGs was plotted in the ulVPM of the embWPC (Fig. 4d). To
investigate this effect, we trained a Support Vector Machine classifier (C-SVM) using
differentially expressed genes and compared the results with the ulVPM-embWPC. This
machine learning approach predicted that the cauterized model would be classified as the
wpVPM control in 70% of cases, compared to 30% for the ulVPM control (Fig. 4e).
Additionally, DEA against the wpVPM control revealed a much lower number of
differentially expressed genes (93 DEGs) compared to the ulVPM control (268 DEGs) (Fig.
4f).

In total, 150 region-specific DEGs from ulVPM and wpVPM where significantly
changed by the embWPC (Fig. 4g). Namely, in the ulVPM of the embWPC mouse, we
observed an upregulation of approximately 17% of the DEGs normally expressed in the

control wpVPM and a downregulation of about 23% of control ulVPM DEGs, respectively
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(Fig. 4g and Supplementary Fig. 9¢; Supplementary Data 2). Notably, genes such as Rom,
Ephad, Hs6st2, Cdh9, or Plxna2, involved in axon guidance, thalamocortical mapping and
wpVPM development™*, exhibited a wpVPM-like pattern in the ulVPM of embWPC mice
(Fig. 4h,i and Supplementary Fig. 9f), also corroborated by 7 situ hybridization (Fig. 4j and
Supplementary Fig. 9g). Next, we performed a Gene Ontology (GO) functional enrichment
analysis of the genes with expression changes in the ulVPM of the embWPC and identified
11 clusters of GO-Terms enriched in Biological Processes (BP) and Molecular Functions
(MF) (Supplementary Fig. 10; Supplementary Data 3). The top ranked cluster included 99
genes (46.8%) enriched in BP involved in dendrite development or synapse assembly (e.g.
Robol, Firt3), and 12 genes (18.8%) enriched in MF involved in voltage-gated channel activity

(e.g. Kene2, Kenab).
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Figure 4. Upper-lip recipient thalamic neurons switch their transcriptional program to that of
whisker-pad neurons. a Top left, schema representing the paradigm. Top right and bottom, coronal
images showing the dissected thalamic territories for sequencing. b Quantification of the dissected area
with respect to the distance to the dLG nucleus (n= 4 wpVPM cttl slices, n= 4 ulVPM cttl slices, and n=
4 ulWPC embWPC slices, 4 mice per condition). ¢ Principal Component Analysis (PCA) of wpVPM cttl
(0= 4), ulVPM cttl (n= 4) and ulVPM embWPC (n= 4) at PO. d Heatmap of the normalized regulatized
logarithm (Rlog) Z-score of expression and unbiased clustering of region-specific DEGs showing their
expression profiled in the ulVPM of the embWPC at P0O. The color-code (yellow, high expression; purple,
low expression) corresponds to the log2FC. e Left, C-support vector machine (C-SVM) analysis identifies
the optimal demarcation plane between wpVPM (magenta dots) and ulVPM population (cyan dots). The
ulVPM embWPC samples are identified as wpVPM control based on its gene expression pattern (red dots).
Right, Prediction score value of ulVPM embWPC classitied as wpVPM (70%) or ulVPM (30%) controls.
f Number of Differentially Expressed Genes (DEGs) obtained in their respective differential expression
analysis. g Venn Diagram shows the number of genes modified by embWPC in ulVPM ovetlapped in
every subset of region specific DEGs. h Heatmap of the normalized regularized logarithm (Rlog) Z-score
of expression and unbiased clustering of region-specific DEGs whose expression was modified by
embWPC in the ulVPM at PO. The color-code (yellow, high expression; purple, low expression)
corresponds to the log2FC. i Boxplots showing TPM expression levels of selected wpVPM-specific and
ulVPM-specific DEGs modified by embWPC in the ulVPM. Boxplots show the medians with the
interquartile range (box) and range (whiskers). j Coronal sections showing 2 sitn hybridization of wpVPM
and ulVPM DEGS at PO (n= 5 cttl, n= 5 embWPC, for each probe). k Schema illustrating the results.
Source data are provided as a Source data file. VPM, ventroposterior medial nucleus. Scale bars, 200 pm.
*adj. p < 0.1, **adj. p < 0.01, and ***adj. p < 0.001.

Since the lack of spontaneous thalamic waves in embWPC-T4" mice did not prevent
the ALBSF reorganization, we investigated whether the changes in ulVPM transcriptome are
still observed in embWPC-T/ VPM. We conducted 7z sitn hybridization for probes that we
identified as wpVPM markers upregulated in the ulVPM of embWPC mice such
as Hs6s12, Roro, and Pou2f2, or markers downregulated in the ulVPM of embWPC mice such
as Epbad. Our results show a similar shift in the expression pattern for these genes in both
embWPC and embWPC-T/* mouse (Supplementary Fig. 11) reinforcing that the
transcriptomic changes in VPM territories are mainly independent of thalamic waves activity.
In summary, the spatial rescaling of cortical ALBSF territory in embWPC correlates with
transcriptomic changes observed in upper lip thalamic input neurons, which shift towards a

molecular signature resembling that of whisker pad input neurons (Fig. 4k).
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Increase of barrel size and functional spatial resolution of the cortical ALBSF map

We investigated whether upper lip-recipient thalamic neurons that acquire a whisker pad
transcriptional profile during perinatal development might develop additional PMBSF
characteristics later in life. At P8, PMBSF and ALBSF cortical areas differ in the average size
of their barrels and the extent of clustering of thalamocortical axons. Remarkably, we
observed that, in addition to the overall increase in the cortical area occupied by the ALBSF,
the average size of the cortical individual barrels in the ALBSF of the embWPC was
significantly larger compared to the ALBSF control (Fig. 5a,b). This change appears to follow
a gradient, with the largest ALBSF barrels located nearest to the remaining PMBSF (Fig. 5b).
Furthermore, the cortical map of the expanded ALBSF gained definition and contrast as
thalamocortical terminals appeared more clustered within each barrel, and less innervating
the barrel septa, resembling the control PMBSF (Fig. 5c-¢). These differences in barrel size

and contrast in the ALBSF map of the embWPC where not detected in POWPC mice (Fig.

5a-c).
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Figure 5. ALBSF barrels acquire PMBSF cortical features. a Cortical flattened tangential sections
showing thalamocortical terminals (TCA-GFP+) in the PMBSF and ALBSF in control, embWPC and
POWPC mice at P8. Insets show in detail the clustering of TCAs in each condition. b Left, quantification
of the average area of 34 barrels (n= 7 ctr]l PMBSF, n= 9 ctrl ALBSF, n= 9 embWPC ALBSF, n= 5
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POWPC ALBSF). Right, quantification of the average area of 4 barrels per three caudal-to-rostral levels
(n=9 ctrl ALBSF, n= 9 embWPC ALBSF). ¢ Left, quantification of the barrel/septum fluorescence ratio
(AFb/Fs) (n= 12 ctrl PMBSF, n= 13 cttl ALBSF, n= 9 embWPC ALBSF, n= 5 POWPC ALBSF). Right,
quantification of the gray value fluorescence intensity in a barrel (n= 66 cttl PMBSF barrels, n= 65 cttl
ALBSF barrels, n= 42 embWPC ALBSF barrels, n= 25 POWPC ALBSF batrels). d Coronal sections
showing thalamocortical terminals in layer IV in the ALBSF and PMBSF of control, and ALBSF of
embWPC mice. Insets showing the septa volume analyzed. e Quantification of the EGFP expression from
TCA in septa of three barrels per animal (orange arrowheads in d) (n= 5 cttl ALBSF, n= 5 ctrl PMBSF,
n= 5 embWPC ALBSF). f Cortical flattened tangential sections showing thalamocortical terminals
(vGlut2+) and parvalbumin (PV) expression in batrel core (white arrowheads) and septa (orange
arrowheads) in the ALBSF and PMBSF of control, and ALBSF of embWPC mice at P8. g Quantification
of PV+ cells in 4 barrels and septa (n= 5 ctrl ALBSF, n= 5 ctrl PMBSF, n= 5 embWPC ALBSF). h Schema
illustrating the results. Source data are provided as a Source data file. Scale bars, a 500 um, d and £ 100 um,
d (insets) 80 um. Boxplots show the medians with the interquartile range (box) and range (whiskers). Bar
graphs show the means = SEM. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.

Since thalamocortical input is a primary regulator of region-specific cortical features,
we next investigated whether other cortical characteristics, besides barrel size and
thalamocortical clustering, had also changed in the ALBSF cortex of the embWPC. The
postnatal PMBSF is known to contain fewer parvalbumin (PV) expressing interneurons in
layer IV compared to the ALBSF”. Like in the PMBSF, we found significantly fewer PV-
positive interneurons both in barrels and septa in layer IV of the ALBSF in the embWPC as
compared to the ALBSF control (Fig. 5f,g). Hence, our findings demonstrate that,
irrespective of receiving input from upper lip peripheral receptors, the VPM territory in
embWPC adopts a molecular identity akin to that of a territory receiving input from mystacial
whiskers. Consequently, it gains specific features of that circuit, including increased barrel
size, better anatomical map definition, and fewer layer IV PV interneurons (Fig. 5h).

Next, we tested whether these anatomical reorganizations might have a functional
correlate, as for example an enhanced topographical spatial resolution to upper lip
stimulation. Thus, we carried out multi-point stimulations within the whisker pad or upper
lip on both control and embWPC mice at P4 (Fig. 6a). On the control mice, cortical evoked
responses confirmed a topographic organization of both PMBSF and ALBSF responses;
however, while the PMBSF responses exhibited a well-defined and precise organization with

virtually non-overlapping responses, those of the ALBSF were broader and less refined in
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comparison (Fig. 0b,c; Supplementary Movie 9). Thus, beyond their anatomical
idiosyncrasies, cortical barrel sub-fields also have a distinct degree of functional map
definition as they emerge during perinatal development. Interestingly, stimulations from
distinct locations of the upper lip of embWPC mice resulted in significantly less overlapping
responses within the ALBSF (Fig. 6b,c; Supplementary Movie 10), suggesting an enhanced

spatial discrimination in the ALBSF of embWPC akin to that seen in the control PMBSF
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Figure 6. Enhance ALBSF functional map in the postnatal embWPC mice. a Schema representing
the experimental paradigm. b Cortical evoked responses (GCaMP6f) within the PMBSF and ALBSF to
five distinct wps and two distinct uls in control and embWPC mice at P4. Dashed lines define the cortical
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hemisphere, and continuous lines indicate the territory covered by elicited responses. ¢ Quantification of
the percentage of overlap between two distinct PMBSF and two distinct ALBSF responses at P4 (n= 8
ctrl for PMBSF responses, n= 9 ctrl for ALBSF responses, n= 6 embWPC for ALBSF responses). d
Schema representing the experimental paradigm. e Cortical flattened tangential sections showing
thalamocortical terminals and cFOS expression in cortical ipsilateral (control) and contralateral (WPC)
sides of P60 mice. f Quantification of the mean gray value of cFOS expression (n= 8 embWPC ipsi
PMBSF, n= 8 embWPC ipsi ALBSF, n=8 embWPC contra (WPC) PMBSF, n= 8 embWPC contra (WPC)
ALBSF). g Schematic representation of the three experimental groups involved in the behavioural
paradigm: mice with intact whiskers (ctrl n= 8); mice with bilateral whisker pad cauterization at E14 and
intact upper-lip whiskers (bi-embWPC n= 7) and mice with trimmed mystacial whiskers and intact upper-
lip whiskers (trimmed n= 8). h Schema representing the texture discrimination task protocol. i
Representative heatmaps showing the distribution of snout positions during a 5-minute test session for
individual mice from each group (top), along with corresponding centroid trajectories (bottom). Warmer
colors in the heatmaps denote regions with higher snout position frequency, highlighting areas of increased
exploratory interest. j Left, boxplots comparing the total time that control, bi-embWPC and trimmed mice
spent exploring textured objects across t; and t2 sessions. Right, evaluation of texture discrimination
performance comparing the discrimination index for each session. Source data are provided as a Source
data file. Scale bars, a 1000 um and e 500 pm. Bar graphs show the means = SEM. ns, not significant. *p
< 0.05, **p < 0.01, ***p < 0.001. Mouse images were created in BioRender. Martini, F. (2025)
https://BioRender.com/119k613

Lastly, we investigated whether the rescaled ALBSF with enhanced resolution of in
the embWPC mice takes on PMBSF functions during somatosensory behaviour in
adulthood. To do this, we first conducted cFOS staining to label stimulated neurons in the
ipsilateral and contralateral barrel sub-fields of embWPC mice after 10 minutes of exploring
an enriched environment at P60 (Fig. 6d). Our immunostaining for cFOS revealed that,
whereas in the ipsilateral (control) side the ALBSF was barely activated as compared to the
PMBSF, the ALBSF was the predominantly activated region in the contralateral (cauterized)
side after exploration (Fig. 6e,f). Therefore, we hypothesized that the rescaled ALBSF
neurons of the embWPC mouse play a prominent role in vibrissae-driven sensory behaviour
in the adult. We conducted a texture discrimination test to evaluate tactile sensory processing,
requiring adult mice to distinguish between novel and familiar textures (Fig. 6g,h). We used
control mice, bilateral embWPC mice, and an additional control group where mystacial
whiskers were bilaterally trimmed prior to testing. Our findings showed that embWPC mice
discriminated textures as effectively as controls, while the trimmed group could not

discriminate the new texture using only the remaining upper lip whiskers (Fig. Oiy;
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Supplementary Fig. 12). These results suggest that the rescaled ALBSF cortex in embWPC
mice can support complex tactile discrimination, a function typically mediated by PMBSF

neurons in adult mice under normal conditions.

Discussion

Our study underscores the existence of a prenatal temporal window during mouse brain
development that allows for the tuning of the size and definition of somatosensory cortical
representations. Before cortical barrel fields are anatomically apparent, the thalamic VPM
sub-territories exhibit specific transcriptional signatures at birth. Our results suggest that
these signatures contribute to the distinct intra-modal anatomical and functional circuitry
features specific to PMBSF and ALBSF cortical sub-territories.

Furthermore, our findings suggest that modulations in these transcription programs
might enable intra-modal plasticity changes independently of the type of peripheral receptors.
In mice lacking the mystacial whiskers, VPM neurons receiving upper lip whisker input can
shift their transcriptional features toward a whisker pad-like program, reconfiguring
thalamocortical circuits and cortical features to resemble a PMBSF. These changes increase
barrel size and functional spatial resolution, thereby enhancing spatial discrimination in
regions such as the ALBSF, where cortical representations were otherwise less defined.

The developmental relationship between sensory receptors and somatosensory
representations has been thoroughly examined in prior work involving mice and rats.
Embryonic ablation of the forelimb in rats resulted in the expansion of S1 representation of
the hindlimb without altering the sensory receptors of the spared peripheral region™.
Moreover, deprivation of a single whisker or a row of whiskers during the first postnatal
week, leads to the loss of the corresponding cortical barrels and enlargement of the

surrounding barrels®*

. And remarkably, rewiring of ipsilateral trigeminal input from
mystacial whiskers to the ipsilateral barrel field generates an ectopic barrel field within the

normal barrel map®. Collectively, these studies highlight the sensitivity of somatosensory

regions and barrel maps to manipulations in peripheral or sensory input but also questioned
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a direct correlation between the size of cortical barrels and their corresponding peripheral
sensory receptors. Our results in the embWPC model define a developmental window for an
intra-modal barrel field reorganization, showing that only embryonic, and not postnatal,
ablation of the whisker pad induces the ALBSF anatomical and functional enlargement. This
reorganization capability is therefore temporally constrained during prenatal development
and anticipates the closure of the critical time window for somatosensory circuits’*.

Thalamic spontaneous activity is key for the emergence of cortical somatosensory
maps, as evidenced by the fact that suppressing this activity leads to mice that do not develop
barrels despite having normal whiskers®'. Moteover, in early blind pups, cross-modal changes
in activity-dependent gene regulation in VPM neurons correlate to changes in batrel size'.
Here, we observed a striking intra-modal prenatal reorganization of the frequency and pattern
of thalamic waves between VPM sub-fields in embWPC mice. The ulVPM significantly
increased the frequency of thalamic waves compared to control mice. This change in activity
pattern might serve as a mechanism to enhance ulVPM barrel size and definition and, in turn,
to map these activity-dependent features onto the cortical ALBSF during development. This
hypothesis could not be directly tested, as thalamocortical axons in the embWPC-T/* mice,
in which spontaneous thalamic waves are blocked, fail to cluster in layer IV in both PMBSF
and ALBSF, as previously described in T4 mice™.

Notably, using embWPC, we could show that the enlargement of the cortical ALBSF
area is guided by the thalamus in an activity-independent manner. Indeed, in embWPC-TH*"
mice, lacking synchronous thalamic activity, the rescaling of the ALBSF still occurs.
Moreover, we show that the PrV input reorganizes in the embWPC VPM. Therefore, we
propose that remapping within the PrV, initiated at E14 following whisker pad ablation, may
significantly influence the development and organization of thalamocortical axons,
subsequently affecting thalamic and cortical map reorganization.

Remarkably, our study revealed that thalamic neurons can shift their transcriptional
profile intra-modally. We found that the transcriptional profile of ulVPM neurons in

embWPC mice mirrors that of the wpVPM neurons in control mice. Crucial genes for
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thalamocortical barrel field development, such as Rorm or Ephad4”*, accordingly altered their
expression pattern in the ulVPM neurons innervating the ALBSF. For instance, we observed
an upregulation of Ronx in this region, suggesting a potential role in increasing the density
and clustering of axonal terminals in layer IV in the ALBSF of the embWPC mice. An
activity-dependent upregulation of Rozf, a related orphan receptor, in VPM neurons has been
shown to mediate an increased clustering of thalamic axons in S1". ulVPM neurons adopting
a region-specific wpVPM transcriptional profile might serve as an intrinsic mechanism to
switch a PMBSF developmental program, ensuring an enhanced anatomical and functional
definition of thalamocortical axons in the ALBSF cortical barrel map. Additionally, we
identified alterations in genes directly associated with neuronal activity**, including ion
channels, which may contribute to or reflect the modified pattern of thalamic activity
observed in the embWPC model. Yet, it remains to be determined whether the acquisition
of wpVPM-like molecular identity by ulVPM neurons is dependent on thalamic spontaneous
activity.

Large barrels in the PMBSF cotrespond to long mystacial whiskers'>", whereas
ALBSF barrels relate to the short whiskers on the upper lip of the snout and are
comparatively smaller, less defined and densely packed”’**. Moreover, although the average
volume of a single barrel in the ALBSF is smaller than in the PMBSF, the numerical density
of parvalbumin (PV)-positive interneurons is higher in ALBSF than in the PMBSF”. Somata
of PV neurons in the barrels and septa of the ALBSF are reported to receive more vesicular
glutamate transporter Type 2—labeled (vGlut2) boutons than those in the PMBSF, suggesting
the presence of more potent feedforward inhibitory circuits in the ALBSF”. Behaviourally,
mystacial vibrissae hold significant behavioural relevance for the animal, being the first ones
used for search of objects and gaps, and to discern diverse tactile features such as object
position, shape, or texture®. Although the function of upper lip shorter whiskers remains
largely unexplored, they appear to primarily aid in object discrimination when the snout is

near the object>™" ™. Given these anatomical and functional disparities, the PMBSF and

ALBSF represent two distinct somatosensory subsystems. Consequently, we initially
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expected minimal reorganization of the ALBSF upon deprivation of the whiskers
corresponding to the PMBSF. However, our data from the embWPC mice revealed a notable
anatomical reorganization within the ALBSF, leading to the formation of large and well-
defined barrels and a decreased density of PV interneurons at the postnatal life. Additionally,
our 7z vivo functional data revealed that this reorganization might contribute to enhance
functional resolution of the ALBSF map to point-to-point peripheral stimulations. Our
texture discrimination experiments demonstrated that embWPC adult mice, in which the
small upper lip whiskers remain intact, can adopt specialized mystacial whiskers functions
and discriminate between distinct textures as effectively as control mice.

Altogether, these findings highlight a decoupling of mechanisms governing the type, size, and
density of sensory peripheral receptors from those influencing the size and definition of
cortical representations that might involve adopting subcortical- and subregion-specific
transcriptional programs. Specifically, we observed that the prenatal thalamus possesses
plasticity mechanisms to drive the development of a barrel field with anatomical and
functional features akin to the PMBSF, regardless of the type of peripheral receptor.
Therefore, our findings indicate that the brain may still construct a barrel map capable of
processing intricate tactile functions for the animal, even in scenarios involving the availability

of only small receptors with subsidiary functions.
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Supplementary Fig. 1. Early reorganization of peripheral axons at the trigeminal nucleus. a Upper
panels, lateral views of control mouse heads showing Dil and DiD crystal placements in the whisker pad
and upper lip, respectively, at distinct developmental stages (E14, E16 and E18). Lower panels, coronal
sections showing labelled axons at the vPrV (magenta, arrowheads) and dPrV (cyan, arrowheads) (n= 6
mice at E14, n= 9 mice at E16, n= 6 mice at E18). b Upper panels, lateral views of embWPC mouse heads
showing Dil and DiD crystal placements in the whisker pad and upper lip, respectively, at distinct
developmental stages (E16 and E18). Lower panels, coronal sections showing displaced upper lip axons
at the vPrV (cyan, arrowheads) and a few axons from the whisker pad scar sparsely innervating the vPrV
(magenta, arrowheads) (n= 9 embWPC at E16, n= 5 embWPC at E18). E, embryonic; embWPC,
embryonic whisker pad cauterized; PrV, principal nucleus; vPrV, ventral principal nucleus; dPrV, dorsal
principal nucleus; Dil, 1,1-dioctadecyl 3,3,3',3'-tetramethylindocarbocyanine perchlorate; DiD, 1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate. Scale bars, a (top) and b
(top) 1000 um; a (bottom) and b (bottom) 100 pm.
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Supplementary Fig. 2. Intra-modal rescaling of facial whiskers representations in cortical and
subcortical territories in embWPC mice. a Coronal sections of the trigeminal PrV nucleus stained with
CyOx at P8. b Quantification of the data (n= 5 cttl, n= 5 embWPC, vPrV and dPrV areas, unpaired two-
tailed Student #test; PrV area, unpaired two-tailed Student ~test. ns, p > 0.9). ¢ Quantification of the
number of cells in PrV at P4 (n= 5 ctrl, n= 5 embWPC, vPrV and dPrV areas, unpaired two-tailed Student
ttest; PrV area, unpaired two-tailed Student ~test. ns, p= 0.66). d Coronal sections showing TCA-GFP
labelling in the PMBSF, ALBSF and VPN at P3. e Quantification of the data (n=5 ctrl, n= 5 embWPC,
PMBSF, unpaired two-tailed Student #test. ALBSF, two-tailed Mann-Whitney U-test; VPN at P3, n= 5
ctrl, n= 5 embWPC, two-tailed Mann-Whitney U-test. ns, p > 0.99). f Quantification of the number of
cells in VPM at P3 (n= 5 ctrl, n= 5 embWPC, wpVPM and ulVPM areas, unpaired two-tailed Student #
test; VPM atea, unpaired two-tailed Student #test. ns, p= 0.57). g Surface view of thalamocortical terminals
(TCA-GFP+) in the PMBSF and ALBSF at P8. h Quantification of the data (n= 8 ctrl, n= 8 embWPC,
unpaired two-tailed Student #test. ns, p > 0.05. S1 area, n= 8 ctrl, n= 9 embWPC, unpaired two-tailed
Student ~test. ns, p= 0.29). i Surface view of thalamocortical terminals (TCA-GFP+) in the PMBSF and
ALBSF at P4. j Quantification of the data (n= 6 cttl, n= 6 embWPC, unpaired two-tailed Student ~test;
*¥#p < 0.001). Source data are provided as a Source data file. CyOx, Cytochrome oxidase; P, postnatal;
wpVPM, whisker pad recipient ventral posteromedial nucleus; ulVPM, upper lip recipient ventral
posteromedial nucleus; VPN, ventroposterior nucleus; TCA-GFP, thalamocortical axons labelled with
green fluorescent protein; S1, primary somatosensory cortex; HP, hindpaw; FP, forepaw; 1], lowetjaw; T,
trunk; PMBSF, postero-medial barrel subfield; ALBSF, antero-lateral barrel subfield; norm., normalized.
Scale bars, a and d 200 um; g and i 500 um. Boxplots show the medians with the interquartile range (box)
and range (whiskers). ns, not significant. **p < 0.01, ***p < 0.001.
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Supplementary Fig. 3. Thalamocortical point-to-point topography in embWPC mice. a Schema
representing the experimental paradigm. b Upper panels, Dil, DiA and DiD crystal placements subsequent
non-ovetlapping points in the ALBSF in control and embWPC at P8. Lower panels, backlabelled cells at
the ulVPM showed a shifted relative displacement toward the wpVPM in embWPC mice (n= 8 cttl, n= 8
embWPC). ¢ Schema representing the experimental paradigm. d Upper panels, Dil and DiA crystal
placements in the C3 and D3 cortical barrels, respectively, in PMBSF control and in the remaining territory
of the PMBSF in embWPC at P8. Lower panels, backlabelled cells maintain their point-to-point
distribution at the wpVPM both in control and embWPC mice (n= 9 ctrl, n= 9 mice). V1, primary visual
cortex; DiA, 4-[4-(dihexadecylamino) styryl]-N-methylpyridinium iodide. Scale bars, b and d (top) 500 pm;
b and d (bottom) 200 pm.
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Supplementary Fig. 4. Cortical and subcortical areas for facial whiskers representations remained
unchanged in POWPC mice. a Surface view of thalamocortical terminals (TCA-GFP+) in the cortical
S1 in control and POWPC mice at P8. b Quantification of the total S1 area (n= 8 cttl, n= 9 POWPC,
unpaired two-tailed Student #test. ns, p= 0.66). ¢ Coronal sections showing TCA-GFP labelling in the
wpVPM, ulVPM and VPN of the thalamus in control and POWPC at P3. d Quantification of the VPN
area (n= 8 ctrl, n= 9 POWPC, unpaired two-tailed Student test. ns, p= 0.39). e schema representing the
results. f Coronal sections of the trigeminal PrV nucleus stained with CyOx in control and POWPC at PS8.
g Quantification of the vPrV and dPrV area (n= 5 ctrl, n= 5 POWPC, unpaired two-tailed Student #test.
ns, p> 0.20). Source data are provided as a Source data file. POWPC, postnatal day 0 whisker pad
cauterized. Scale bars, a 500 um; ¢ and f 200 um. Boxplots show the medians with the interquartile range

(box) and range (whiskers). ns, not significant.
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Supplementary Fig. 5. Thalamocortical point-to-point topography in POWPC mice. a Schema
representing the experimental paradigm. b Upper panels, Dil, DiA and DiD crystal placements subsequent
non-ovetlapping positions in the ALBSF in control and POWPC at P8. Lower panels, backlabelled cells at
the ulVPM (n= 7 cttl, n= 7 POWPC). ¢ Schema representing the experimental paradigm. d Upper panels,
Dil and DiA crystal placements in the C2 and C4 cortical barrels, respectively, in control and in the
deprived PMBSF territory in POWPC at P8. Lower panels, backlabelled cells showing their point-to-point
distribution at the wpVPM in control and POWPC mice (n= 7 ctrl, n= 7 POWPC). Scale bars, b (top) and
d (top) 500 um; b (bottom) and d (bottom) 200 pm.
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Supplementary Fig. 6. Intra-modal responses in control mice after whisker pad and upper-lip
stimulations. a Top, schema representing the experimental paradigm. Bottom, Image of a mouse snout
denoting the stimulations sites. b Left panels, cortical evoked responses (GCaMPO6f) to whisker pad
(magenta) and upper lip (cyan) stimulations in control mice at E18 and P4. Right, reslices of the yellow
line in the left, representing responses elicited in PMBSF and ALBSF by whisker pad stimulation (wps) or
upper lip stimulations (uls). The white horizontal line delineates the boundaries between PMBSF and
ALBSF, while the vertical dashed line divides the wps from the uls over time. The arrows label the
stimulation times for whisker pad (magenta) and upper lip (cyan). ¢ Quantification of the cortical
hemisphere active fraction evoked to wps (PMBSF) or uls (ALBSF) (n= 9 cttl at E18, n= 9 cttl at P4,
Two-way ANOVA test: ***p <0.001. Tukey’s multiple comparison test post-hoc analysis, ns, p= 0.55). d
Schema illustrating the results found. e Quantification of the PMBSF and ALBSF active fraction to wps
and uls comparing control mice and the control ipsilateral side from embWPC mice (n= 9 ctrl, n= 7 ctrl
ipsi side from embWPC mice, PMBSF active fraction, unpaired two-tailed Student ~test; ALBSF active
fraction, unpaired two-tailed Student #test). Source data are provided as a Source data file. S1, primary
somatosensory cortex; wps, whisker pad stimulation; uls, upper lip stimulation; GCaMP6f, calmodulin-
based genetically encoded fluorescent calcium indicator 6—fast. Scale bars, 1000 wm. Bar graphs show the
means * SEM. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Fig. 7. Developmental progression of trigemino-thalamic axons. a Coronal sections
trom the Krox20-zsgreen::R2-mCherry double transgenic mouse showing cells expressing Krox20 (magenta)
at the vPrV and R2 (cyan) at the dPrV at E18 and P4 (n= 7 E18, n= 7 P4). Coronal sections from the
Krox20-zsgreen::R2-mCherry double transgenic mice showing Krox20-labelled axons (magenta) and R2-
labelled axons (cyan) at the VPM of the thalamus at E18, P4 and P8. b Quantification of the percentage
of developmental overlap between vPrV and dPrV axons at the thalamus (n= 7 E18, n= 7 P4, n= 8 P§,
Two-way ANOVA test: **p <0.001. Tukey’s multiple comparison test post-hoc analysis). ¢ Schemas
representing the results found. d Left, Dil and DiD crystal placements in the vPrV and dPtrV areas,
respectively. Right, backlabelled cells at the thalamus show shifted positions within the ulVPM thalamic
area in the WPC side as compared to cttl ipsilateral side at P4 (n= 5). e Schema representing the results.
Source data are provided as a Source data file. Scale bars, a and b 200 um; d (left) 500 pum; (right) 100 um.
Bar graphs show the means £ SEM. ***p <0.001.

139



Results

@ embWPC-TH"  tmemn), C embwpPC-Thkr  d
s s Thi B embWPC-TH<
g £ PMBSF PMBSF
o 2 &
= o —_
150 g £ 8
= -
= 3 O S Ll
[ & 2 5
> 5 x B W E
=] o (O] “
150 % 4
b L1 E 4 dedkek
e B o — -
2 * B embWPC a = T
= 06 dede * ®© -
£ s T MembWPC-Thr T 8 21 M 5 |2
304 < 3 B
g 0. ° (=) 7] r
S02| B = a4 W
=4 o ulVPM = 2
& ﬁ ﬁ Dil DiA
2 0 . s
- wpVPM ulVPM
e )
. otrl @ ctrl m THEI g =
5 g 2 o 15
3 st E ns W ctrl
> g dkk o 5 14- & --aeo-- ThKil’
Pl o ] e B c
& % £ 1 L ROt * SRR “;
°8 s = 0 05
E s z
£ E0___ g ol
% PVPM ulvVPM
2 2 15 |,
E |*=*  ns E il
€ G p B8 g 1* %
g |°® © 0.5
® ®
80 % 0

Supplementary Fig. 8. Thalamocortical point-to-point topography is shifted in embWPC-TAK
but not in T/#X" mouse. a Maximal projection of ex zivo spontaneous calcium activity in the prospective
VPM sub-regions (wpVPM, wp input-receiving neurons, and ulVPM, ul input-receiving neurons) of the
thalamus in acute slices at E16. Raster plots of 5 minutes. b Quantification of the frequency of waves
activity in the VPM in both embWPC and embWPC-THX" mice (n= 8 embWPC, n= 5 embWPC-T/Kr,
Kruskal-Wallis test, ***p <0.001. Dunn’s multiple comparison test post-hoc analysis). ¢ Upper panels, Dil
and DiA crystal placements in the cortical PMBSE and ALBSF areas, respectively. Lower panels,
backlabelled cells at the thalamus show shifted positions within the ulVPM thalamic area in the embWPC-
ThXir mice as compared to THK at P8. d Quantification of the position of backlabelled cells with respect to
the distance to the dL.G nucleus. The gray horizontal dashed line in the graph represents the separation
between wpVPM and ulVPM (n= 6 T/HKr, n= 6 embWPC-T/K#, unpaired two-tailed Student #test). e
Upper panels, coronal sections of vGlut2 staining (green) showing the size of the wpVPM and ulVPM in
the thalamus of cttl and TH% mouse (Kir-mCherry positive) at P3. Lower panels, surface view of
thalamocortical terminals (TCA-GFP+) in the cortical PMBSF and ALBSF in cttl and TA%" mice at P8. f
Quantification of the data (Thalamus, n= 5 ctrl, n= 6 T/, wpVPM, unpaired two-tailed Student ~test;
ulVPM, two-tailed Mann-Whitney U-test. Cortex, n= 10 ctrl, n= 10 T/K7, PMBSF, unpaired two-tailed
Student ~test; ALBSF, unpaired two-tailed Student #test. ns, p< 0.1). g Top, quantification of the VPN
area (n= 5 ctrl, n= 6 THK", unpaired two-tailed Student ~test. ns, p= 0.84). Bottom, quantification of the
total S1 area (n= 8 ctrl, n= 5 THK#, unpaired two-tailed Student #test). Source data are provided as a Source
data file. Scale bars, a and ¢ (bottom) 200 um; e (top) 250 pm; ¢ (top) and e (bottom) 500 pm. Bar graphs
show the means + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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Supplementary Fig. 9. Region-specific transcriptional signatures in the thalamic VPM sub-

Pou?2f2
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regions in control and embWPC mice at P0. a Principal Component Analysis (PCA) of wpVPM (n=
4) and ulVPM (n= 4) control mice at PO. b Heatmap of normalized regularized logarithm (Rlog) Z-score
of expression and unbiased clustering of ulVPM- and wpVPM-specific Differentially Expressed Genes
(DEGs) at P0O. The color-code (yellow, high expression; purple, low expression) corresponds to the
log2FC. ¢ MA plot showing the log2 FoldChange and the mean expression distribution of DEGs. The
magenta and cyan dots represent wpVPM and ulVPM DEGs, respectively, with the top 7 protein coding
genes listed in every region. d Principal Component Analysis (PCA) of thalamic control ulVPM (n= 4)
and embWPC ulVPM (n= 4) mice at PO. e Top, histogram showing ulVPM DEGs that are up- and
downregulated by embWPC at P0O. Bottom, scatterplot of log2Foldchange between ulVPM DEGs
modified by embWPC and wpVPM versus ulVPM region-specific DEGs. f Boxplots displaying TPM
expression levels of selected wpVPM DEGs and ulVPM DEGs modified in the ulVPM of the embWPC
mice. Boxplots show the medians with the interquartile range (box) and range (whiskers). g Coronal
sections showing by 7 sitn hybridization the change in the pattern of expression of additional wpVPM and
ulVPM DEGs in the embWPC mouse at PO (n= 5 cttl, n= 5 embWPC, for each probe). Scale bars, 200
pm. *adj. p < 0.1, ¥*adj. p < 0.01, and ***adj. p < 0.001.
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Supplementary Fig. 10. Gene Ontology analysis of region-specific genes modified in embWPC
mice. a Gene Ontology (GO) functional analysis (Biological Processes, left; and Molecular Functions,
right) showing the top ranked clusters of GO terms enriched in the region-specific gene-set modified in
embWPC-ulVPM. b Gene ontology (GO) biological process (BP) enrichment analysis of wpVPM and
ulVPM DEGs modified by embWPC in ulVPM. ¢ Gene ontology (GO) molecular function (MF)
enrichment analysis of wpVPM and ulVPM DEGs modified by embWPC in ulVPM. The size of every
node (enriched term) in the gene networks represents the number of genes enriched and the color-code

(yellow, high expression; purple, low expression) corresponds to the log2FC in the wpVPM vs ulVPM

Differential expression analysis (DEA).
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Supplementary Fig. 11. Region-specific transcriptional signatures in the thalamic VPM sub-
regions are similarly shifted in embWPC-T%% and embWPC mice. a Coronal sections showing by
in sitn hybridization the change in the pattern of expression of wpVPM and ulVPM DEGs in embWPC
and embWPC-THK"at E18 (n= 5 ctrl, n= 5 embWPC, n=5 embWPC-THX" and n=5 T/H¥, for each probe).
Scale bars, 200 pm.
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Supplementary Fig. 12. Analysis of locomotor and exploratory activity during the texture
discrimination task. a Total distance travelled across each 5-minute session for three experimental
groups (n=8 ctrl, n=7 bi-embWPC and n=8 trimmed, Two-way ANOVA test indicates no significant
differences between groups on the distance travelled in any of the sessions, ns, p=0.4329). b Mean speed
of movement (velocity) during each 5-minute session for control, bi-embWPC and trimmed mice (Two-
way ANOVA test shows no significant differences across groups, ns, p=0.6191). ¢ Boxplots showing the
relative time that mice spent exploring familiar versus novel textures during the test session (t2), normalized
to exploration times in the sample session (t1), whete both textures were identical (Cttl, Wilcoxon matched-
pairs signed rank nonparametric test, *p=0.0391; bi-embWPC, paired two-tailed Student’s #test.
**p=0.0045; trimmed, paired two-tailed Student’s test. ns, p=0.7527). Source data are provided as a
Source data file. Boxplots depict median values with interquartile ranges (box) and full range (whiskers).

Statistical significance is indicated as follows: ns, not significant. *p < 0.05, **p < 0.01.
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Legends for Supplementary Movies

Supplementary Movie 1. iDISCO 3D reconstruction of E18 control mouse. Volume of the
whisker pad and upper lip areas in magenta and cyan, respectively. Volume of nice whisker pad and

nine upper lip follicles in yellow. Related to Fig. 1 and Supplementary Fig. 1.

Supplementary Movie 2. iDISCO 3D reconstruction of E18 embWPC mouse. Volume of the
whisker pad and upper lip areas in magenta and cyan, respectively. Volume of nice whisker pad and

nine upper lip follicles in yellow. Related to Fig. 1 and Supplementary Fig. 1.

Supplementary Movie 3. In vivo cortical evoked responses in the control side (ipsilateral to
cauterization) of embWPC mouse at E18. Stimulations of the whisker pad (magenta) and upper
lip (cyan). Dashed lines delineate cortical hemisphere, PMBSF and ALBSF putative cortical territories.
Speed x2. Related to Fig. 2.

Supplementary Movie 4. In vivo cortical evoked responses in the whisker pad cauterized
(WPC) side (contralateral to cauterization) of embWPC mouse at E18. Stimulations of the
whisker pad (magenta) and upper lip (cyan). Dashed lines delineate cortical hemisphere, PMBSF and
ALBSF putative cortical territories translated from control side stimulations (“PMBSF” and

“ALBSF”). Speed x2. Related to Fig. 2.

Supplementary Movie 5. In vivo cortical evoked responses in the control side (ipsilateral to
cauterization) of embWPC mouse at P4. Stimulations of the whisker pad (magenta) and upper lip
(cyan). Dashed lines delineate cortical hemisphere, PMBSF and ALBSF cortical territories. Speed x2.
Related to Fig. 2.

Supplementary Movie 6. Iz vivo cortical evoked responses in the whisker pad cauterized
(WPC) side (contralateral to cauterization) of embWPC mouse at P4. Stimulations of the
whisker pad (magenta) and upper lip (cyan). Dashed lines delineate cortical hemisphere, PMBSF and
ALBSF cortical territories translated from control side stimulations (“PMBSF” and “ALBSF”). Speed
x2. Related to Fig. 2.

Supplementary Movie 7. Spontaneous thalamic activity in the prospective VPM regions
(wpVPM and ulVPM) in an acute slice of control mice at E16. Dashed lines delineate dLG
(dorsolateral geniculate) nucleus, prospective wpVPM and ulVPM regions. Speed x15. Related to Fig.
3.

Supplementary Movie 8. Spontaneous thalamic activity in the prospective VPM regions

(wpVPM” and ulVPM) in an acute slice of embWPC mice at E16. Dashed lines delineate dLG
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(dorsolateral geniculate) nucleus, prospective wpVPM and ulVPM regions. Speed x15. Related to Fig.
3.

Supplementary Movie 9. Topographic representations in the cortex of in vivo evoked
responses in control mouse at P4. Stimulations of the whisker pad (magenta, blue, green, yellow
and orange) and upper lip (cyan and white). Dashed lines delineate cortical hemisphere, PMBSF and
ALBSF evoked cortical territories. Speed x2. Related to Fig. 6.

Supplementary Movie 10. Topographic representations in the cortex of iz vivo evoked
responses in embWPC mouse at P4. Stimulations of the upper lip (cyan and white). Dashed lines

delineate cortical hemisphere and ALBSF evoked cortical territory. Speed x2. Related to Fig. 6.

Legends for Supplementary Data

Supplementary Data 1. Differential expression analysis of wpVPM vs ulVPM control samples
from bulk RNA-seq. Related to Fig. 4 and Supplementary Fig. 9.

Supplementary Data 2. Differential expression analysis of EmbWPC vs control-ulVPM
samples from bulk RNA-seq. Related to Fig. 4 and Supplementary Fig. 9.

Supplementary Data 3. Enrichment analysis of EmbWPC and control-ulVPM samples from
bulk RNA-seq. Related to Fig. 4 and Supplementary Fig. 10.
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DISCUSSION

Specialized sensory maps in the neocortex are essential for processing and integrating sensory
information. While intracortical transcriptional programs predominantly govern the basic
cytoarchitecture of sensory cortical areas (Rakic et al., 2009), subcortical structures such as
the thalamus also play a key role in shaping these maps and determining their size (Moreno-
Juan et al,, 2017). During embryonic development, TCAs establish their first synaptic
connections with SPNs while cortical layers remain immature (Luhmann et al., 2018). At this
stage, thalamic sensory nuclei are already compartmentalized and well-defined (Angevine,
1970). TCAs navigate topographically to specific cortical regions, carrying positional and
sensory-modality information in a process that occurs prior to birth and independently of
sensory experience (Lopez-Bendito & Molnar, 2003).

The spatial organization of central brain structures is inherited from peripheral
sensory organs such as the retina, cochlea or whisker pad. Neighbor connectivity, driven by
peripheral neuronal activity, consolidates topographic mapping (Hanganu-Opatz, 2010;
Bednar & Wilson, 2016). While intrinsic genetic factors lay the foundational framework,
functional maps are refined postnatally through peripheral input (Woolsey & Wann 1976;
Killackey et al. 1978; Hensch 2004; Renier et al., 2017; Tiriac et al. 2018; Gaspar & Renier
2018). Alterations in sensory inputs, such as the removal of a single whisker or an entire row
of whiskers during the first postnatal week, result in the loss of corresponding cortical barrels
and an expansion of adjacent barrels (Van der Loos & Woolsey, 1973; Woolsey & Wann,
1976; Killackey et al., 1976; Killackey & Belford, 1979; Woolsey et al.,, 1979; Belford &
Killackey, 1979). These observations underscore the sensitivity of somatosensory maps to
peripheral input and challenge the assumption that cortical barrel size directly corresponds

to the size or type of peripheral sensory receptors.
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A prenatal window for intra-modal plasticity in the somatosensory pathway

Classical studies of intra-modal plasticity within the somatosensory system suggested that
cortical adaptations following sensory deprivation are primarily experience-dependent and
occur postnatally through compensatory growth of intact sensory regions (Killackey et al.,
1976; Woolsey & Wann, 1976; Belford & Killackey, 1979; Woolsey et al., 1979; Killackey &
Dawson, 1989; Erzurumlu & Gaspar, 2012). However, cross-modal plasticity studies have
shown that adaptations in the somatosensory cortex after visual deprivation arise well before
sensory experience begins (Fetter-Pruneda et al., 2013; Abbott et al., 2015; Moreno-Juan et
al., 2017). These studies suggest that experience-independent mechanisms, such as embryonic
thalamic calcium waves, may trigger cortical plasticity (Moreno-Juan et al., 2017).
To explore whether experience-independent mechanisms influence the size of
somatosensory cortical maps intra-modally, we developed a mouse model in which whiskers
input was deprived at E14 (embWPC). The embryonic ablation of mystacial whiskers induced
intra-modal plasticity, leading to a profound reorganization of barrel-field territories within
the somatosensory system prior to birth. We found an enlargement of ALBSF cortical
territory occupying the space previously associated with the PMBSF, as demonstrated by 7
vivo recordings at E18. Evoked activity from upper lip stimulations revealed columnar
responses that precede the formation of cytoarchitectural sensory maps. Although anatomical
cortical columns are absent at embryonic stages (Agmon et al., 1995), functional precolumnar
patterns delineating cortical barrel fields are already apparent. Prenatal peripheral stimulations
support the existence of functional cortical maps, indicating that the somatosensory system
is capable of transmitting topographic information even before birth. These results align with
previous neonatal studies showing that early postnatal cortical activity, both spontaneous and
evoked, is already organized topographically (Yang et al. 2013; Mitrukhina et al. 2015; Mizuno
et al. 2018a; Anton-Bolafios et al., 2019).

Unlike the cross-modal plasticity observed in early blind models, where sensory
cortical adaptations span different modalities (Moreno-Juan et al, 2017), our findings

highlight the specificity of intra-modal reorganization. The mechanisms driving this
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reorganization are tightly constrained to preserve functional fidelity within the affected
sensory modality.

Our data also demonstrates the existence of a critical prenatal temporal window
during which somatosensory cortical maps are established, as the rearrangements observed
in embWPC mice are absent when whiskers input is deprived at birth (P0). This aligns with
prior studies showing that manipulations outside this critical window do not lead to
significant cortical reorganization (Erzurumlu, 2010; Erzurumlu & Gaspar, 2012; Iwasato &

Erzurumlu, 2018).

Independence from peripheral receptor properties

Traditionally, the barrel field representation in the cortex has been thought to reflect the
characteristics of peripheral sensory receptors—e.g., larger whisker follicles driving the
formation of larger barrels in the PMBSF (Gaspar & Erzurumlu, 2013; Erzurumlu & Gaspar,
2020), while smaller upper lip whiskers correspond to smaller, less defined ALBSF barrels
(Woolsey & Van der Loos, 1970; Land & Simons, 1985; Jan et al., 2008). However, previous
research demonstrated that altering sensory inputs can reshape cortical maps without
modifying receptor properties (Killackey & Dawson, 1989). Consistent with this, we found
that the size of cortical barrels is not correlated with peripheral receptor size in embWPC
mice. Despite the expansion of the ALBSF cortical territory and individual barrels, the size
of upper lip follicles and their associated area remained unchanged. This suggests that
mechanisms beyond peripheral receptor features regulate barrel field size and organization,
raising further questions about the intrinsic and subcortical factors driving the establishment

and refinement of these cortical territories.

Role of spontaneous thalamic activity in map formation

Previous work from our lab demonstrated that the thalamus can generate intrinsic
spontaneous calcium waves, which serve as a cross-modal communication mechanism among

sensory systems to maintain homeostatic regulation of cortical areal size after sensory loss
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(Moreno-Juan et al. 2017). This was the first evidence identifying spontaneous thalamic
activity as a regulatory element in cortical development. Later, Antén-Bolafios et al. (2019)
found that embryonic thalamic calcium waves are essential for barrel map development in
the somatosensory cortex, independent of external input. However, the precise contribution
of peripheral input and spontaneous activity in central brain structures, as well as their
interaction in shaping sensory circuits remains largely unclear.

Our data show that the rescaling of the ALBSF in embWPC mice occurs
independently of these activity patterns. The preserved point-to-point topography in
embWPC and embWPC-T/*" mice further supports the robustness of these results. These
findings suggest a dual mechanism in which transcriptional programs drive large-scale
reorganization, while thalamic activity is necessary for fine-tuning barrel field territories,

emphasizing the complexity of sensory map formation.

Specific thalamic cues in VPM sub-territories guiding somatosensory maps

development

We demonstrated that by E106, thalamic sub-regions in the VPM receiving input from
mystacial whiskers or upper lip whiskers exhibit distinct spontaneous calcium waves
frequencies. The wpVPM region displays high-frequency activity, whereas the ulVPM does
not exhibit such activity. By PO, before cortical barrel fields are anatomically evident, thalamic
VPM sub-territories express distinct transcriptional profiles. wpVPM and ulVPM regions are
distinguishable by DEGs that are region specific. Thus, these molecular profiles may guide
the functional and anatomical differentiation of PMBSF and ALBSF, supporting the
establishment of precise intra-modal somatosensory maps. The enlargement of ALBSF maps
in embWPC mice is mediated by thalamic transcriptional programs. Genes such as Rora and
Ephad, essential for thalamocortical barrel field development (Vitalis et al., 2018; Dufour et
al., 2003), are upregulated in ulVPM neurons, aligning their transcriptional profiles with those
of wpVPM neurons. This transcriptional shift likely drives the anatomical transformation of

the ALBSF, independent of the periphery.

154



Discussion

The barrel field cortical territories exhibit distinct structural characteristics, with the
PMBSF containing large, well-defined barrels, while the ALBSF is composed of smaller, less
distinct barrels (Woolsey & Van der Loos, 1970; Land & Simons, 1985; Erzurumlu & Gaspar,
2020). Interestingly, the ALBSF also has a higher density of PV+ interneurons compared to
the PMBSF, suggesting the presence of more potent feedforward inhibitory circuits
(Shigematsu et al., 2024). When intra-modal plasticity is induced using the embWPC model,
the reorganized ALBSF territory acquires anatomical properties resembling those of the
PMBSF, including larger and more sharply defined barrels, and lower density of PV+
interneurons. Notably, the ulVPM territory in these mice mirrors the transcriptional
signatures and activity patterns of the wpVPM territory, suggesting that these specific
transcriptional profiles and activity patterns drive the acquisition of PMBSF-like features.

Our findings reveal a critical prenatal window during which sensory maps exhibit high

plasticity, enabling the establishment of their size and definition through thalamic signaling.

Functional and behavioural outcomes of intra-modal plasticity

The reorganized ALBSF map in embWPC mice acquires functional properties typically
associated with the PMBSF, including enhanced spatial resolution and the ability to
discriminate textures (Kleinfeld et al., 2000). In control mice, mechanical stimulation of the
whisker pad at early postnatal stages (P4) elicits more defined and higher-resolution responses
in the PMBSF compared to upper lip stimulation in the ALBSF. In embWPC mice, upper lip
stimulations evoked refined responses in the ALBSF comparable to those observed in the
PMBSF of control mice. This intra-modal adaptation suggests that the spatial resolution in
the ALBSF map was enhanced. Additionally, embWPC mice used the upper lip comparably
to how control mice used the whisker pad, as evidenced by cFos expression levels, which are
similar in the ALBSF of embWPC mice and the PMBSF of control mice. Notably, despite
the absence of mystacial whiskers, embWPC mice displayed behavioural recovery through
the enhanced ALBSF map, achieving texture discrimination capabilities comparable to

control mice. This demonstrates the functional relevance of intra-modal plasticity in
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maintaining behavioural adaptability, that do not only reshape cortical representations but
also supports functional recovery. Consistent with prior studies showing that sensory maps
adapt to preserve critical behavioural functions even under altered developmental conditions

(Simons & Land, 1987).

Concluding remarks

Our findings highlight the developmental plasticity of the somatosensory system, revealing
that intra-modal mechanisms enable robust cortical adaptations during a critical prenatal
window. These adaptations are mediated by the interplay of thalamic specific transcriptional
programs and, to a lesser extent, thalamic calcium waves. The discovery that intra-modal
reorganization can reshape cortical maps and preserve functionality emphasizes the
importance of intrinsic mechanisms in sensory development. By elucidating the principles
governing somatosensory map formation, this study contributes to our understanding of
cortical development and opens new avenues for exploring therapeutic strategies to enhance

sensory function in injury contexts.
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CONCLUSIONS

10.

11.

12.

13.

Somatosensory territories are established within a brief embryonic window and are
functionally segregated before birth.

Embryonic whiskers input deprivation induces intra-modal plasticity within the
somatosensory system rather than cross-modal plasticity involving other sensory
systems.

Barrel field sizes can be adjusted prenatally, with functional reorganization of
territories evident before birth.

The point-to-point topography is preserved in reorganized maps of embWPC mice.
Functional rearrangements in barrel field territories are accompanied by thalamic
calcium waves during development.

Blocking thalamic calcium waves does not prevent the reorganization of
somatosensory territories under input-deprived conditions.

The segregation of somatosensory territories is primarily driven by the input.

The VPM sub-territories exhibit unique transcriptional profiles and specific
spontaneous activity patterns, each corresponding to different barrel field maps.
Whiskers input deprivation modifies territory-specific genes associated with axon
guidance and activity, mimicking the molecular profiles and thalamic spontaneous
activity patterns of the deprived territory.

The rescaling of the ALBSF map incorporates features of the PMBSF, including
increased barrel size, sharper definition, and enhanced spatial resolution.

Cortical barrel field features are independent of peripheral receptor characteristics.
Thalamic spontaneous activity regulates somatosensory map resolution during
prenatal development.

The reorganized ALBSF map acquires functional properties typically associated with

the PMBSF, enabling texture discrimination.
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CONCLUSIONES

10.

11.

12.

13.

Los territorios somatosensoriales se establecen durante una breve ventana
embrionaria y estan funcionalmente segregados antes del nacimiento.

La privacion de los bigotes durante el desarrollo embrionario genera plasticidad intra-
modal dentro del sistema somatosensorial, en lugar de plasticidad cross-modal que
involucre a otros sistemas sensoriales.

El tamafio de los territorios de barriles puede ajustarse durante el desarrollo prenatal,
y su reorganizacioén funcional es evidente antes del nacimiento.

La topografia se conserva en los mapas reorganizados de los ratones embWPC.

Las reorganizaciones funcionales en los territorios de barriles estan acompafadas por
ondas de calcio talamicas durante el desarrollo.

El bloqueo de las ondas de calcio talimicas no impide la reorganizaciéon de los
territorios somatosensoriales en condiciones de privacion de estimulos.

La segregacion de los mapas somatosensoriales esta mediada por la entrada sensorial.
Los subterritorios del VPM presentan perfiles transcripcionales unicos y patrones de
actividad espontanea especificos, asociados a diferentes mapas de barriles.

La privacion de los bigotes modifica genes especificos de territorio relacionados con
gufa axonal y actividad, imitando los perfiles moleculares y patrones de actividad
espontanea talamica del territorio privado.

La reorganizacion del mapa ALBSF incorpora caracteristicas del PMBSF, como un
mayor tamafio de los barriles, una mayor definicién y una mejor resolucion espacial.
Las caracteristicas de los territorios de barriles corticales son independientes de las
propiedades de los receptores sensoriales periféricos.

La actividad espontanea talamica regula la resolucién de los mapas somatosensoriales
durante el desarrollo embrionario.

El mapa reorganizado del ALBSF adquiere funciones propias del PMBSF, como la

discriminacién de texturas.
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% Check for updates Precise mapping of peripheral inputs onto cortical areas is essential for

accurate sensory processing. In the mouse primary somatosensory cortex,
mystacial whiskers correspond to large, well-defined barrels, while upper lip
whiskers form smaller, less distinct barrels. These differences are traditionally
attributed to variations in whisker input type and receptor density, but pre-
natal activity and transcriptional programs also impact somatosensory map
development independently of sensory experience. Here, we demonstrate that
prenatal ablation of mystacial whiskers leads to a remapping of cortical terri-
tories, enhancing the functional and anatomical definition of upper lip whisker
barrels. This reorganization occurs without altering peripheral receptor types.
Instead, thalamic neurons that receive upper lip inputs adopt a mystacial-like
transcriptional profile. Our findings unveil a regulated prenatal mechanism in
the thalamus that ensures sufficient cortical barrel size and spatial resolution

for sensory processing, irrespective of peripheral receptor type or density,
highlighting a critical developmental process in sensory mapping.

Sensory systems are represented in the primary sensory areas of the
brain, structured into both anatomical and functional maps'™. The
spatial precision of sensory maps varies among species according to
the ethological relevance of the modality or the intra-modal sensory
branch’. This precision is achieved through the accuracy of point-to-
point innervation along the ascending sensory pathway. In rodents,
which heavily rely on the somatosensory modality, a prominent cor-
tical area is devoted to processing stimuli from facial whiskers. Within
the mouse primary somatosensory cortex (S1), information from facial
whiskers is processed in two juxtaposed subfields: the posteromedial
barrel subfield (PMBSF) and the antero-lateral barrel subfield (ALBSF).
The PMBSF receives input from the mystacial whiskers which provide
diverse and specialized information to S1°’. The ALBSF receives input
from the upper lip whiskers which are considered to play a secondary
role in sensory processing®. While each barrel corresponds to a single
whisker in both regions, the degree of clustering of incoming

thalamocortical axons varies, leading to notable anatomical distinc-
tions between the two territories. While PMBSF barrels are character-
ized by their large size and sharp borders, ALBSF barrels are smaller
and have poorly defined borders’. These differences in intra-modal
map organization parallel the distinct morphological characteristics of
mystacial and upper lip whiskers: mystacial whiskers are long with
large follicles, whereas upper lip whiskers are comparatively short with
small follicles, albeit more abundant. Despite their clear anatomical
and functional differences, we still lack a complete understanding of
the mechanism underlying the construction of these two distinct
barrel maps and to what extent they rely on the type of sensory
receptors (mystacial versus upper lip). Indeed, recent data demon-
strated that sensory receptor-independent mechanisms can also
influence cortical barrel size by altering the patterns of activity in
subcortical stations. For instance, increasing thalamic waves in the
developing somatosensory thalamus of early blind mice results in
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larger barrels in the PMBSF of S1, even before the onset of active
whisking'®". Thus, the size of a sensory barrel map may not only
depend on the type and number of sensory receptors but may also be
regulated by intrinsic programs during development. By embry-
onically ablating mystacial whiskers and follicles, and the subsequent
PMBSF representation, we generated mice in which the ALBSF barrels
become larger and better-defined, without altering the size and num-
ber of upper lip follicles. This intra-modal reorganization of the barrel
maps occurs within a restricted prenatal time window and is guided by
transcriptional programs operating intra-modally in the thalamus.
Interestingly, these reorganized ALBSF barrels resemble normal
PMBSF barrels at the morphological, molecular, and functional levels,
showing an enhanced spatial resolution upon tactile stimulation.

Results

The size of barrel subfield areas can be adjusted prenatally

The size of the areas devoted to processing distinct whisker-mystacial
versus upper lip input information is thought to be determined by the
corresponding type and density of sensory receptors on the mouse
face'". We asked whether prenatal removal of a selected facial whisker
type might have an impact on the cortical barrel areas and spatial
distribution of the spared whiskers. We implemented a strategy
whereby the mystacial whiskers in the whisker pad were cauterized
unilaterally at embryonic day (E) 14 (named as embWPC), in both
wildtype and TCA-GFP mice", in which thalamocortical projections are
labeled with green fluorescent protein (GFP). At this stage, trigeminal
nerve axons have just begun to target the principal trigeminal sensory
nucleus (PrV) in the brainstem (Supplementary Fig. 1a), but PrV neuron
axons have not yet entered the ventral posteromedial (VPM) thalamic
nucleus®™.

Analysis of the snout at E18 confirmed the specific ablation of the
mystacial whiskers and follicles (Fig. 1a, b), with a strong reduction of
whisker pad-innervating primary trigeminal sensory axons targeting
the PrV (Supplementary Fig. 1b). At early postnatal stages, the total
areas of PrV, thalamic ventral posterior nucleus (VPN) and S1, including
other somatosensory body representations apart from the snout, did
not exhibit significant differences in embWPC, as compared to control
mice (Supplementary Fig. 2a-h). In contrast, the size of the areas
corresponding to mystacial and upper lip whiskers was significantly
rescaled in embWPC mice at all levels of the pathway, suggesting intra-
modal plasticity of connectivity. For example, in S1, we found a 54%
decrease in the PMBSF territory, and a 34% expansion of the ALBSF
territory, a phenomenon already observed in P4 (Fig. 1c, d and Sup-
plementary Fig. 2i, j). Notably, we found no discernible differences in
the total upper lip volume, nor in the volume and number of upper lip
follicles between control and embWPC mice both at E18 and P8
(Fig.1a, b and Supplementary Movies 1, 2). Dye depositions in the
cortical PMBSF or ALBSF of P8 embWPC confirmed a similar intra-
modal remapping of the corresponding whisker pad input-receiving
VPM (wpVPM) or upper lip input-receiving VPM (ulVPM) areas in the
thalamic VPM* (Fig. le, f). Moreover, retrogradely labeled thalamo-
cortical neurons within each VPM sub-territory maintained their
expected point-to-point distribution, matching cortical topography
(Supplementary Fig. 3).

Importantly, the changes of the cortical barrel field sub-territories
depended on mechanisms only present before birth, since cauteriza-
tion of the whisker pad at postnatal day O (PO), referred to as POWPC,
revealed no significant territorial differences in the PMBSF and ALBSF
between control and POWPC across the somatosensory stations
(Fig. 1g, h and Supplementary Fig. 4). As expected, there were no re-
arrangements of the thalamocortical axons in the POWPC (Fig. 1i, j and
Supplementary Fig. 5). Notably, barrels in PMBSF exhibited a dimin-
ished degree of definition and structure, with blurred point-to-point
topography, highlighting the enduring effects of early sensory depri-
vation on the cortical organization (Supplementary Fig. 5c, d). Thus,

there is a critical window in which the cortical ALBSF area can be
significantly adjusted without altering upper lip receptors, suggesting
that after this timepoint, plasticity might arise from a different strategy
to compensate for sensory loss.

Functional rescaling of ALBSF in embWPC mice occurs

before birth

Whisker pad stimulation in vivo at E18 can elicit activity in the devel-
oping PMBSF*%, indicating that the periphery-to-cortex somatosen-
sory pathway is already functional before birth. We asked whether the
anatomical changes observed in embWPC at P8 were detectable at
prenatal stages by assessing functional reorganizations. We carried out
peripheral whisker pad and upper lip stimulations at E18 while
recording cortical calcium activity in EmxI°“ transgenic mice,
expressing GCaMP6f in cortical glutamatergic neurons® and carrying
unilateral whisker pad cauterization (Fig. 2a). We also used non cau-
terized mice as additional controls.

Stimulations of either the whisker pad or the upper lip in control
mice or in the control side of embWPC mice at E18 elicited responses
from clusters of cortical neurons corresponding to the putative terri-
tories of the PMBSF or ALBSF, respectively (Fig. 2b, ¢, Supplementary
Fig. 6, and Supplementary Movie 3). In contrast, whisker pad stimula-
tions in the cauterized side of embWPC mice triggered very reduced
responses in the caudal-most part of the expected contralateral PMBSF
(“PMBSF”), confirming the anatomical reduction of this territory.
Remarkably, stimulations of the upper lip in the cauterized side eli-
cited misplaced responses in the expected ALBSF (“ALBSF”) that
notably expanded into the “PMBSF” (Fig. 2b, ¢ and Supplementary
Movie 4), as compared to the control side. This ectopic “PMBSF”
activation was maintained at P4 when the size of responses to upper lip
stimulation were already refined in the control side (Fig. 2d-g and
Supplementary Movies 5, 6). Thus, the anatomical rescaling of barrel
field sub-territories seen in the postnatal embWPC can be functionally
detected prior to birth.

Silencing prenatal thalamic synchronous activity does not pre-
vent the area rescaling of barrel subfields

Thalamic neurons display waves of prenatal spontaneous activity that
are crucial for the development of cortical barrel field maps'®?. There-
fore, we investigated whether the rescaling of barrel field territories in
embWPC embryos could be explained by changes in the spontaneous
activity of VPM neurons. Inputs from the whisker pad at E16 are carried
by afferents from the ventral portion of the PrV (vPrV), whereas inputs
from the upper lip are carried by afferents from dorsal PrV (dPrv)"™.
While at this prenatal stage, vPrV afferents topographically target the
dorsolateral VPM (the prospective wpVPM), dPrV afferents target not
only the ventromedial part (the prospective ulVPM) but cover most
parts of the VPM7?, Thus, while whisker pad and upper lip inputs are
segregated at the brainstem nuclei, dPrV and vPrV axon terminals pre-
natally overlap within the prospective wpVPM territory”" (Fig. 3a, b and
Supplementary Fig. 7a-c). Remarkably, despite this axonal overlap,
spontaneous activity patterns in the VPM thalamus at E16 were sub-
territory specific. We detected a notable distinction in the frequency of
spontaneous activity waves between the prospective wpVPM and ulVPM
regions. While wpVPM exhibited a high frequency of waves, the pro-
spective ulVPM showed significantly reduced frequency (Fig. 3c, d and
Supplementary Movie 7). In embWPC, we observed a striking change in
the spontaneous activity pattern, with a significant increase in thalamic
wave frequency within the prospective ulVPM, resembling the pattern
observed in the control wpVPM primordium (Fig. 3c, d and Supple-
mentary Movie 8). Interestingly, in embWPC VPM at P4, dPrV axon
projections did not undergo normal developmental segregation but still
targeted most of the dorsolateral VPM, unlike in controls, and covered
the area normally occupied by vPrV input afferents (Supplementary
Fig. 7d, e).
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disrupted (referred to as embWPC-TH ), Briefly, we used a tamoxifen-
dependent Gbx27*"? mouse with a floxed line expressing the inward
rectifier potassium channel 2.1 (Kcnj2) fused to the mCherry reporter in
thalamic neurons (referred to as Th*"). Our data revealed that thalamic
and cortical territories in embWPC-TH mice exhibited a spatial reor-
ganization similar to that observed in embWPC mice. In both mice, the
wpVPM and PMBSF territories virtually disappeared, and the ulVPM and
ALBSF expanded as compared to the control (Fig. 3e). Consistent with
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Fig. 1| Whisker pad deprivation in embryos rescales barrel field areas and
thalamocortical circuits. a Left and middle, iDISCO frontal snout views showing
the whisker pad (magenta) and upper lip (cyan) areas, lateral 3D-reconstructions of
the follicles (yellow) at E18. Right, Nissl stainings of the snout at P8, red dashed line
delimits upper lip area. b Quantification (iDISCO E18, n=5 ctrl, n=5 embWPC.
Nissl P8, n=8 ctrl, n=9 embWPC). ¢ Surface view of thalamocortical terminals
(TCA-GFP+) in the PMBSF and ALBSF at P8. d Quantification (n=8 ctrl, n=9
embWPC). e Upper panels, Dil and DiA crystal placements in the C2 PMBSF and in
the ALBSF, respectively, at P8. Lower panels, backlabelled cells in the wpVPM and
ulVPM. f Quantification of the position of backlabelled cells with respect to the
distance to the dLG nucleus. The gray horizontal dashed line represents the
separation between wpVPM and ulVPM (n = 6 ctrl, n = 6 embWPC). g Surface view of
TCA-GFP+ in the PMBSF and ALBSF at P8. h Quantification of the data (n=8 ctrl,

n=9 POWPC). i Upper panels, Dil and DiA crystal placements in the C3 PMBSF and
in the ALBSF, respectively, at P8. Lower panels, backlabelled cells in the wpVPM and
ulVPM. j Quantification of the position of backlabelled cells with respect to the
distance to the dLG nucleus. The gray horizontal dashed line represents the
separation between wpVPM and ulVPM (n =35 ctrl, n=5 POWPC). Source data are
provided as a Source data file. wp whisker pad, ul upper lip, E embryonic, P post-
natal, embWPC embryonic whisker pad cauterized, POWPC postnatal day O whisker
pad cauterized, vol. volume, no. number, TCA-GFP thalamocortical axons labeled
with a green fluorescent protein, norm. normalized. Scale bars: a (left), c, e (top),
g, i (top) 500 um; a (middle) 400 pm; a (right) 1000 um; e (bottom), and i (bottom)
200 pm. Boxplots show the medians with the interquartile range (box) and range
(whiskers). Bar graphs show the means + SEM. ns not significant. *p < 0.05,

**p < 0.0, **p < 0.001.
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Fig. 2 | Functional rescaling of cortical barrel field territories in embWPC mice.
a Schema representing the experimental paradigm. b Left, cortical evoked
responses (GCaMP6f) to whisker pad (magenta) and upper lip (cyan) stimulations
in control (ipsilateral) and whisker pad cauterized (WPC, contralateral) sides in
embWPC mice at E18. Control PMBSF and ALBSF territories were translated to the
WPC side for direct comparison and labeled as “PMBSF” and “ALBSF”. Right, reslice
of the yellow line in the left, representing responses elicited in PMBSF and ALBSF
primordia by whisker pad stimulation (wps) or upper lip stimulations (uls). The
white horizontal line delineates the boundaries between PMBSF and ALBSF. The
vertical dashed line divides the wps from the uls over time. The arrows label the
stimulation times for the whisker pad (magenta) and upper lip (cyan).

¢ Quantification of the PMBSF and ALBSF active fraction to wps or uls (n=7 ctrl,
n=6 WPC). d Left, cortical evoked responses (GCaMP6f) to whisker pad (magenta)
and upper lip (cyan) stimulations in control (ipsilateral) and WPC (contralateral)
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sides in embWPC at P4. Right, reslice of the yellow line in the left, representing
responses elicited in PMBSF or ALBSF by wps or uls. The white horizontal line
delineates the boundaries between PMBSF and ALBSF. The vertical dashed line
divides the wps from the uls over time. The arrows label the stimulation times for
the whisker pad (magenta) and upper lip (cyan). e Quantification of the PMBSF and
ALBSF active fraction to wps and uls (n = 6 ctrl side, n = 6 WPC side). f Quantification
of the percentage of overlap responses between the PMBSF and ALBSF territories at
E18 and P4 (n=9 ctrl E18, n=6 embWPC E18, n=9 ctrl P4, n=6 embWPC P4).

g Schema illustrating the results. Dashed lines delineate PMBSF and ALBSF putative
evoked territories at E18. Source data are provided as a Source data file. S1, primary
somatosensory cortex; GCaMP6f, calmodulin-based genetically encoded fluor-
escent calcium indicator 6-fast. Scale bars, 1000 um. Bar graphs show the

means + SEM. ns not significant. *p < 0.05, **p < 0.01, **p < 0.001.

previous studies in the Th*" mouse?, manipulating thalamic activity
patterns in the embWPC mice (embWPC-Th*") resulted in the absence of
thalamic waves (Supplementary Fig. 8a, b) and, the complete loss of
barrels, evidenced by a total lack of TCA clustering, in both PMBSF and
ALBSF territories (Fig. 3e, g). Rescaling of thalamic and cortical terri-
tories, along with thalamocortical circuits, was still observed in the
embWPC-Th*" mouse but was virtually absent in the TH" mouse alone,
as shown by anatomical and dye tracing analyses (Fig. 3e-h and Sup-
plementary Fig. 8c-g). In sum, our results demonstrate that the patterns
of spontaneous activity in prenatal VPM neurons are dispensable for
intra-modal thalamic and cortical sub-territories rescaling to input
deprivation.

Upper lip input-receiving thalamic neurons adopt a similar
transcriptional profile to mystacial input-receiving neurons
Cross-modal and intra-modal changes in the transcriptional programs
of thalamic neurons have been shown to generate thalamocortical

circuit reorganizations and cortical adaptations, as shown in early
blind pups or in mice with an early postnatal ablation of the VPM
nucleus'®**?*, Therefore, we examined whether the anatomical and
functional circuit expansion of the ALBSF in embWPC might be influ-
enced by changes in the transcriptional program of VPM neurons. To
assess this, we dissected tissue, at similar distances from the dorsal
lateral geniculate (dLG) nucleus, from wpVPM and ulVPM in control
and embWPC mice at PO (Fig. 4a, b) and compared their transcriptional
profiles by bulk RNA-sequencing (RNA-seq). Principal component
analysis (PCA) revealed that the transcriptomes from wpVPM and
ulVPM cells in control mice clustered separately already at PO (Sup-
plementary Fig. 9a). Differential expression analysis (DEA) further
revealed 377 differentially expressed genes (DEGs) enriched in the
wpVPM as opposed to 365 in the ulVPM cells. Among the DEGs enri-
ched in each population, we found genes previously identified as being
involved in somatosensory development such as Epha3, Sox2, Hs6st2,
Cdh8, or Rora enriched in wpVPM> % or Rorp, Slitrké, Foxp2, Calbl, or

Nature Communications | (2025)16:1955


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57052-w

a b c
< 50
®
= 40
N 5
o = 304 |e
o g
g 5 20
=10
=0
e embWPC-ThKr  f Mot WembWPC
® 4, M embWPC-THK"
5 — *k
. E3 s
5 5 é
-g % 2 * Kk
o o
> P
O] =
>
«©
% =
< £
o 15
o =
O 8
< ©
(@) %
- =] O

Fig. 3 | ALBSF rescaling is independent of thalamic patterned activity. a Coronal
sections from the Krox20-zsgreen::R2-mCherry double transgenic mouse showing
Krox20-labeled axons (magenta, vPrV) and R2-labeled axons (cyan, dPrV) at the
VPM at E16. b Quantification of the percentage of overlap of labeled axons (n=6).
¢ Maximal projection of ex vivo spontaneous calcium activity in the prospective
VPM sub-regions (wpVPM and ulVPM) in acute slices at E16. Raster plots of 5 min.
The arrows label the calcium waves of synchronous activity. d Quantification of the
frequency of wave activity in the VPM (n=11 ctrl, n=8 embWPC). e Upper panels,
coronal sections of vGlut2 staining (green) in the wpVPM and ulVPM of embWPC
and embWPC-Th"" mouse (Kir-mCherry positive) at P3. Lower panels, surface view
of TCA-GFP+ terminals in the PMBSF and ALBSF in embWPC and embWPC-Th*"
mice at P8. The arrows label the limits between wpVPM and ulVPM in the thalamus,

0 tin'.1e (min) 5

embWPC 0 d Wt [ embWPC

time (min) o

ns
*
ns
ns *kk

wpVPM
ROl no.™

n
g
>

i

°

o
=]

o
~

ulVPM
ROI no.

PMBSF ALBSF

. o

WpVPM ulVPM

freq. (waves/min)

o

v 0

g

embWPC-ThKir

¥

B embWPC )
[ embWPC-THKI"

61 ns

TCA-GFP

WpVPM

Distance from dLG (norm)

Dil DiA dapi

and PMBSF and ALBSF in the cortex. f Quantification of the data (Thalamus, n=5
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embWPC-Th*"). g Upper panels, Dil and DiA crystal placements in the PMBSF and
ALBSF, respectively. Lower panels, backlabelled cells at the thalamus show shifted
positions within the ulVPM thalamic area in both embWPC and embWPC-Th*"
mice at P8. h Quantification of the position of backlabelled cells with respect to
the distance to the dLG nucleus. The gray horizontal dashed line in the graph
represents the separation between wpVPM and ulVPM (n=6 embWPC, n=6
embWPC-Th*"). Source data are provided as a Source data file. Scale bars, a100 pm;
¢, g (bottom) 200 um; e (top) 250 pm, e (bottom), g (top) 500 um. Boxplots show
the medians with the interquartile range (box) and range (whiskers). Bar graphs
show the means = SEM. ns not significant. *p < 0.05, **p <0.01, **p < 0.001.

Lhx2'°*°3 enriched in the ulVPM (Supplementary Fig. 9b, ¢ and Sup-
plementary Data 1).

Then, we compared control versus embWPC transcriptional pro-
grams in the VPM. Remarkably, PCA analysis from ulVPM cells in an
embWPC mouse indicated that these neurons grouped more closely
with control wpVPM than control ulVPM (Fig. 4¢ and Supplementary
Fig. 9d). This transcriptional shift was appreciated when the expression
pattern of the upper lip and whisker-pad DEGs was plotted in the
ulVPM of the embWPC (Fig. 4d). To investigate this effect, we trained a
Support Vector Machine classifier (C-SVM) using differentially
expressed genes and compared the results with the ulVPM-embWPC.
This machine learning approach predicted that the cauterized model
would be classified as the wpVPM control in 70% of cases, compared to
30% for the ulVPM control (Fig. 4e). Additionally, DEA against the
wpVPM control revealed a much lower number of differentially
expressed genes (93 DEGs) compared to the ulVPM control (268
DEGs) (Fig. 4f).

In total, 150 region-specific DEGs from ulVPM and wpVPM were
significantly changed by the embWPC (Fig. 4g). Namely, in the ulVPM
of the embWPC mouse, we observed an upregulation of ~17% of the
DEGs normally expressed in the control wpVPM and downregulation
of about 23% of control ulVPM DEGs, respectively (Fig. 4g, Supple-
mentary Fig. 9e, and Supplementary Data 2). Notably, genes such as
Rora, Epha4, Hs6st2, Cdh9, or Plxna2, involved in axon guidance, tha-
lamocortical mapping, and wpVPM development®**, exhibited a
wpVPM-like pattern in the ulVPM of embWPC mice (Fig. 4h, i and
Supplementary Fig. 9f), also corroborated by in situ hybridization
(Fig. 4j and Supplementary Fig. 9g). Next, we performed a Gene
Ontology (GO) functional enrichment analysis of the genes with

expression changes in the ulVPM of the embWPC and identified 11
clusters of GO-Terms enriched in biological processes (BP) and mole-
cular functions (MF) (Supplementary Fig. 10 and Supplementary
Data 3). The top ranked cluster included 99 genes (46.8%) enriched in
BP involved in dendrite development or synapse assembly (e.g., Robol
and Flrt3), and 12 genes (18.8%) enriched in MF involved in voltage-
gated channel activity (e.g., Kcnc2 and Kcnabl).

Since the lack of spontaneous thalamic waves in embWPC-Th*"
mice did not prevent the ALBSF reorganization, we investigated whe-
ther the changes in ulVPM transcriptome are still observed in
embWPC-Th*" VPM. We conducted in situ hybridization for probes
that we identified as wpVPM markers upregulated in the ulVPM of
embWPC mice such as Hsé6st2, Rora, and Pou2f2, or markers down-
regulated in the ulVPM of embWPC mice such as Epha4. Our results
show a similar shift in the expression pattern for these genes in both
embWPC and embWPC-Th*" mouse (Supplementary Fig. 11) reinfor-
cing that the transcriptomic changes in VPM territories are mainly
independent of thalamic waves, activity. In summary, the spatial
rescaling of cortical ALBSF territory in embWPC correlates with tran-
scriptomic changes observed in upper lip thalamic input neurons,
which shift towards a molecular signature resembling that of whisker
pad input neurons (Fig. 4k).

Increase of barrel size and functional spatial resolution of the
cortical ALBSF map

We investigated whether upper lip-recipient thalamic neurons that
acquire a whisker pad transcriptional profile during perinatal devel-
opment might develop additional PMBSF characteristics later in life. At
P8, PMBSF and ALBSF cortical areas differ in the average size of their
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Fig. 4 | Upper lip recipient thalamic neurons switch their transcriptional pro-
gram to that of whisker-pad neurons. a Top left, schema representing the
paradigm. Top right and bottom, coronal images showing the dissected thalamic
territories for sequencing. b Quantification of the dissected area with respect to the
distance to the dLG nucleus (n =4 wpVPM-ctrl slices, n =4 ulVPM-ctrl slices, and
n=4 ulWPC embWPC slices, 4 mice per condition). ¢ Principal component analysis
(PCA) of wpVPM-ctrl (n=4), ulVPM-ctrl (n=4), and ulVPM-embWPC (n =4) at PO.
d Heatmap of the normalized regularized logarithm (Rlog) Z-score of expression
and unbiased clustering of region-specific DEGs showing their expression profile in
the ulVPM of the embWPC at PO. The color code (yellow, high expression;
purple, low expression) corresponds to the log2FC. e Left, C-support vector
machine (C-SVM) analysis identifies the optimal demarcation plane between
wpVPM (magenta dots) and ulVPM population (cyan dots). The ulVPM-embWPC
samples are identified as wpVPM control based on its gene expression pattern (red
dots). Right, the prediction score value of ulVPM-embWPC is classified as wpVPM

(70%) or ulVPM (30%) controls. f Number of differentially expressed genes (DEGs)
obtained in their respective differential expression analysis. g Venn diagram shows
the number of genes modified by embWPC in ulVPM overlapped in every subset of
region-specific DEGs. h Heatmap of the normalized regularized logarithm (Rlog)
Z-score of expression and unbiased clustering of region-specific DEGs whose
expression was modified by embWPC in the ulVPM at PO. The color code (yellow,
high expression; purple, low expression) corresponds to the log2FC. i Boxplots
showing TPM expression levels of selected wpVPM-specific and ulVPM-specific
DEGs modified by embWPC in the ulVPM. Boxplots show the medians with the
interquartile range (box) and range (whiskers). j Coronal sections showing in situ
hybridization of wpVPM and ulVPM DEGS at PO (n=35 ctrl, n=5 embWPC, for each
probe). k Schema illustrating the results. Source data are provided as a Source data
file. VPM, ventroposterior medial nucleus. Scale bars, 200 pm. *adj. p < 0.1, **adj.
p<0.01, and **adj. p<0.001.

barrels and the extent of clustering of thalamocortical axons.
Remarkably, we observed that, in addition to the overall increase in the
cortical area occupied by the ALBSF, the average size of the cortical
individual barrels in the ALBSF of the embWPC was significantly larger
compared to the ALBSF control (Fig. 5a, b). This change appears to
follow a gradient, with the largest ALBSF barrels located nearest to the
remaining PMBSF (Fig. 5b). Furthermore, the cortical map of the
expanded ALBSF gained definition and contrast as thalamocortical

terminals appeared more clustered within each barrel, and less
innervating the barrel septa, resembling the control PMBSF (Fig. 5c-e).
These differences in barrel size and contrast in the ALBSF map of the
embWPC were not detected in POWPC mice (Fig. 5a-c).

Since thalamocortical input is a primary regulator of region-
specific cortical features, we next investigated whether other cortical
characteristics, besides barrel size and thalamocortical clustering,
had also changed in the ALBSF cortex of the embWPC. The postnatal
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Fig. 5 | ALBSF barrels acquire PMBSF cortical features. a Cortical flattened tan-
gential sections showing thalamocortical terminals (TCA-GFP+) in the PMBSF and
ALBSF in control, embWPC and POWPC mice at P8. Insets show in detail the clus-
tering of TCAs in each condition. b Left, quantification of the average area of 34
barrels (n=7 ctrl PMBSF, n=9 ctrl ALBSF, n=9 embWPC ALBSF, n=5 POWPC
ALBSF). Right, quantification of the average area of 4 barrels per three caudal-to-
rostral levels (n=9 ctrl ALBSF, n=9 embWPC ALBSF). ¢ Left, quantification of the
barrel/septum fluorescence ratio (AFb/Fs) (n =12 ctrl PMBSF, n =13 ctrl ALBSF, n=9
embWPC ALBSF, n=5 POWPC ALBSF). Right, quantification of the gray value
fluorescence intensity in a barrel (n =66 ctrl PMBSF barrels, n =65 ctrl ALBSF bar-
rels, n=42 embWPC ALBSF barrels, n =25 POWPC ALBSF barrels). d Coronal sec-
tions showing thalamocortical terminals in layer IV in the ALBSF and PMBSF of

better defined map with
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control, and ALBSF of embWPC mice. Insets showing the septa volume analyzed.
e Quantification of the EGFP expression from TCA in septa of three barrels per
animal (orange arrowheads in d) (n=5 ctrl ALBSF, n=5 ctrl PMBSF, n=5 embWPC
ALBSF). f Cortical flattened tangential sections showing thalamocortical terminals
(vGlut2+) and parvalbumin (PV) expression in barrel core (white arrowheads) and
septa (orange arrowheads) in the ALBSF and PMBSF of control, and ALBSF of
embWPC mice at P8. g Quantification of PV+ cells in four barrels and septa (n =5 ctrl
ALBSF, n=5 ctrl PMBSF, n=5 embWPC ALBSF). h Schema illustrating the results.
Source data are provided as a Source data file. Scale bars, a 500 pm, d, f 100 pm,
d (insets) 80 um. Boxplots show the medians with the interquartile range (box) and
range (whiskers). Bar graphs show the means + SEM. ns not significant. *p < 0.05,
**p<0.01, **p<0.001.

PMBSF is known to contain fewer parvalbumin (PV) expressing
interneurons in layer IV compared to the ALBSF*. Like in the PMBSF,
we found significantly fewer PV-positive interneurons both in barrels
and septa in layer IV of the ALBSF in the embWPC as compared to the
ALBSF control (Fig. 5f, g). Hence, our findings demonstrate that,
irrespective of receiving input from upper lip peripheral receptors,
the VPM territory in embWPC adopts a molecular identity akin to that
of a territory receiving input from mystacial whiskers. Consequently,
it gains specific features of that circuit, including increased barrel
size, better anatomical map definition, and fewer layer IV PV inter-
neurons (Fig. 5h).

Next, we tested whether these anatomical reorganizations might
have a functional correlate, for example, an enhanced topographical
spatial resolution to upper lip stimulation. Thus, we carried out multi-
point stimulations within the whisker pad or upper lip on both control
and embWPC mice at P4 (Fig. 6a). On the control mice, cortical evoked
responses confirmed a topographic organization of both PMBSF and
ALBSF responses; however, while the PMBSF responses exhibited a
well-defined and precise organization with virtually non-overlapping
responses, those of the ALBSF were broader and less refined in com-
parison (Fig. 6b, ¢ and Supplementary Movie 9). Thus, beyond their
anatomical idiosyncrasies, cortical barrel subfields also have a distinct
degree of functional map definition as they emerge during perinatal
development. Interestingly, stimulations from distinct locations of the

upper lip of embWPC mice resulted in significantly less overlapping
responses within the ALBSF (Fig. 6b, ¢ and Supplementary Movie 10),
suggesting enhanced spatial discrimination in the ALBSF of embWPC
akin to that seen in the control PMBSF map.

Lastly, we investigated whether the rescaled ALBSF with enhanced
resolution in the embWPC mice takes on PMBSF functions during
somatosensory behavior in adulthood. To do this, we first conducted
cFOS staining to label stimulated neurons in the ipsilateral and con-
tralateral barrel subfields of embWPC mice after 10 min of exploring an
enriched environment at P60 (Fig. 6d). Our immunostaining for cFOS
revealed that, whereas in the ipsilateral (control) side the ALBSF was
barely activated as compared to the PMBSF, the ALBSF was the pre-
dominantly activated region in the contralateral (cauterized) side after
exploration (Fig. 6e, f). Therefore, we hypothesized that the rescaled
ALBSF neurons of the embWPC mouse play a prominent role in
vibrissae-driven sensory behavior in the adult. We conducted a texture
discrimination test to evaluate tactile sensory processing, requiring
adult mice to distinguish between novel and familiar textures
(Fig. 6g, h). We used control mice, bilateral embWPC mice, and an
additional control group where mystacial whiskers were bilaterally
trimmed prior to testing. Our findings showed that embWPC mice
discriminated textures as effectively as controls, while the trimmed
group could not discriminate the new texture using only the remaining
upper lip whiskers (Fig. 6i, j and Supplementary Fig. 12). These results
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Fig. 6 | Enhance ALBSF functional map in the postnatal embWPC mice.

a Schema representing the experimental paradigm. b Cortical evoked responses
(GCaMPé6f) within the PMBSF and ALBSF to five distinct wps and two distinct uls in
control and embWPC mice at P4. Dashed lines define the cortical hemisphere, and
continuous lines indicate the territory covered by elicited responses.

¢ Quantification of the percentage of overlap between two distinct PMBSF and two
distinct ALBSF responses at P4 (n =8 ctrl for PMBSF responses, n =9 ctrl for ALBSF
responses, n =6 embWPC for ALBSF responses). d Schema representing the
experimental paradigm. e Cortical flattened tangential sections showing thalamo-
cortical terminals and cFOS expression in cortical ipsilateral (control) and con-
tralateral (WPC) sides of P60 mice. f Quantification of the mean gray value of cFOS
expression (n =8 embWPC ipsi PMBSF, n=8 embWPC ipsi ALBSF, n=8 embWPC
contra (WPC) PMBSF, n =8 embWPC contra (WPC) ALBSF). g Schematic repre-
sentation of the three experimental groups involved in the behavioral paradigm:
mice with intact whiskers (ctrl n=8); mice with bilateral whisker pad cauterization

at E14 and intact upper lip whiskers (bi-embWPC n =7) and mice with trimmed
mystacial whiskers and intact upper lip whiskers (trimmed n=8). h Schema
representing the texture discrimination task protocol. i Representative heatmaps
showing the distribution of snout positions during a 5-min test session for indivi-
dual mice from each group (top), along with corresponding centroid trajectories
(bottom). Warmer colors in the heatmaps denote regions with higher snout posi-
tion frequency, highlighting areas of increased exploratory interest. j Left, boxplots
comparing the total time that control, bi-embWPC and trimmed mice spent
exploring textured objects across t; and t, sessions. Right, evaluation of texture
discrimination performance comparing the discrimination index for each session.
Source data are provided as a Source data file. Scale bars, a1000 pm and e 500 pm.
Bar graphs show the means + SEM. ns not significant. *p < 0.05, **p < 0.01,

***p < 0.001. Mouse images were created in BioRender. Martini, F. (2025) https://
BioRender.com/I19k613.

Nature Communications | (2025)16:1955


https://BioRender.com/l19k613
https://BioRender.com/l19k613
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57052-w

suggest that the rescaled ALBSF cortex in embWPC mice can support
complex tactile discrimination, a function typically mediated by
PMBSF neurons in adult mice under normal conditions.

Discussion

Our study underscores the existence of a prenatal temporal window
during mouse brain development that allows for the tuning of the size
and definition of somatosensory cortical representations. Before cor-
tical barrel fields are anatomically apparent, the thalamic VPM sub-
territories exhibit specific transcriptional signatures at birth. Our
results suggest that these signatures contribute to the distinct intra-
modal anatomical and functional circuitry features specific to PMBSF
and ALBSF cortical sub-territories.

Furthermore, our findings suggest that modulations in these
transcription programs might enable intra-modal plasticity changes
independently of the type of peripheral receptors. In mice lacking the
mystacial whiskers, VPM neurons receiving upper lip whisker input can
shift their transcriptional features toward a whisker pad-like program,
reconfiguring thalamocortical circuits and cortical features to resem-
ble a PMBSF. These changes increase barrel size and functional spatial
resolution, thereby enhancing spatial discrimination in regions such as
the ALBSF, where cortical representations were otherwise less defined.

The developmental relationship between sensory receptors and
somatosensory representations has been thoroughly examined in
prior work involving mice and rats. Embryonic ablation of the forelimb
in rats resulted in the expansion of S1 representation of the hindlimb
without altering the sensory receptors of the spared peripheral
region’®. Moreover, deprivation of a single whisker or a row of whiskers
during the first postnatal week, leads to the loss of the corresponding
cortical barrels and enlargement of the surrounding barrels” *2. And
remarkably, rewiring of ipsilateral trigeminal input from mystacial
whiskers to the ipsilateral barrel field generates an ectopic barrel field
within the normal barrel map®. Collectively, these studies highlight the
sensitivity of somatosensory regions and barrel maps to manipulations
in peripheral or sensory input but also question a direct correlation
between the size of cortical barrels and their corresponding peripheral
sensory receptors. Our results in the embWPC model define a devel-
opmental window for an intra-modal barrel field reorganization,
showing that only embryonic, and not postnatal, ablation of the
whisker pad induces the ALBSF anatomical and functional enlarge-
ment. This reorganization capability is, therefore, temporally con-
strained during prenatal development and anticipates the closure of
the critical time window for somatosensory circuits***.

Thalamic spontaneous activity is key for the emergence of cortical
somatosensory maps, as evidenced by the fact that suppressing this
activity leads to mice that do not develop barrels despite having nor-
mal whiskers?. Moreover, in early blind pups, cross-modal changes in
activity-dependent gene regulation in VPM neurons correlate to
changes in barrel size'®. Here, we observed a striking intra-modal
prenatal reorganization of the frequency and pattern of thalamic
waves between VPM subfields in embWPC mice. The ulVPM sig-
nificantly increased the frequency of thalamic waves compared to
control mice. This change in activity pattern might serve as a
mechanism to enhance ulVPM barrel size and definition and, in turn, to
map these activity-dependent features onto the cortical ALBSF during
development. This hypothesis could not be directly tested, as thala-
mocortical axons in the embWPC-Th*" mice, in which spontaneous
thalamic waves are blocked, fail to cluster in layer IV in both PMBSF and
ALBSF, as previously described in Th*" mice?.

Notably, using embWPC, we could show that the enlargement of
the cortical ALBSF area is guided by the thalamus in an activity-
independent manner. Indeed, in embWPC-TH" mice, lacking syn-
chronous thalamic activity, the rescaling of the ALBSF still occurs.
Moreover, we show that the PrV input reorganizes in the embWPC

VPM. Therefore, we propose that remapping within the PrV, initiated at
E14 following whisker pad ablation, may significantly influence the
development and organization of thalamocortical axons, subsequently
affecting thalamic and cortical map reorganization.

Remarkably, our study revealed that thalamic neurons can shift
their transcriptional profile intra-modally. We found that the tran-
scriptional profile of ulVPM neurons in embWPC mice mirrors that of
the wpVPM neurons in control mice. Crucial genes for thalamocortical
barrel field development, such as Rora or Epha4***, accordingly
altered their expression pattern in the ulVPM neurons innervating the
ALBSF. For instance, we observed an upregulation of Rora in this
region, suggesting a potential role in increasing the density and clus-
tering of axonal terminals in layer IV in the ALBSF of the embWPC miice.
An activity-dependent upregulation of Rorf3, arelated orphan receptor,
in VPM neurons, has been shown to mediate an increased clustering of
thalamic axons in S1'°. ulVPM neurons adopting a region-specific
wpVPM transcriptional profile might serve as an intrinsic mechanism
to switch a PMBSF developmental program, ensuring an enhanced
anatomical and functional definition of thalamocortical axons in the
ALBSF cortical barrel map. Additionally, we identified alterations in
genes directly associated with neuronal activity***®, including ion
channels, which may contribute to or reflect the modified pattern of
thalamic activity observed in the embWPC model. Yet, it remains to be
determined whether the acquisition of wpVPM-like molecular identity
by ulVPM neurons is dependent on thalamic spontaneous activity.

Large barrels in the PMBSF correspond to long mystacial
whiskers'>"®, whereas ALBSF barrels relate to the short whiskers on the
upper lip of the snout and are comparatively smaller, less defined, and
densely packed’*’*%. Moreover, although the average volume of a
single barrel in the ALBSF is smaller than in the PMBSF, the numerical
density of parvalbumin (PV)-positive interneurons is higher in ALBSF
than in the PMBSF*. Somata of PV neurons in the barrels and septa of
the ALBSF are reported to receive more vesicular glutamate trans-
porter Type 2-labeled (vGlut2) boutons than those in the PMBSF,
suggesting the presence of more potent feedforward inhibitory cir-
cuits in the ALBSF*. Behaviorally, mystacial vibrissae hold significant
behavioral relevance for the animal, being the first ones used for
search of objects and gaps, and to discern diverse tactile features such
as object position, shape, or texture*’. Although the function of upper
lip shorter whiskers remains largely unexplored, they appear to pri-
marily aid in object discrimination when the snout is near the
object®>°>% Given these anatomical and functional disparities, the
PMBSF and ALBSF represent two distinct somatosensory subsystems.
Consequently, we initially expected minimal reorganization of the
ALBSF upon deprivation of the whiskers corresponding to the PMBSF.
However, our data from the embWPC mice revealed a notable anato-
mical reorganization within the ALBSF, leading to the formation of
large and well-defined barrels and a decreased density of PV inter-
neurons at the postnatal life. Additionally, our in vivo functional data
revealed that this reorganization might contribute to enhance func-
tional resolution of the ALBSF map to point-to-point peripheral sti-
mulations. Our texture discrimination experiments demonstrated that
embWPC adult mice, in which the small upper lip whiskers remain
intact, can adopt specialized mystacial whisker functions and dis-
criminate between distinct textures as effectively as control mice.

Altogether, these findings highlight a decoupling of mechanisms
governing the type, size, and density of sensory peripheral receptors
from those influencing the size and definition of cortical representa-
tions that might involve adopting subcortical- and subregion-specific
transcriptional programs. Specifically, we observed that the prenatal
thalamus possesses plasticity mechanisms to drive the development of
a barrel field with anatomical and functional features akin to the
PMBSF, regardless of the type of peripheral receptor. Therefore, our
findings indicate that the brain may still construct a barrel map capable
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of processing intricate tactile functions for the animal, even in sce-
narios involving the availability of only small receptors with subsidiary
functions.

Methods

Mouse strains

All animal experiments were conducted in accordance with the Com-
mittee on Animal Research at the University Miguel Hernandez that
approved all the animal procedures, which were carried out in com-
pliance with Spanish and European Union regulations. Similar numbers
of male and female mice were used interchangeably. No sex-related
differences were observed in the measurements throughout the study.
Mice were maintained in pathogen-free facilities under standard
housing conditions with continuous access to food and waterona12 h
light-dark cycle. The number of animals used in each experiment is
noted in the figure legends.

All mouse transgenic lines in this study were maintained on an ICR/
CD-1 genetic background and genotyped by PCR. The TCA-GFP Tg, in
which the TCAs are labeled with GFP, the R26""1™™> mouse lines were
previously described®'*?, The Cre-dependent mouse line, R26°<“M"%
was obtained from Jackson Laboratories (Stock number 024105) and
crossed with an EmxI““* transgenic mouse™ to conditionally express
the fast calcium indicator GCaMPéf in glutamatergic cortical neurons
(Emx1oc@Pey?22 The R26X2Imchery mice were crossed with an inducible
Cre®®™ mouse line driven by Gbx2, an early specific thalamic promoter
(Gbx2CrER2/%)5% - Double mutants are referred to as Th*" and triple
mutants as TCA-GFP-Th*" *', Tamoxifen induction of Cre recombinase in
the double/triple mutant embryos was performed by gavage adminis-
tration of tamoxifen (5 mg dissolved in corn oil, Sigma) at E10 to spe-
cifically target all primary sensory thalamic nuclei. Tamoxifen
administration in pregnant mice produces non-desirable side effects
such as delivery problems and decrease survival of newborn pups®. To
increase the survival rate of young pups, we administered 125 mg/Kg of
progesterone (DEPO-PROGEVERA®) intraperitoneally at E14 and imple-
mented a C-section procedure at E19. Pups were then placed with a
foster mother. In all cases, the Cre®™™negative littermates were used as
controls of the experimental condition. The r2""™'° Krox20*°, and
R26RZsGreen (Jackson Laboratories, Stock number 007906)* lines,
were as described. We crossed Krox20“ with R26RZsGreen to generate
double transgenic Krox20 #°“" mice, and we also generated Krox20
Zstreen . pmcherry riple transgenic mice.

Histology

For in situ hybridization and immunohistochemistry at postnatal
stages, mice were perfused with 4% paraformaldehyde (PFA) in PBS
(0.01M), and their brains were subsequently removed and post-fixed
in the same fixative overnight. For the immunohistochemistry of
embryonic tissue, the brains were dissected and immediately fixed in
4% PFA overnight. For Nissl staining, a microtome (MICROM) was used
to cut paraffin slices of 5 um. Next, the sections were stained in 0.5%
cresyl violet (Sigma) solution for 15-25 min and then rinsed quickly in
distilled water. After decolorization in 70% ethyl alcohol for few sec-
onds, the sections were dehydrated in 95%, 100% ethyl alcohol for 2 to
3 min, cleared in xylene (Sigma) for 2 min and mounted with Eukitt
(Merk). Cytochrome oxidase staining was performed to label the Prv
territories. For cytochrome Oxidase (CytOx) staining, 80 pm vibra-
tome coronal sections were incubated overnight at 37 °C in a CytOx
solution: 0.03% cytochrome ¢ (Sigma C2506), 0.05% 3-3’ diamino-
benzidine tetrahydrochloride hydrate (DAB, Sigma D5637) and 4%
sucrose in PBS. For tangential sections, cortical hemispheres were
flattened and cryoprotected through steps of 10, 20, and 30% of
sucrose in PBS. Then, a cryotome (MICROM) was used to cut at 80 pm
tangential sections. Immunohistochemistry was performed on 80 pm
vibratome or cryotome brain sections (coronal and tangential), which
were first incubated for 1 h at room temperature in a blocking solution

containing 1% BSA (Sigma) and 0.25% Triton X-100 (Sigma) in PBS.
Afterwards, the slices were incubated overnight at 4 °C with the fol-
lowing primary antibodies: guinea pig anti-vGlut2 (1:10000, Synaptic
Systems, 135404), chicken anti-GFP (1:3000; Aves Labs, GFP-1020), rat
anti-RFP (1:1000, Chromotek, SF8), rabbit anti-cFos (1:500, Synaptic
Systems, 226003), rabbit anti-PV (1:5000, Swant PV27), and rabbit anti-
RFP (1:1000, Rockland, 600-401-379). Sections were then rinsed in PBS
and incubated for 2 h at room temperature with secondary antibodies:
Alexa488 donkey anti-guinea pig (1:500, Thermo Fisher, A11073),
Alexa488 goat anti-chicken (1:500, Thermo Fisher, A11039), Alexa594
donkey anti-rat (1:500, Thermo Fisher, A21209) and Alexa goat 568
anti-rabbit (1:500, Invitrogen, A11011). Counterstaining was performed
using the fluorescent nuclear dye 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma). In situ hybridization was performed on 60 pm vibra-
tome sections using digoxigenin-labeled antisense probe for Rora,
Epha4, Pou2f2, Hs6st2, Plxna2, and Cdh9. Hybridization was carried out
overnight at 65 °C, and after hybridization, the sections were washed
and incubated overnight at 4°C with an alkaline phosphatase-
conjugated anti-digoxigenin antibody (1:2500-1:4000, Roche). To
visualize the RNA-probe binding, a colorimetric reaction was per-
formed for 1-2 days at room temperature in a solution containing NBT
(nitro-blue tetrazolium chloride, Roche) and BCIP (5-bromo-4-chloro-
30-indoly phosphate p-toluidine salt, Roche). After development, the
sections were washed and mounted in Glycerol Jelly (Merck Millipore).
Images were acquired with a Leica DFC550 camera in a Leica DM5000B
microscope, a Leica K5 camera in a Leica DMi8 microscope, or with an
Axioscan Z1 widefield microscope (Zeiss).

Immunolabeling-enabled three-dimensional imaging of solvent-
cleared organ (iDISCO+)

The whole mount for the iDISCO+ protocol was conducted following
the previously described methods®*’. After perfusing mice with 4%
PFA, heads (without any dissection) were dehydrated using a series of
methanol concentrations (50, 80, 100, and 100%) and subsequently
incubated overnight in 6% H,0, in methanol to bleach the samples.
Following this, heads were incubated in Permeabilization solution
(Triton X-100, Glycine, DMSO) and blocked with Blocking solution
(Triton X-100, Donkey Serum, DMSO) for 2 days, respectively. For the
clearing process, heads underwent dehydration in methanol (20, 40,
60, and 80%) at room temperature on a rotating shaker. Specimens
were then immersed twice in 100% methanol for 1h and treated
overnight in 1/3 volumes of 100% dichloromethane (DCM; Sigma-
Aldrich; 270997). On the subsequent day, heads were incubated in
100% DCM for 30 min. Finally, samples were cleared in 100% dibenzyl
ether (DBE; Sigma-Aldrich; 108014) until they became translucent.

Ultramicroscopy and image processing

3D imaging was primarily performed with an ultramicroscope I (LaVi-
sion BioTec) using ImspectorPro software (LaVision BioTec). The light
sheet was generated by a laser (wavelength 488 nm, LaVision BioTec).
A binocular stereo microscope (MXV10, Olympus) with a 23x objective
(MVPLAPO, Olympus) was used at different magnifications (1.25x).
Samples were placed in an imaging reservoir made of 100% quartz
(LaVision BioTec) filled with ethyl cinnamate and illuminated from the
side by the laser light.

Images were generated using Imaris x64 software (version 9.3.1,
Bitplane). Stack images were first converted to Imaris files (.ims) using
ImarisFileConverter. The whisker pad and upper lip area reconstruc-
tion were generated by creating a mask around each one using the
“surface tool” and they were pseudo-colored (whisker pad area in
magenta and upper lip area in cyan). Each individual follicle was iso-
lated also manually using the same tool, selecting nine follicles arbi-
trarily at three different points from medial to lateral. The septa
volume reconstruction from coronal sections of 80 pm was generated
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by creating masks around each barrel using the “surface tool” and they
were pseudo-colored (orange).

In utero and postnatal whisker pad cauterization

Embryonic unilateral and bilateral whisker pad cauterization (embWPC
and bi-embWPC, respectively) were performed at E14 as described
previously for enucleation’®. Dams were deeply anesthetized with
isoflurane, and the uterine horns were exposed through a midline
laparotomy. Using a fiber optic light source, embryos were visualized
within the uterus. The whisker pads of selected embryos were then
cauterized with a 0.1 mm platinum wire (Thermo Fisher) connected to
a cautery unit. All follicles within the whisker pad were carefully cau-
terized. After cauterizing half of the litter, the embryos were returned
to the abdominal cavity, the surgical incision was closed, and the
embryos were allowed to develop until either E18 or postnatal stages.
Postnatal unilateral whisker pad cauterization (POWPC) was per-
formed on PO pups. Animals were deeply anesthetized on ice. The right
whisker pad was cauterized under the loupe to specifically burn the
principal whisker follicles. Pups were then warmed up to 37°C on a
heating pad, before being returned to the mother.

Measurement of brain areas and data analysis

ImageJ software was used to measure the size of individual barrels,
barrel field territories in the cortex, thalamus and brainstem, as well as
the snout areasin slices. For barrel field territories and snout areas data
were normalized. Each barrel field or snout area from a given experi-
mental condition was normalized to the corresponding barrel field or
snout mean area in the control, which was considered as 1. For the
snout measurements, the skin of the snout was flattened and post-
fixed in 4% PFA. Paraffin slices of 5 um were obtained to quantify the
number of follicles and the upper lip snout area using Nissl staining.
We measured two slices per animal, one medial and one more lateral,
and calculated the average. To quantify the number of cells in the vPrV,
dPrV, PrV, wpVPM, ulVPM, and VPM regions, we counted DAPI-stained
nuclei within a 55.35 pm? region of interest (ROI) in 80 pm coronal
sections. This cell count was extrapolated to estimate the total number
of cells in each target area. Four slices per animal were analyzed, and
the cell count across these slices were summed. TCA-GFP mouse was
used for the quantifications of the barrel field definition in flattened
tangential sections, barrel field areas in toto and thalamic territories in
slices. To assess the rostro-caudal gradient of increased barrel size in
embWPC mice, we analyzed three distinct levels along the caudal-to-
rostral axis, measuring four barrels per level and calculating the aver-
age. The most caudal level was positioned near the remaining PMBSF
territory, the most rostral near the S1 rostral boundary, and the medial
level at the midpoint between these two. For thalamic rescaling ana-
lysis, we examined brain slices at P3, when barreloids become more
prominent, facilitating anatomical analysis. For cortical barrels analy-
sis, we chose P8, as barrels are well-established at this stage, allowing
for clearer visualization and analysis. To quantify the size of cortical
areas in toto, TCA-GFP (control, embWPC, POWPC, and embWPC-Th*")
mice were perfused and directly processed to obtain images under the
stereo fluorescent microscope (Leica MZ10 F). Coronal serial slices of
80 um were obtained from TCA-GFP brains, and thalamic barrel field
territories were immunolabeled with GFP and vGlut2 in order to better
detect the areas. For AF,/Fs quantifications, we used ImageJ to measure
the gray value of EGFP labeling in barrels of flattened tangential sec-
tions. AFy/Fs was calculated using the maximum value of the baseline
signal average as F; in single barrels. To measure the gray value, we
used a 20-width segmented line, covering five barrels per condition,
and calculated the average. To compare the barrel profile for the dif-
ferent conditions, we normalized each barrel’s gray values to the
lowest number (septa), which was considered 0. Next, we took 11 gray
value data points per barrel to normalize the length for all the condi-
tions. To quantify the mean gray value in septa, coronal serial slices of

80 um were obtained from TCA-GFP brains, and barrels from PMBSF
and ALBSF (control and embWPC) were immunolabeled with GFP to
measure the fluorescence of three barrels of septa per condition using
Imaris x64 software, and calculated the average. For PV+ cells quanti-
fications in PMBSF and ALBSF barrels and septa, we counted the
number of PV+ cells within four barrels, and their septa for each con-
dition in flattened tangential sections of 80 um immunolabel with PV
and vGlut2. We quantified cFos expression within PMBSF and ALBSF
layer IV in flattened tangential sections of 80 um immunolabel with
cFos. The region of interest (ROI) was a square of 600 x 1000 um on
each territory measuring the mean gray value.

Dye-tracing studies

For axonal tracing, animals were perfused with 4% PFA in PBS. Heads
were post-fixed overnight to trace innervation from the snout to
the trigeminal nucleus, while brains were dissected and post-
fixed overnight to trace thalamocortical axons. Small Dil (1,1’-dioctade-
cyl-3,3,3",3"-tetramethylindocarbocyanine perchlorate; Invitrogen), DiA
(4-[4-(dihexadecylamino) styryl]-N-methylpyridinium iodide; Invitrogen)
and DiD (1,I'-dioctadecyl-3,3,3’,3-tetramethylindodicarbocyanine, 4-chlo
robenzenesulfonate salt; Invitrogen) crystals were inserted under a ste-
reo fluorescence microscope (MZ10 F, Leica) into the PMBSF, ALBSF,
vPrV, dPrV, the whisker pad and upper lip. The dye was allowed to
diffuse at 37 °C in PFA solution for 4 to 8 weeks to trace the innervation
from the snout to the PrV, and 6 weeks to trace from the vPrV and dPrV
to the VPM. To trace the thalamocortical pathway, small Dil and DiA
crystals were inserted into distinct PMBSF barrels (C2, C3, D3, and C4)
and Dil, DiA, and DiD crystals were placed into ALBSF territory. To reveal
the PBMSF and ALBSF, a TCA-GFP transgenic specific mouse line was
used. The dye was allowed to diffuse at 37°C in a PFA solution for
3 weeks. Vibratome sections (80 um thick) were obtained and coun-
terstained with the fluorescent nuclear dye DAPI (Sigma-Aldrich). Three
sections per animal were imaged using a Leica K5 camera in a Leica DMi8
microscope. Image analysis was performed on ImageJ. To quantify the
translocation of the backlabeling in the VPM, the distance from the
dorsolateral geniculate (dLG) nucleus border was measured to the
center of the backlabeled cells in the VPM. The distance from the dLG
nucleus border to the separation between wpVPM and ulVPM was
determined following the barreloid rows in the VPM of ctrl mice.

Measurement of PrV axons overlap in VPM and data analysis

To label rhombomere 3-derived vPrV neurons, we used the Krox20®
line*® to drive the Rosa-Zsgreen reporter (R26RZsGreen)*°, whereas to
label rhombomere 2-derived dPrV neurons, we used the r2m<e™
reporter line. Brains from Krox20¢; R26RZsGreen; r2""™ animals, in
which vPrV and dPrV projections are labeled simultaneously, were
collected at embryonic stages (E16.5, E18.5) and postnatal stages (PO,
P4, and P8) for analysis. Embryonic brains were directly post-fixed in
4% PFA in PBS, while postnatal brains were perfused before post-
fixation in the same fixative. Brains were cut on a Vibratome (Leica) at
60 um thickness throughout the VPM and PrV. To enhance the
r2:mCherry signal, the sections were stained with a rabbit anti-RFP
primary antibody (1:1000, Rockland, 600-401-379) coupled with an
anti-rabbit Alexa 568 secondary antibody (1:500, Invitrogen, A11011),
while the endogenous Zsgreen fluorescence was not amplified. At least
five sections per animal were imaged using Axioscan Z1 widefield
microscope (Zeiss), using a 10x (NA=0.45) plan-APOCHROMAT
objective. Subsequent image analysis was conducted using Image).
To quantify the percentage of overlap of vPrV-dPrV axons in the VPM, a
wand tool connecting pixels of the same intensity level in a 15-pixel
range, was used to automatically delineate the innervation area of
Krox20+ and R2+ axons, generating the Regions of Interest (ROIs).
Subsequently, the overlapping area and the total innervation area of
both Krox20+ and R2+ axons were measured with the measure tool in
Image] to calculate the percentage of overlap of PrV axons in the VPM.
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In vivo mesoscale calcium imaging

As previously described”, embryos at E18 were extracted from the
uterus and maintained at 35 °C. E18 pups were immobilized using soft
clay. P4 mice underwent anesthesia with ice, followed by surgical
removal of the scalp. A 3D-printed plastic holder was attached to the
skull using cyanoacrylate adhesive and dental cement, then affixed to
a ball-joint holder to stabilize the head. To maintain body tempera-
ture, pups were placed on a controlled temperature heating pad,
ensuring a range of 32-34 °C. For recording calcium activity, we used
a 16-bit CMOS camera (ORCA-Flash 4.0, Hamamatsu) coupled to a
stereo microscope (Stereo Discovery V8, Zeiss), which offered
470 nm LED illumination. For EmxI°“"*, images were acquired with
a frame size of 1024 x 1024 pixels using a macro magnification of 1.6x
at E18 and of 1.25x at P4, resulting in a spatial resolution of 8.12 pm/
pixel and 10.64 um/pixel, respectively. Image frames were captured
continuously at a rate of 3.33 frames per second (300 ms frame
period) for Emx1°“““¥, with an average of three movies acquired per
animal.

In vivo mechanical stimulation of the whisker pad

We conducted somatosensory stimulations by touching the whisker
pad and upper lip using a 0.16 g von Frey filament (TouchTest®, BIO-
SEB). Each animal was stimulated at least three times, with intervals of
5 min between each stimulus. Subsequently, we calculated the size of
responses in the PMBSF and ALBSF elicited by whisker pad and upper
lip stimulations.

Analysis of the evoked activity in vivo
For the assignment of cortical territories, the perimeters of the PMBSF
and ALBSF were determined using the cortical responses elicited by
mechanical stimulation of five sites on the whisker pad, as previously
described”?, and two or three sites of the upper lip. At embryonic day
(E)18, the perimeters were predicted by scaling down and super-
imposing the limits of the sensory territories observed in the TCA-GFP
transgenic line'* at P2, as previously detailed, and using the responses
to whisker pad and upper lip stimulations as reference for PMBSF and
ALBSF, respectively. Image analysis was performed with ImageJ. The
mean fluorescence of five frames just prior to the stimulation estab-
lished FO (baseline fluorescence), and a AF/FO time series was then
generated from the raw data and subsequently transformed into 8-bit
images before processing with a 2-pixel diameter Gaussian filter. A
maximum intensity projection of all frames containing evoked
responses was obtained. The boundaries of the response were defined
using the wand tool, connecting pixels of the same intensity level
within a 15-pixel range, and the area of each response was calculated
using the measure tool in ImageJ. To measure the active fraction of
PMBSF and ALBSF in embWPC mice at E18 and P4, the control side was
used to delineate the PMBSF and ALBSF territories following stimula-
tion of the whisker pad or upper lip, respectively. On the WPC side,
these areas were superimposed using the mirror image from the
control side. The PMBSF and ALBSF active fractions were determined
by measuring all elicited responses within each territory and calcu-
lating the percentage of the PMBSF and ALBSF theoretical areas
occupied by these responses following whisker pad or upper lip sti-
mulations. To quantify the percentage of overlap between responses
following the whisker pad and upper lip stimulations (%PMBSF-ALBSF
overlap) at E18 and P4, the overlap between all elicited responses fol-
lowing the whisker pad and those following upper lip stimulations was
calculated. To quantify the percentage of overlap within PMBSF or
ALBSF (% Responses overlap) in ctrl and embWPC, the overlap for two
different stimuli on the whisker pad or two different stimuli on the
upper lip was calculated.

To visualize the evoked stimuli in different color profiles for the
generation of supplementary movies, we utilized custom scripts
developed in Matlab™. These scripts were adapted from the image

analysis suite WholeBrainDX (referenced in the Data and code
availability section). For each movie, frames containing movement
artifacts, spontaneous activity, and calcium activity deemed as sti-
mulation byproducts were excluded. Baseline correction was per-
formed using the built-in Matlab function “msbackad;j” with a window
size of 20 and a step size of 20. Subsequently, AF/FO was computed
using the median value of the corrected signal as FO. Movie seg-
mentation and calcium event detection followed the method
described®. Image segmentation and generation of a binary movie
involved Gaussian smoothing with an 80 um distance and a signal
intensity threshold. The binary movie was color-labeled using Image)
software and customized with a Gaussian filter. Subsequently, the
original movie and the color-coded binary movie were merged using
the “Image Calculator” function in ImageJ.

Microdissection and RNA isolation for RNA-seq

To capture gene expression changes during the critical period of
somatosensory map plasticity, we collected tissue from the wpVPM
and ulVPM territories of PO ctrl and embWPC pups. Pups were
euthanized by decapitation, and their brains were dissected under
RNase-free conditions to prevent RNA degradation. The brains (five
brains were pooled for each sample) were collected in ice-cold KREBS
solution and sliced into 300 pum sections using a vibratome
(VT1000S Leica). The wpVPM and ulVPM territories were rapidly
microdissected under a stereo microscope. The bulk tissue was
immediately transferred to the lysis buffer of the Rneasy® Micro Kit
(Qiagen, 74004) for total RNA extraction, following the manufacturer’s
instructions. RNA quality was measured for all samples using an Agi-
lent Bioanalyzer 2100 system, and only samples with RNA integrity
number (RIN) >8 were used for library construction.

Library preparation and RNA sequencing

Library construction and sequencing were performed at Novogene
Co. Ltd. Genomics core facility (Cambridge, UK). cDNA multiplex
libraries were prepared using a custom Novogene NGS RNA Library
Prep Set (PT042) kit. Briefly, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. After fragmentation, the first
strand cDNA was synthesized using random hexamer primers fol-
lowed by the second strand cDNA synthesis. The library was ready
after end repair, A-tailing, adapter ligation, size selection, amplifica-
tion, and purification.

The library was checked with Qubit and real-time PCR for quan-
tification and bioanalyzer for size distribution detection. Libraries were
pooled and sequenced in 2x150bp paired-end mode on an S4 flowcell
in the lllumina Novaseq6000 platform. A minimum of 40 million reads
were generated from each library.

Bioinformatic analysis of the RNA-seq

RNA-seq analysis were performed as previously described®* with minor
modifications: quality control of the raw data was performed with
FastQC (v.0.11.9). RNA-seq reads were mapped to the Mouse genome
(GRCm39) using STAR (v2.7.9a2)°> and SAM/BAM files were further
processed using SAMtools (v1.15). Aligned reads were counted and
assigned to genes using Ensembl release 104 gene annotation and
FeatureCounts, Subread (v2.0.1). Normalization of read counts and
differential expression analyses were performed using DESeq2
(v1.32)**, Bioconductor (v3.15)% in the R statistical computing and
graphics platform (v4.2.2 “Innocent and Trusting”).

In the analysis of wpVPM and ulVPM datasets (control and
embWPC samples) generated for this study, significantly
differentially expressed genes (DEGs) were identified using a simulta-
neous statistical significance threshold (Benjamini-Hochberg (BH)
adjusted P value <0.1) and absolute log2 fold change (log2FC) >0.14 by
shrunken log2FC using the adaptive T prior Bayesian shrinkage esti-
mator “apeglm” (Supplementary Data 1, 2)°. Hierarchical clustering
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analysis was performed using “Euclidean” distance and “Complete”
clustering methods metrics to visualize significantly upregulated and
downregulated genes. A linear support vector machine (SVM) model
for classifying RNA-seq samples was developed using the e1071 pack-
age (v1.7-14). This model was based on the gene expression profiles of
the top 500 most variable genes in ulVPM and wpVPM control samples.
Subsequently, the C-SVM model was utilized to predict the classifica-
tion of ulVPM-embWPC samples based on their transcriptomic
profiles.

Functional enrichment analyses were performed using cluster-
Profiler (v4.4.4)* under org.Mm.eg.db package (v3.15) for better
annotation data. All enriched terms were considered significant at
adjusted P values by “BH” <0.1, in the Gene Ontology (GO) over-
representation Analysis. Enrichment results were further clustered and
simplified using the simplifyEnrichment package (version 1.11.1)%°
(Supplementary Data 3).

Ex vivo calcium imaging

At E16, embryos were retrieved from the dam’s uterus by cesarean
section, their brains were rapidly dissected out, and they were sub-
merged in an ice-cold slicing solution containing (in mM): 2.5 KClI,
7 MgS0,4, 0.5 CaCl,, 1 NaH,PO4, 26 Na,HCO;, 11 glucose, and
228 sucrose. Coronal slices (350-um thick) were obtained using a
vibratome (VT1200S Leica), and they were left to recover for at least
30 min at room temperature in standard artificial cerebrospinal fluid
(ACSF) containing (in mM): 119 NaCl, 5 KCI, 1.3 MgS0,, 2.4 CaCl,,
1 NaH,PO,4, 26 Na,HCOs, and 11 glucose. All extracellular solutions
were continuously bubbled with a 95% O, and 5% CO, gas mixture.
Slices were loaded with the calcium indicator Cal520TM (AAT Bio-
quest) as previously described®?, transferred to a submersion-type
recording chamber, and perfused with warm ACSF (32-34°C) at a
rate of 1.8 ml/min. Images were acquired with a digital charge-
coupled device (CCD) camera (ORCA-R2 C10600-10B, Hamamatsu)
coupled to an upright microscope (DM-LFSA, Leica) and using a 5x
objective. For recordings of spontaneous calcium activity, frames
were acquired with an exposure time of 150 ms, an interframe
interval of 300 ms, a frame size of 672 x512 pixel, and a spatial
resolution of 2.5 um/pixel. With each slice, 1 to 5 epochs of 15 min
(3000 frames) were recorded.

Analysis of fluorescence spontaneous activity

Analysis of spontaneous thalamic calcium activity was conducted
using custom software developed in Matlab™, which was adapted
from the CalciumDX toolbox (indexed in the Data and code availability
section). For each movie, VPM was delineated, and the two prospective
areas (wpVPM and ulVPM) were subdivided into a grid of 6 x 6 pixels
where each small square is a region of interest (ROI). Calcium activity
events were detected based on the average calcium signal of each ROI
over time, employing threshold-based algorithms modified from Cal-
ciumDX. To identify significant synchronous activity and discard ROI
co-activation that results from random temporal coincidence of cal-
cium events, we generated surrogated calcium events sequences for
each experiment using Matlab™. The alternative dataset was built by
randomly shuffling the original temporal intervals between calcium
transients in every ROl while preserving the spiking frequency and
temporal structure of the calcium activity. Subsequently, the max-
imum value of co-activation from shuffled data was calculated.
Through 1000 iterations, we established a synchronicity threshold as
the 95th percentile of the maximum values of co-activation obtained
from the shuffled dataset. In each experiment, only activity super-
passing the synchronicity threshold was used for calculations and
visualization. The onset of a synchronic event was defined as the frame
in which co-activation overpassed the threshold, while the end was
determined as the frame in which co-activation reached 25% of peak
synchronicity.

Behavioral testing

Twenty-three mice (9 males, 14 females) from four litters were bred for
behavioral testing in adulthood (4 months old). Mice were housed in
groups of 2-4 per cage. All behavioral testing was conducted during
the light phase.

To evaluate tactile sensory processing, we used mice with bilateral
(rather than unilateral) whisker pad cauterization at E14 (bi-embWPC
group), enabling a more precise assessment of whisker-dependent
processing by eliminating potential compensatory input in response to
vibrissae-driven sensory stimuli from the intact contralateral side of
the snout in unilateral cauterized mice. Wild-type littermates with
intact whiskers served as control mice, while an additional control
group of wild-type littermates underwent acute whisker trimming to
assess texture discrimination in the absence of mystacial vibrissae
input. Whisker trimming occurred on day 2, three hours after the
second habituation session (see protocol below). All groups of mice
were anesthetized with 5% isoflurane for induction and maintained on
2% isoflurane for 10 min. In the trimmed group, precise trimming to the
fur level was achieved using micro spring scissors and a surgical
microscope, carefully sparing upper lip whiskers.

Mice were habituated to handling and the testing room over
5-7 days, with dim lighting (20-30 lux) before testing. The behavioral
testing arena was a black methacrylate box (40 x 40 x 40 cm) with no
visual cues, and illumination was kept low (3-5 lux) to minimize visual
information. Target objects consisted of 3D-printed cylinders (4 cm
diameter, 9 cm height) covered with sandpaper of either 80 or 180 grit
(P80 or P180) using double-sided tape. Six sets of textured covers were
prepared a week prior to testing to minimize residual odors; each set
contained four covers (three P180 and one P80), avoiding repetitive
use and minimizing olfactory interference.

We used a modified whisker-dependent texture discrimination
task based on established protocols®”. This 3-day paradigm takes
advantage of mice s innate preference for novelty. During days 1and 2
(habituation sessions), mice freely explored the empty arena for 5 min
each day. On day 3 (testing sessions), two identical P180 sandpaper-
covered cylinders were placed diagonally within the arena (12 cm from
walls, 15 cm apart) during the sample session (t1). Mice explored these
objects for 5 min before being returned to their home cages for a 2-min
inter-trial interval (ITI). During this interval, the arena and objects were
cleaned with 70% ethanol, one P180 cover was replaced with a
P80 sandpaper to create a novel texture, and the other P180 cover was
replaced by a new P180 cover. The short ITI minimized the influence of
hippocampal processes on texture discrimination. During the test
session (t;), mice were returned to the arena to explore both the
familiar (P180) and novel (P80) textures for 5 min. Mice were accli-
mated to the testing room for 30-60 min prior to each session.

Data analyses were performed offline using custom Matlab scripts
to track and analyze locomotor and exploratory behaviors. Texture
discrimination was assessed using the discrimination index (DI), cal-
culated as the proportion of time spent exploring the novel texture
relative to the total exploration time, according to the formula:

_ Tnew
Tnew + Tfamiliar

where T, refers to the time spent exploring the novel texture (P80)
and Temitiar is the time spent on the familiar texture (P180). In sample
session (t;), Thew refers to the texture that will be replaced in the fol-
lowing test session (¢). DI values range from O to 1, with a value of 0.5
indicating no preference, and values above 0.5 indicating a preference
for the novel texture.

Statistical analysis
Data were analysed using Prism 9 (GraphPad). A Kolmogorov-Smirnov
normality test was conducted on all datasets. For independent data

Nature Communications | (2025)16:1955

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57052-w

that conforms to a normal distribution, an unpaired two-tailed Stu-
dent’s t-test was employed to compare the two groups. In cases where
independent data that did not follow a normal distribution, a
Mann-Whitney U-test two-tailed test was used for comparison. For
analyses involving more than two groups and one factor, one-way
ANOVA was applied, followed by a Tukey post hoc analysis when data
exhibited a normal distribution. For more than two groups and two
factors, two-way ANOVA was conducted, followed by a Tukey post hoc
analysis for normally distributed data. When data did not conform to a
normal distribution, a Kruskal-Wallis test was performed, followed by
Dunn’s multiple comparisons without any correction. Results are
presented as mean * standard error of mean (SEM) with the n value for
each dataset. Statistically significant effects and n numbers are
detailed in the corresponding figure legend or Methods. The sig-
nificance threshold was set at 0.05, two-tailed (not significant, ns,
p>0.05; *p < 0.05; *p < 0.01; **p < 0.001). In the bioinformatical ana-
lysis, DEGs were identified using a statistical significance threshold
(BH-adjusted p value <0.1) and set as follows: *adj. p<0.1, *adj.
p<0.01, and **adj. p < 0.001. No data exclusion was performed. Data
for RNA-seq were processed according to the description in the
Methods sections, and statistical details are explained in the results
and corresponding figure legends.

Quantifications

Main figures. In Fig. 1b: Whisker pad volume, unpaired two-tailed
Student t-test. **p < 0.01. Upper lip volume, unpaired two-tailed Stu-
dent t-test. ns, p=0.11. Upper lip area, unpaired two-tailed Student
t-test. ns, p = 0.32. 9 follicles volume, two-tailed Mann-Whitney U-test.
*»<0.05. ns, p=0.73. Upper lip number of follicles, unpaired two-
tailed Student ¢-test. ns, p = 0.78. In Fig. 1d: unpaired two-tailed Student
t-test. PMBSF, **p < 0.0001, ALBSF, **p =0.0002. In Fig. 1f: unpaired
two-tailed Student t-test. Dil, **p=0.0002, DiA, **p<0.0001. In
Fig. 1h: unpaired two-tailed Student ¢-test. ns, PMBSF, p = 0.55, ALBSF,
p=030. In Fig. 1j; unpaired two-tailed Student ¢test. ns,
p=0.09. *p<0.01.

In Fig. 2c: unpaired two-tailed Student ¢-test. PMBSF active frac-
tion after wps, *p=0.0198, PMBSF active fraction after uls,
*+p=0.0001, ALBSF active fraction after wps, **p=0.0037, ALBSF
active fraction after uls, **p = 0.0014. In Fig. 2e: PMBSF active fraction,
unpaired two-tailed Student t-test. **p < 0.01. ALBSF active fraction,
two-tailed Mann-Whitney U-test. ns, p=0.06. *»<0.05. In Fig. 2f:
Kruskal-Wallis test, **p < 0.001. Dunn’s multiple comparison test post
hoc analysis, ctrl E18 vs embWPC E18 ns, p=0.37; ctrl E18 vs ctrl P4,
**p=0.0009; ctrl E18 vs embWPC P4, **p <0.0001; embWPC E18 vs
ctrl P4 ns, p=0.77; embWPC E18 vs embWPC P4 ns, p = 0.14; ctrl P4 vs
embWPC P4 ns, p>0.999.

In Fig. 3d: Kruskal-Wallis test, ***p < 0.001. Dunn’s multiple com-
parison test post hoc analysis, wpVPM-ctrl vs wpVPM embWPC ns,
p=0.14; wpVPM-ctrl vs ulVPM-embWPC ns, p = 0.32; wpVPM embWPC
vs ulVPM-embWPC ns, p >0.99. wpVPM-ctrl vs ulVPM-ctrl, *p = 0.04.
ulVPM-ctrl vs ulVPM-embWPC, **p <0.0001. In Fig. 3f: Thalamus,
wpVPM, two-way ANOVA test: **p < 0.001. Tukey’s multiple compar-
ison test post hoc analysis, ns, p=0.98. **p<0.0001; ulVPM,
Kruskal-Wallis test, **p=0.0005. Dunn’s multiple comparison test
post hoc analysis, ns, p>0.99. *p =0.0019. Cortex, PMBSF, two-way
ANOVA test: **p < 0.0001. Tukey’s multiple comparison test post hoc
analysis, ns, p=0.99. **p<0.0001; ALBSF, two-way ANOVA test:
**p < 0.0001. Tukey’s multiple comparison test post hoc analysis, ns,
p=0.52.**p=0.0002. In Fig. 3h: Dil, two-tailed Mann-Whitney U-test.
ns, p=0.7; DiA, unpaired two-tailed Student t-test. ns, 0.76.

In Fig. 4b: One-way ANOVA test: ***p <0.0001. Tukey’s multiple
comparison test post hoc analysis, ns, p=0.056, **p<0.0001.
In Fig. 4i: Negative binomial generalized linear model (GLM) analysis,
p values were calculated using a two-tailed Wald’s test. Adjusted

p values were obtained using the Benjamini-Hochberg (BH) method
for multiple comparisons, with a significance threshold of adjusted
p value <0.1. Rora wpVPM-ctrl vs ulVPM-ctrl, **adj. p < 0.0001; Rora
wpVPM-ctrl vs ulVPM-embWPC ns, adj. p=0.98; Rora ulVPM-ctrl vs
ulVPM-embWPC, **adj. p=0.002; Hs6st2 wpVPM-ctrl vs ulVPM-ctrl,
**adj. p<0.0001; Hs6st2 wpVPM-ctrl vs ulVPM-embWPC, *adj.
p=0.04; Hs6st2 ulVPM-ctrl vs ulVPM-embWPC, ***adj. p <0.0001;
Pou2f2 wpVPM-ctrl vs ulVPM-ctrl, **adj. p < 0.0001; Pou2f2 wpVPM-ctrl
vs ulVPM-embWPC, *adj. p=0.07; Pou2f2 ulVPM-ctrl vs ulVPM-
embWPC, *adj. p =0.0003; Epha4 wpVPM-ctrl vs ulVPM-ctrl, ***adj.
p=0.0008; Epha4 wpVPM-ctrl vs ulVPM-embWPC ns, adj. p=0.79;
Epha4 ulVPM-ctrl vs ulVPM-embWPC, *adj. p = 0.08; Plxna2 wpVPM-
ctrl vs ulVPM-ctrl, **adj. p<0.0001; Plxna2 wpVPM-ctrl vs ulVPM-
embWPC, *adj. p = 0.06; Plxna2 ulVPM-ctrl vs ulVPM-embWPC, ***adj.
p<0.0001; Cdh9 wpVPM-ctrl vs ulVPM-ctrl, **adj. p <0.0001; Cdh9
wpVPM-ctrl vs ulVPM-embWPC ns, adj. p=0.98; Cdh9 ulVPM-ctrl vs
ulVPM-embWPC, *adj. p < 0.0001.

In Fig. 5b: Barrels average area (34 barrels), Two-way ANOVA test:
**p <0.0001. Tukey’s multiple comparison test post hoc analysis, ns,
p=0.88. **p <0.0001. Average area of four barrels per three caudal-to-
rostral levels, Two-way ANOVA test: **p<0.0001. Tukey’s multiple
comparison test post hoc analysis, level 1 ALBSF-ctrl vs ALBSF-embWPC,
*+*p <0.0001; level 2 ALBSF-ctrl vs ALBSF-embWPC, **p < 0.0001; level 3
ALBSF-ctrl vs ALBSF-embWPC, ns, p=0.21; level 1 ALBSF-ctrl vs level 2
ALBSF-ctrl, ns, p>0.99; level 1 ALBSF-ctrl vs level 3 ALBSF-ctrl, ns,
p=0.88; level 2 ALBSF-ctrl vs level 3 ALBSF-ctrl, ns, p=0.92; level 1
ALBSF-embWPC vs level 2 ALBSF-embWPC, *p = 0.0023; level 1 ALBSF-
embWPC vs level 3 ALBSF-embWPC, **p<0.0001; level 2 ALBSF-
embWPC vs level 3 ALBSF-embWPC, *p=0.0027. In Fig. 5c: barrel/
septum fluorescence ratio (AFb/Fs), Two-way ANOVA test: **p < 0.0001.
Tukey’s multiple comparison test post hoc analysis, PMBSF-ctrl vs
ALBSF-embWPC ns, p=0.80; ALBSF-ctrl vs ALBSF-POWPC ns, p =0.35;
PMBSF-ctrl vs ALBSF-ctrl, **p < 0.0001; ALBSF-ctrl vs ALBSF-embWPC,
**n<0.0001; PMBSF-ctrl vs ALBSF-POWPC, ***p<0.0001; ALBSF-
embWPC vs ALBSF-POWPC, **p<0.0001. Gray value fluorescence
intensity in a barrel, one-way ANOVA test: **p =0.0002. Tukey’s multi-
ple comparison test post hoc analysis, ns, p = 0.99. PMBSF-ctrl vs ALBSF-
embWPC ns, p=0.99; ALBSF-ctrl vs ALBSF-POWPC ns, p=0.99; ALBSF-
ctrl vs ALBSF-embWPC, *p = 0.01; PMBSF-ctrl vs ALBSF-ctrl, **p = 0.005;
ALBSF-embWPC vs ALBSF-POWPC, *p=0.005; PMBSF-ctrl vs ALBSF-
POWPC, *p = 0.0023. In Fig. Se: One-way ANOVA test: *p = 0.01. Tukey’s
multiple comparison test post hoc analysis, PMBSF-ctrl vs ALBSF-
embWPC ns, p = 0.75; ALBSF-ctrl vs PMBSF-ctrl, *p = 0.048; ALBSF-ctrl vs
ALBSF-embWPC, *p=0.013. In Fig. 5g: PV+ cells in barrels P8, one-way
ANOVA test: **p < 0.0001. Tukey’s multiple comparison test post hoc
analysis, PMBSF-ctrl vs ALBSF-embWPC ns, p=0.98; PMBSF-ctrl vs
ALBSF-ctrl, **p =0.0003; ALBSF-embWPC vs ALBSF-ctrl, **p=0.0002.
PV+ cells in septa P8, one-way ANOVA test: **p <0.0001. Tukey’s mul-
tiple comparison test post hoc analysis, PMBSF-ctrl vs ALBSF-embWPC
ns, p>0.99; PMBSF-ctrl vs ALBSF-ctrl, **p < 0.0001; ALBSF-embWPC vs
ALBSF-ctrl, **p < 0.0001.

In Fig. 6¢: One-way ANOVA test: **p < 0.0001. Tukey’s multiple
comparison test post hoc analysis, ns, p=0.18. **p<0.0001. In
Fig. 6f: PMBSF, unpaired two-tailed Student ¢-test. **p <0.0001;
ALBSF, two-tailed Mann-Whitney U-test. **p=0.0002. In Fig. 6j:
Total time of exploration, Two-way ANOVA test: **p=0.0023.
Tukey’s multiple comparison test post hoc analysis, t1 ctrl vs bi-
embWPC, *p =0.05; t1 ctrl vs trimmed, *p =0.001, t1 bi-embWPC vs
trimmed ns, p=0.42; t2 ctrl vs bi-embWPC, *p=0.029; t2 ctrl vs
trimmed, *p=0.029, t2 bi-embWPC vs trimmed ns, p=0.997. Dis-
crimination Index, Two-way ANOVA test: **p=0.002. Bonferroni’s
multiple comparison post hoc test; tl ctrl vs t2 ctrl, *p = 0.035; t1 bi-
embWPC vs t2 bi-embWPC, **p=0.009; t1 trimmed vs t2 trimmed
ns, p>0.999.
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Data availability

RNAseq datasets have been deposited at the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO) as
GEO: GSE260865 and are publicly available as of the date of publica-
tion. The remaining data were available within the Article, Supple-
mentary Information, or Source data file. Any additional information
required to reanalyze the data reported in this working paper is
available from the lead contact upon request. Source data are provided
with this paper.

Code availability

This study did not generate the original code. For ex vivo experiments
analysis, calcium imaging code previously reported” and deposited at
https://github.com/ackman678/CalciumDX. For in vivo calcium ima-
ging experiments, the code from WholeBrainDX repository®’ (available
at https://github.com/ackman678/wholeBrainDX) was employed to
prepare the supplementary videos. For behavioral experiments, video
recordings were processed using custom codes developed with
Matlab’s Image Processing Toolbox.
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Input-dependent segregation of visual and
somatosensory circuits in the mouse

superior colliculus

Teresa Guillamén-Vivancos, Mar Anibal-Martinez, Lorenzo Puche-Aroca, Juan Antonio Moreno-Bravo,
Miguel Valdeolmillos, Francisco J. Martini, Guillermina Lépez-Bendito*

Whereas sensory perception relies on specialized sensory pathways, it is unclear whether these pathways
originate as modality-specific circuits. We demonstrated that somatosensory and visual circuits are not

by default segregated but require the earliest retinal activity to do so. In the embryo, somatosensory and visual
circuits are intermingled in the superior colliculus, leading to cortical multimodal responses to whisker pad
stimulation. At birth, these circuits segregate, and responses switch to unimodal. Blocking stage | retinal
waves prolongs the multimodal configuration into postnatal life, with the superior colliculus retaining a mixed
somato-visual molecular identity and defects arising in the spatial organization of the visual system. Hence,
the superior colliculus mediates the timely segregation of sensory modalities in an input-dependent manner,
channeling specific sensory cues to their appropriate sensory pathway.

n the mature cerebral cortex, sensory mo-

dalities are segregated into specialized areas

known as primary sensory cortices. So that

cortical areas ultimately respond to a spe-

cific sensory stimulus, this segregation is
thought to occur during development, and it is
first instructed by intrinsic factors and later by
sensory experience (I-5). However, this early
inception of sensory identity has not been di-
rectly demonstrated because there is no func-
tional evidence of the sensory specificity of
emerging circuits. It remains to be determined
whether sensory identities arise directly as
unimodal entities or whether they are initially
multimodal and become specified over time.
We found that the nascent somatosensory
and visual pathways of mice are functionally
interconnected, with both cortices respond-
ing to tactile stimulation at prenatal stages
yet segregating into independent pathways
at birth. This segregation happens in the
superior colliculus (SC) and depends on
retinal input. Blocking stage I retinal waves
or removing retinal projections in embryos
leads to a failure in the timely developmen-
tal segregation of visual circuits in the SC.
Consequently, the activation of the visual
cortex by somatosensory stimuli extends into
postnatal life and is associated with long-term
circuit abnormalities.

S1 and V1 emerge functionally intermingled

A functional map of the periphery is present in
the mouse somatosensory cortex at perinatal
stages, as shown through whisker pad stimu-
lation in a transgenic mouse line in which
glutamatergic neurons in the neocortex ex-
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(UMH-CSIC), San Juan de Alicante, Alicante, Spain.
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press GCaMP6f (hereafter Cx®C“MP% (6).
Hence, there appears to be a high level of
intramodal functional organization of sen-
sory circuits at these early stages. We used
the same approach to test whether devel-
oping sensory circuits also show early speci-
ficity to stimulus modalities. We found that
at embryonic stages, a somatosensory stimu-
lus not only triggered the expected contra-
lateral response in the barrel field of the
primary somatosensory cortex (S1) but also a
bilateral response in the presumptive primary
visual cortex (V1). This multimodal response
was observed in 33% of the mice analyzed at
embryonic day 18 (E18) but disappeared by
postnatal day 0 (PO) (Fig. 1, A to C, and movies
S1 and S2), suggesting that we were revealing
the end of a developmental process. We next
tested whether the disappearance of this cor-
tical multimodal response might be related to
the arrival of retinal inputs to central struc-
tures, which occurs close to birth (7-9). To
test this possibility, we used Cz““*% mice
in which their eyes were eliminated bilaterally
at E14 (embBE mice) (10). Whereas whisker
pad stimulation at PO triggered only the cor-
tical somatosensory response in control mice,
in the embBE mice, this response was consist-
ently multimodal, activating both S1and V1 in
100% of the cases, even at E18 (Fig. 1, D to F,
and movies S3 and S4). This multimodal re-
sponse extended into the first postnatal days
and lasted until P6 (Fig. 1G and fig. S1). Thus, it
appears that somatosensory and visual circuits
are not segregated by default but require the
arrival of retinal input to do so.

We then designed experiments to identify
the circuits responsible for this lack of segrega-
tion and the ensuing multimodal response in
embBE mice. Electrical stimulation of either S1
or V1in the embBE mice failed to reproduce the
bilateral V1 responses to whisker pad stimula-
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tion (fig. S2, A to D). Moreover, these responses
were still triggered by whisker pad stimulation
when the barrel field was inhibited by tetro-
dotoxin (TTX) (fig. S2, E and F). Hence, these
experiments demonstrate that the sensory-
modality interconnection in embBE mice is
not driven by a cortico-cortical mechanism.

SC circuit reorganization provides
sensory-modality specificity

Before reaching the cortex, sensory-modality
pathways converge in nearby territories of the
thalamus and also in the SC (I1). Therefore,
the multimodal responses observed might in-
volve direct communication between modal-
ities at either of these structures. The SCis a
midbrain multisensory structure that receives
visual input in its superficial layers (sSC) and
somatosensory input in its deep layers (dSC)
(11, 12). Using mice that express GCaMP6f in
SC neurons (hereafter SCE“MP) we found
that whisker pad stimulations at PO evoked
a bilateral response in the sSC of all embBE
mice, whereas no responses were evoked in
the sSC of control mice (Fig. 2, A to C, and
movies S5 and S6). To confirm that the cor-
tical multimodal response requires the SC,
we inactivated the SC with TTX in embBE tri-
ple transgenic mice that expressed GCaMP6f
in the cortex and SC (Cz-SCE“™F6y and found
that the cortical response became unimodal
(Fig. 2, D to F). Similar results were found
when the SC was acutely lesioned (fig. S3, A
and B). Last, we looked for sensory modality
changes in the circuits downstream of the SC
and, using dye tracing, demonstrated that
the connectivity from the SC to the thalamus
was normal in embBE mice (fig. S3, C and D).
Similarly, we found no differences in the spe-
cificity of the sensory modality of thalamic
afferents or efferents in these embBE mice
(fig. S4). Therefore, these results demonstrate
that the SC mediates the multimodal cortical
responses in embBE mice and suggest that
the SC is involved in the developmental seg-
regation of sensory modalities observed in
control mice.

We next assessed how the SC channels so-
matosensory information into the presump-
tive V1 by testing the connectivity between
the dSC (somatosensory) and sSC (visual) layers
in embBE mice. At PO, whereas unilateral
electrical stimulation of the dSC layers in
SCECMPOf oontrol slices only elicited responses
in the contralateral dSC layer, the responses in
the embBE mice also propagated to both the
ipsilateral and contralateral sSC layers (Fig. 2,
G and H, and movies S7 and S8), an effect that
was not observed by stimulating the super-
ficial layers (fig. S5). In addition, these func-
tional results were supported by anatomical
tracing. Unilateral injection of lentivirus-
expressing enhanced green fluorescent pro-
tein (EGFP) into the SC produced widespread
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E18 ctrl

E18 embBE

aMP

CxG

Fig. 1. Embryonic somatosensory and visual cortices originate as multimodal.
(A) (Left) Experimental design. (Right) Calcium responses in the cortex (pink) elicited
by mechanical stimulation of the whisker pad in control mice at E18 and PO.

(B) Proportion of the whisker pad stimulations that evoked a contralateral or ipsilateral
response in S1 and V1 of control mice at E18, and in V1 from E18 to P6 (E18,n =9
mice; PO, n = 13 mice; P3 to P6, n = 8 mice). (C) Scheme summarizing the results.
(D) (Left) Experimental design. (Right) Calcium responses in the cortex (pink) elicited by

labeling of the contralateral dSC and sSC
layers in embBE mice, whereas only the con-
tralateral dSC layer was labeled in their con-
trol littermates (Fig. 2, I and J). Conversely,
when the multimodal response finally switched
to unimodal in the embBE mice at P6, we
observed a significant reduction, as com-
pared with PO, both in the number of axons
in the sSC and in the bilateral V1 or SC ac-
tivation elicited by whisker pad stimulation
(fig. S6).

The data from the embBE suggest that the
multimodal embryonic response in control
mice could also be mediated by the SC. Using
the Cr-SCE“PY, we found that whisker pad
stimulation at E18 in control mice elicited a
bilateral V1 response in 37% of the cases,
which was always accompanied by concomi-
tant bilateral sSC activation. However, acti-
vation of the sSC was not detected when the
cortical multimodal response switched to uni-
modal at PO (Fig. 3, A to C). We then tested
whether the switch from multimodal to uni-
modal cortical responses involved a develop-
mental reconfiguration of the intracollicular
circuits. As such, we injected a lentivirus-
expressing EGFP unilaterally into the SC at
El14 and analyzed the disposition of the axons
in the contralateral sSC at E18 and P0O. We de-
tected significantly more labeled axons in the
sSC layer at E18 than at PO (Fig. 3D). This un-
plugging of the sSC layer from the dSC layer,
which was delayed in embBE mice, coincides
with the peak innervation of retinocollicular
axons (Fig. 3E) (7). These results suggest that
the arrival of retinal axons to the SC prompts

Guillamén-Vivancos et al., Science 377, 845-850 (2022)

contra

PO ctrl B C
LE1% psimv E18 PO
':100 o E 50 33% cases 1% cases
s 2
g 5 _ (o0 4O (@0 0O
£8& =+ BE s1 V1 | LRV
82 T ,? i — ;
-5 - =25 : }
§§ i E ig, i : !
Q
3 o =B £ 0 2
oonlra ipsi @ .\‘b QQ Q'h ‘,‘B% %
&
PO embBE E -ctr! W embBE F ambBE cidibo G T
y s s
100 100 (e S10 e 4
i . (00 @0 E_
7 27 51 v1 ! g
S5 2z ‘ c 2
B85 8% > : )
HE o §% .
o ns 0 @ 0 [
“contra ipsi |p5| ~contrm oS |ps| @ q-,"s’ S Qz?@

the segregation of somatosensory and visual
circuits.

Perinatal retinal waves drive the SC
circuit reorganization

Developing retinal axons convey a stereotyped
pattern of spontaneous activity known as reti-
nal waves. Stage I retinal waves, which are
mediated by gap junctions, last approximately
from E17 until P1 in mice (Fig. 3F) (13), and
therefore, we tested whether these waves might
play a role in directing intracollicular sensory-
modality segregation. We blocked stage I reti-
nal waves by injecting the gap junction blocker
carbenoxolone (cbx) (13, I4) into both eyes of
CxPCMPe mice at PO. To confirm that cbx
blocks gap junction-mediated retinal waves in
vivo, we recorded spontaneous activity in V1,
the frequency of which was reduced signif-
icantly 1 hour after the administration of cbx
at PO (fig. S7, A and B). This reduction was not
due to the degeneration of retinofugal axons
because these axons reached both the thalamus
and the SC (fig. S7C), and visual spontaneous
activity was recovered at P6 (fig. S7, A and B).
Accordingly, acute administration of epibatidine,
a high-affinity cholinergic agonist that inhibits
postnatal stage II retinal waves (15-17), signif-
icantly reduced the frequency of spontaneous
activity in V1 at P6, whereas cbx had no such
effect at this stage (fig. S7, D and E). Altogether,
these experiments show that most of V1 activ-
ity at the perinatal stage in vivo is driven by
gap junction-mediated retinal waves.

We next recorded the cortical activity after
whisker pad stimulation in Cx%““M?% mice

19 August 2022

A

mechanical stimulation of the whisker pad in embBE mice at E18 and PO. (E) Proportion
of the whisker pad stimulations that evoked a contralateral or ipsilateral response in
S1and V1 of control and embBE mice at PO (n = 19 control mice, n = 21 embBE mice).
(F) Scheme summarizing the results. (G) Proportion of the whisker pad stimulations
that evoked a bilateral V1 response in embBE from E18 to P6 (E18, n = 5 mice; PO, n = 21
mice; P3, n = 5 mice; P5 to P6, n = 8 mice). Scale bars, 1000 um. Bar graphs show
the means + SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

treated with cbx at PO (Fig. 3G). Seven to
8 hours after cbx administration, stimulation
of the whisker pad triggered in all mice a
multimodal response that was elicited in 44%
of the trials and that rose to 64% after a second
injection of cbx on the following day (Fig. 3, G
to I, and movies S9 and S10). By contrast, this
multimodal response was not triggered by the
injection of saline or epibatidine (Fig. 3, G to
I). Cbx administration to Ca-SCE“P% mice at
PO showed concomitant bilateral responses in
the V1 and SC at P1 (fig. S8, A to C, and movie
S11), which were abolished by TTX acute injec-
tion into the SC (fig. S8, D and E). As in the
embBE, lentiviral tracing in the SC of cbx-
treated mice showed the abnormal invasion
of axons from the dSC layer into the sSC layer
at P1 (Fig. 3J). Last, we checked whether the
responses to whisker pad stimulation eventu-
ally switch to unimodal in the cbx-treated mice.
‘When we performed the whisker pad stimula-
tion in the Ca%c“MF6 and triple Ca-SCECPeS
mice, we found that the multimodal responses
both in the V1 and SC were almost absent
by P6 (fig. S8, F to I). These data show that
the timely segregation of somatosensory and
visual pathways require a perinatal reor-
ganization of intracollicular circuits that
depends on gap junction-mediated retinal
waves.

Failure to timely segregate drives long-lasting
circuit alterations

Although reversed by the end of the first
postnatal week, the transient expansion of the
multimodal phase may have long-term effects

2 of 6
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D Pre
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= electr.stim.
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dsc

SCacanmes

E14 ctrl or embBE
LV-H1p-UbCpEGFP

4

sC

Fig. 2. Somatosensory and visual SC circuits remain intermingled in
embBE mice. (A) (Left) Experimental design. (Right) Calcium responses (pink)
in the SC elicited by mechanical stimulation of the whisker pad in control and
embBE mice at PO. (B) (Left) Quantification of the data shown in (A) (n =7
control mice, n = 7 embBE mice). (C) Scheme summarizing the data. (D) Cortical
and SC calcium responses elicited by mechanical stimulation of the whisker
pad in embBE mice at PO before, during, and 1 hour after bilateral TTX injection
in the SC (asterisks). (E) Quantification of the data shown in (D) (n = 6 mice).
(F) Scheme summarizing the data. (G) (Left) Experimental design. (Right)
Calcium responses elicited by electrical stimulation of the dSC in control and
embBE slices at PO. There is spreading to the ipsilateral and contralateral

on the specification of sensory circuits. For ex-
ample, perinatal blockage of retinal activity
might cause enduring changes in the tran-
scriptional program of SC layers. To assess
this, we performed bulk RNA-sequencing
(RNA-seq) of the sSC and dSC layers at P6 in
mice treated with saline or cbx at PO to P1
(Fig. 4A). A principal components analysis
(PCA) revealed that sSC and dSC cells clus-
tered according to their anatomic origins (fig.
S9A). Moreover, a differential expression anal-
ysis (DEA) in saline conditions revealed 1544
differentially expressed genes (DEGs) enriched
in the sSC as opposed to 1549 in the dSC layers
(Fig. 4A and table S1). Among the DEGs en-
riched in each population, we found genes
previously identified as layer-specific markers,
including those encoding transcription factors
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such as Rorb and Barhll in the sSC layer or
Pou4fl and Pou4f2 in the dSC layer (I8, 19).
To determine whether cbx may influence SC
layer-specific genes, we compared the RNA-
seq data between mice that received saline or
cbx and found that cbx significantly modified
24% (370 genes) of the sSC-specific genes and
21.1% (326 genes) of the dSC-specific genes
(Fig. 4B, fig. S9B, and table S2). Among these,
cbx induced the expression of a large propor-
tion of the dSC-specific genes (285 out of 326
genes) in the sSC layer, and that of sSC-specific
genes (168 out of 370 genes) in the dSC layer.
Likewise, it provoked the down-regulation of
layer-specific gene expression to levels resem-
bling those in the other layer (Fig. 4C and fig.
S9, C and D). Together, these results demon-
strate that the somatosensory and visual mo-
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superficial layers of the SC in embBE mice (arrowheads). (H) Proportion of the
total area (active fraction) of the sSC and dSC layers activated by a perithreshold
stimulus in the dSC at PO (n = 8 control mice, n = 5 embBE mice). (I) (Left)
Experimental design. The lentivirus was injected into the SC at E14. (Right)
Optical coronal sections from three-dimensional (3D) light-sheet images showing
the EGFP lentiviral-labeled axons in the sSC of embBE mice at PO (arrowhead).
(J) Quantification of the normalized EGFP expression in contralateral sSC and
dSC (n = 8 control mice, n = 4 embBE mice). Scale bars, (A) and (D) 1000 um;
(G) and (1) 150 um. Boxplots show the medians with the interquartile range
(box) and range (whiskers). The bar graphs show the means + SEM. ns, not
significant; *P < 0.05, **P < 0.01, ***P < 0.00L

lecular identity of SC layers was altered by the
blockade of stage I retinal waves (Fig. 4D).
The alterations to the modality-specific iden-
tity of sSC and dSC may somehow affect the
stereotypic organization of incoming inputs to
these layers. Within the visual system, retino-
collicular axons are organized in eye-specific
segregated clusters in the sSC (7, 20), and there-
fore, we tested whether eye-specific segregation
is disrupted in cbx-treated mice. Cholera toxin
subunit B (CTB) injection into the eyes of peri-
natally cbx-treated mice (fig. SIOA) showed a
compromised eye-specific segregation in the
sSC at P15. Whereas in the saline condition,
contralateral and ipsilateral axons segregated
into dorsal and ventral sSC compartments,
respectively, the ipsilateral axons in cbx-treated
mice invaded the dorsal compartment and

3of 6

2202 ‘vz snBny Uo ayd[3 ap zepueusoH pnBIN pepsieAiun Te BI0'8ous 195 MMM//SONY W) pepeo jumoq



RESEARCH | RESEARCH ARTICLE

A B Cc
- E < a5 E18 ctrl PO ctrl
& g 50 -PU 37% cases 0% cases
L5 |2 oo & ‘®
5 >
@ 33- 254 =
g 5
58 |&
82 ).
b= 0450 em
m
0 e [1E18 @PO E E18 [1E18 @ PO F
: sSC dr']e:sc : sSC PO P10
LB g 81,7 2 601 =
Eﬁ s S I- uq-f_. Stage | Stage Il
(] > T 5 o I gap-junctions cholinergic
i E I'* 1 "’ |_| carbenoxolone  epibatidine
E :
20 oL
contra contra
G PO saline (+24h) - P1 PO epb (+24h) - P1
O
H I J M saline [ cbx
s 169 P1 salinelepb P1 chx sSC dSsC
= 1st inj. 2nd inj. 0% cases 100% cases . ns
i : S1 51 o C T
T cbx i V1 V1 V1 V1 a 2 :
8 S50 A, o a0 (os €O 5 A P
>% i AT E ; 0 > ;
B /e i j - B 5 4 -
2 ol (il e E _ E Bt
i A o :
@ IR X & 5 2, .

time (h)

Fig. 3. Blocking stage I retinal waves prolongs the multimodal configuration.
(A) Whisker pad stimulation leads to the concomitant bilateral activation of both V1
and SC in control E18 mice, which switches to unimodal at PO. (B) Quantification

of the data shown in (A) (n = 8 E18, n = 13 PO). (C) Scheme summarizing the data.
(D) (Left) Optical coronal sections from 3D light-sheet images showing EGFP
lentiviral-labeled axons in the sSC of control E18 (arrowheads) but not PO mice. The
lentivirus was injected into the SC at E14. (Right) Quantification of the normalized
EGFP expression in contralateral sSC and dSC (n = 9 E18 mice, n = 8 PO mice).

(E) (Left) Coronal views of retinal axons labeled by CTB injection of the eye at E14 that
reach the SC at E18 and PO. (Right) Quantification of the data shown at left (n = 9
E18 mice, n = 6 PO mice). (F) Scheme showing early phases of retinal waves. (G) (Left)
Experimental design. (Right) Cortical calcium responses at P1 elicited by mechanical
stimulation of the whisker pad after bilateral injection of (left) saline, (middle) cbx,
and (right) epibatidine (epb) into the eye at PO. (H) Proportion of the whisker pad

mingled with the contralateral axons (Fig. 5,
A and B, and movies S12 and S13). In addi-
tion, small dye crystals placed in V1 at the
azimuth and elevation axis at this stage also
showed alterations in the fine-scale organi-

visual pathway.

Discussion

in retinal activity leads to long-lasting circuit
reconfiguration at central stations within the

contra. contra

stimulations that evoked a bilateral V1 response before and after the injection of saline,
cbx, or epb: time (t) = 0, n = 20 mice injected with saline, n = 24 cbx, n = 17 epb;

t =1to 2 hours, n = 4 saline, n = 8 cbx, n = 6 epb; t = 4 to 5 hours, n = 6 saline, n =
7 cbx,n=9epb;t=7to8hours,n=7saline,n =4 cbx,n=3epb; t =24 hours, n =19
saline, n = 14 cbx, n = 13 epb; and t = 32 hours, n = 11 saline, n = 12 cbx, n = 7 eph.
(1) Scheme summarizing the data. (J) (Left) Optical coronal sections from 3D light-
sheet images showing lentiviral EGFP-labeled axons in the sSC of P1 mice treated

at PO with cbx (arrowheads) but not with saline. The lentivirus was injected into the SC
at E14. (Right) Quantification of the normalized EGFP expression in contralateral

sSC and dSC (n = 5 saline, n = 6 cbx). Scale bars, (A) and (G) 1000 um; (D) 200 um;
(E) 250 um:; (J) 200 um. Boxplots show the medians with the interquartile range
(box) and range (whiskers). The bold lines in (H) indicate the mean, and the shading
indicates the SEM. The bar graphs in (B) show the mean + SEM. ns, not significant;
*P < 0.05, **P < 0.01,***P < 0.00L

regate in a manner that is orchestrated in the
SC. The multimodal-to-unimodal transition re-
quires a reconfiguration of intracollicular cir-
cuits at birth, in which dSC layers disconnect
from the sSC layers. This reconfiguration drives

zation of the geniculo-cortical pathway (Fig. 5,
C and D, and fig. S10, B to D). Together, these
results demonstrate that early perturbations
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Our findings demonstrate that visual and soma-
tosensory pathways emerge as multimodal
circuits, and that during perinatal life, they seg-
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the specificity of sensory circuits, so that
whisker pad stimulation exclusively triggers S1
responses in the cortex after birth. The switch
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Fig. 4. Transcriptomic SC alterations following blockade of perinatal retinal layer-specific markers. (B) Volcano plot showing the significance and P value
waves. (A) (Left) Scheme of the RNA-seq experiments of sSC and dSC tissue from distribution of DEGs. The light brown and dark brown dots indicate sSC and
P6 mice treated with saline and cbx at PO-P1. (Right) Heatmap of normalized, dSC DEGs, respectively, and the green dots and the percentages indicate layer-
regularized logarithm (Rlog) z-score of expression, and unbiased clustering of specific DEGs shifted by cbx, with the top 10 protein coding genes listed in

significant DEGs between the sSC and dSC in saline-treated mice. Each row

represents a gene, and the columns are biological replicates. The color code
indicates the normalized expression for up-regulated genes in yellow versus down-  expression was modified by cbx in the sSC and dSC regions. (D) Scheme

every region. (C) Heatmaps of the normalized regularized logarithm (Rlog)
z-score of expression and unbiased clustering of layer-specific DEGs whose

regulated genes in purple. Highlighted genes are those previously identified as summarizing the data.
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Fig. 5. Long-term alterations in eye-specific segregation and retinotopy Coronal view of the dLG showing back label from Dil and DiD crystals in V1
after blockade of perinatal retinal waves. (A) (Left) Experimental design. at P15 in saline- and cbx-treated mice. (D) Quantification of the data shown
(Right) Coronal view of the SC showing axons from the ipsilateral (CTB-555) in (C) (azimuth, n = 7 saline, n = 5 cbx; elevation, n = 6 saline, n = 5 cbx).

and contralateral (CTB-647) eye at P15 in saline- and cbx-treated mice.
(B) Quantification of the data in (A) (contralateral, n = 10 saline, n = 6 cbx; indicates the SEM. Bar graphs show the mean + SEM. ns, not significant;
ipsilateral, n = 7 saline, n = 5 cbx). (C) (Left) Experimental design. (Right) *P < 0.05, **P < 0.01.
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Scale bars, 100 um. The bold lines in (B) indicate the mean, and the shading
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from multimodal to unimodal requires early
retinal activity because perturbation of stage I
retinal waves prevents the reconfiguration of
the circuits in the SC and leads to the exten-
sion of the multimodal phase into postnatal
life. Therefore, these data broaden our under-
standing of retinal wave function by revealing
their instructive role in the acquisition of sen-
sory modality specificity, which is beyond their
classic role in the postnatal refinement of vis-
ual circuits (21-25).

The segregation of visual from somato-
sensory systems must occur in a limited de-
velopmental window because any delay in this
segregation will cause long-lasting changes in
the intramodal organization of visual circuits.
The mechanisms that mediate the final clos-
ing of the multimodal phase in embBE and
cbx-treated mice remain unexplored, although
they may include the influence of passive
whisking during the first days of life (26) or
the progressive assembly of inhibitory cells
into the networks of the SC, as described for
cortical networks (27). A longitudinal analysis
of both the molecular identity of collicular
neurons and the maturation of their con-
nectivity in physiological and in manipulated
scenarios will help identify the cell types and
potential factors involved in this circuit seg-
regation and plasticity.

Last, our findings reveal that the SC, a
highly conserved structure in vertebrates
(28, 29), participates in the construction of
brain regions that appeared more recently in
phylogenetic terms such as the neocortex,
a role that goes far beyond the SC’s well-
established sensorimotor and multimodal in-
tegrative functions (30). From the phylogenetic
perspective, it has been stated that the visual
cortex has inherited an increasing number of
functions from the SC related to the process-
ing of visual features (37-33). Our results spot-
light the ontogenetic perspective, in which the

Guillamén-Vivancos et al., Science 377, 845-850 (2022)

developing SC exerts a master control on cor-
tical specification and configuration of visual
circuits. Thus, we believe that a deeper under-
standing of the functional development of
phylogenetically ancient structures is crucial
to understand how the neocortex is formed
and its functional areas are specified.
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Allocating sensory responsibilities

During late embryogenesis, the developing mouse brain has inputs from both visual and sensory systems that activate
overlapping regions of the cortex. Guillamén-Vivancos et al. now show how spontaneous activity in the perinatal retina
tunes the visual cortex to specialize in interpreting retinal activity as vision. Without such spontaneous retinal activity,
this part of the brain will take on somatosensory responsibilities instead. This handshake between the sensory system
and the cortical recipient is established during a limited time in the perinatal phase of development. —PJH
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